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INTRODUCTION

MICHAEL L. MORRISON, C. JOHN RALPH, AND JARED VERNER

Studies of foraging behavior and food resources comprise part of an overall attempt by biologists
to associate behavior, distribution, and abundance of birds to their biotic and abiotic environments
This is part of a natural progression. Inferences about bird-habitat relationships lead to questions
involving environmental requirements, including those of food availability and the birds’ use of
that food. Studies of foraging in this century began with qualitative descriptions of habitat and
foraging locations and advanced to more quantitative analyses of food habits and foraging behavior.
Field work in the 1970s and 1980s emphasized quantification of rates of movement, intersexual
and interseasonal changes in resource use, and even experiments designed to assess the impact of
birds on their prey. In the early 1980s, an increasing number of studies related the “‘use’ of prey
or substrates to their “‘availability,” because theoretical developments suggested the importance of
these factors for assessing interactions within and among species.

Exploration of any biological process, including foraging, often proceeds logically from a theoretical
framework to study design, data collection, data analysis and interpretation, and, finally, publication.
It seems to us that contemporary biologists have given much attention to the theoretical framework
(e.g., habitat selection, foraging theory, competitive interactions) for their studies, as theories have
received extensive attention in the literature. Furthermore, biologists are gaining an appreciation
for the value of proper statistical analyses of their data. Unfortunately, much less attention has been
given to the intermediate step of study design: duration, temporal and spatial scale, number and
training of observers, needed sample size, independence of observations, and the usually complex
interactions among these and other factors. Conclusions based on poorly designed studies are suspect,
and usually such studies cannot be rescued by statistical manipulations.

We believe that careful attention to study design is an essential precursor to every investigation,
and a primary objective of this symposium is to focus attention on those aspects that pertain to
foraging studies. As numerous papers in this symposium show, rigorous design features required
for an adequate study have seldom been met in the past. While this is not a reason to discard all
previous literature on avian foraging behavior, it does require researchers to decide critically which
previous literature meets the standards that current research shows to be necessary.

This symposium emphasizes what, when, where, and how data on avian foraging behavior should
be collected. It is not merely a compilation of natural history notes, although much good natural
history will be found here. The various papers deal with aspects of sampling methods, foraging
behavior, food resources, foraging theories, sources of bias, needed sample sizes, and so on. Spe-
cifically, these proceedings have been divided into six major subject areas:

Role of Birds in Natural Ecosystems and the Quantification of Resources
Quantification of Resources
Quantification of Diets

Foraging Behavior: Design and Analysis
Observations, Sample Sizes, and Biases
Intraspecific, Spatial, and Temporal Variables
Analytical Methods

Specialists Versus Generalists

Energetics and Foraging Theory
Energetics of Foraging
Behavioral and Theoretical Considerations

Alert readers will soon realize that many problems bedevil studies of avian foraging behavior.
As shown herein, the challenges of sampling variable food supplies; accounting for observer vari-
ability; phenological, seasonal, and annual variability; geographic variability; sex and age-class
variability; and the extraordinary sample sizes often needed, all result in high costs in time and
money, and will put extreme demands on our ability to design and execute future studies. These
considerations must be recognized in advance of initiating any study.

1



2 STUDIES IN AVIAN BIOLOGY NO. 13

It is probably wise for us all to admit that it may be impossible to conduct many of the studies
we would like to, given the many factors—and their interactions—that influence bird foraging.
Critical here is the clear statement of objectives, followed by careful evaluation of how each type
of variability will be addressed and the number of samples necessary to attain those objectives.
Attempting to address multifaceted objectives with inadequate sampling effort gives results with
little or no predictive ability; and predictability is one of the goals of scientific research! The result
is paper after paper presenting empirical results, but no concomitant refinement of theory. Without
increased attention to, and discussion of, study design, progress in this and other aspects of avian
ecology will be slow.
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SECTION I

ROLE OF BIRDS IN NATURAL ECOSYSTEMS
AND THE QUANTIFICATION OF RESOURCES

Overview

QUANTIFYING FOOD RESOURCES IN AVIAN STUDIES:
PRESENT PROBLEMS AND FUTURE NEEDS

KiMBERLY G. SMITH AND JOHN T. ROTENBERRY

A major goal of avian ecological research is to
determine both the role of birds in determining
structure and functioning of ecological commu-
nities (sensu MacMahon et al. 1981), and how
distribution and abundance of resources provid-
ed in those communities influence dynamics of
populations and interactions among species
(Wiens 1984b). Thus, with renewed interest in
ways in which bird populations influence and
react to changes in food availability, many avian
ecologists are now attempting to quantify avail-
able food resources. Sampling food resources may
seem like a simple problem involving only tech-
niques borrowed from other disciplines. How-
ever, as papers in this section show, the problem
is complex, and pitfalls associated with some
sampling techniques make them of little use to
ornithologists. Indeed, in some cases, avian ecol-
ogists now are asking questions for which stan-
dard sampling techniques do not exist.

PRESENT PROBLEMS

The basic problem associated with quantifying
food resources in the context of their exploitation
by birds is that two different distributions are
being sampled simultaneously, each of which (Fig.
1) may be affected by independent processes.
Thus, within a given habitat, one finds both a
pattern of food availability that is likely con-
trolled by a battery of environmental factors (e.g.,
Stephen et al., this volume) and a pattern of food
exploitation that is likely a result of biological
interactions (e.g., Torgersen et al., this volume).
Investigators have often assumed that relatively
simple processes link those two patterns, such
that food exploitation is more or less directly
related to food availability (and vice versa), and
that this relationship directly reflects fitness of
individual consumers. However, a variety of
ecological and behavioral “filters” may be inter-
posed between distributions of potential food re-

sources in the environment and the ultimate fit-
ness of birds, and the mapping between the two
may often be complex and difficult to describe
accurately (Wiens 1984b). Indeed, elucidation of
that mapping is the goal of this symposium.

Even without the complication of considering
dynamic feedbacks between foraging behaviors
of birds and distribution of their prey, the papers
in this section point out the variety of problems
that confound accurate quantification of food re-
sources. Although compendia of detailed arthro-
pod sampling techniques exist (e.g., Southwood
1978), avian ecologists have difficulty applying
those methods, because they often need to char-
acterize entire arthropod communities, whereas
most techniques efficiently sample only certain
arthropod taxa (Cooper and Whitmore, this vol-
ume). Arthropod sampling is further complicat-
ed due to patchy distributions that vary sub-
stantially in time and space (Majer et al., this
volume). Also, different conclusions may be
reached concerning relative importance of taxa
depending on level of taxonomic identification
of arthropod prey items (Cooper et al., this vol-
ume), a problem that may be common to many
studies where prey items are not identified to
species (Green and Jaksic 1983).

Although much of the emphasis of the sym-
posium is on arthropods, sampling plant re-
sources also may present problems. For example,
plant ecologists have been relatively uninterested
in quantifying fruit abundance, leaving avian re-
searchers to develop their own methods. Blake
et al. (this volume) discussed sampling fruits in
tropical communities where diversity of both
fruits and fruiteaters is high, and where defining
a fruit (or at least what part of a plant a particular
bird consumes) can be a problem. Standard
methods for sampling nectar resources have been
established with the help of avian researchers
interested in pollination ecology (e.g., Collins et
al., this volume).
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FIGURE 1. A diagrammatic view of the basic prob-
lem associated with quantifying food resources when
two distributions are being sampled simultaneously.
Researchers assume that those two distributions are
linked such that food exploitation influences food
availability through such processes as diet selection
and predation, and that food availability influences
food exploitation through antipredatory mechanisms
such as crypsis and unpalatability. However, food
availability also is influenced by environmental factors
and food exploitation is influenced by biological in-
teractions, affecting such things as foraging behavior
and habitat selection.

FUTURE NEEDS

Papers in this section present many sugges-
tions for future studies. Some offer general com-
ments concerning ecological studies, while others
are directed at specific problems associated with
resource sampling. We suggest that the most prof-
itable avenue is one that operates at what we
perceive to be the level of the basic problem, that
of the dynamic interface between distribution of
arthropods and distribution of avian foraging be-
havior. We recognize, however, that most re-
searchers, either by inclination or training, will
tend to emphasize one distribution over the oth-
er. For avian ecologists, how exploitation of food
resources ultimately affects fitness is a question
that all researchers should be interested in, but
one that rarely is addressed explicitly.

Several authors pointed out the need for de-
tailed study of bird behavior in relation to spe-
ctfic arthropod prey. In particular, Holmes (this
volume) proposed that the two “goals” of a cat-
erpillar are to accumulate biomass and to avoid
predation. It accomplishes the first by interacting
with a plant and the second by not interacting
with a predator. He suggested that predation by
birds on canopy arthropods, by numerically re-
ducing prey abundance, has acted as a strong
evolutionary selective force, influencing cater-
pillar foraging behavior, crypsis, and life history
patterns. Future studies considering bird-insect
interactions also should consider ecological con-
straints and benefits (e.g., incorporation of sec-
ondary substances from plants as a defense
mechanism) arthropod prey obtain from insect-
plant interactions. Wolda (this volume) identi-
fied a need for avian researchers to consider more
closely behavior and microhabitat selection of
arthropod prey.
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Hutto’s (this volume) suggestion that changes
in foraging behaviors of birds may indicate
changes in arthropod abundance is refreshing in
its originality, but remains to be confirmed. He
also raised old questions that must still be con-
sidered: How does one know whether food avail-
ability has been adequately measured? How can
existing techniques be verified when independent
data sets do not exist? How does one know the
proper scale of measurement to assess accurately
a bird’s perception of a food resource? Nonethe-
less, Hutto’s approach explicitly incorporates an
examination of the dynamic feedback between
avian foraging behavior and distribution of ar-
thropods.

Future studies need to focus on the relative
importance of different predator guilds or func-
tional groups (sensu MacMahon ¢t al. 1981) on
prey populations, and competitive effects of
predators on each other. Changes in foraging be-
havior and habitat distribution of birds in the
absence of an avian competitor have been re-
ported (e.g., Sherry 1979, Williams and Batzli
1979b), suggesting that interactions between avi-
an predators might alter patterns of prey ex-
ploitation. Researchers working with sessile or-
ganisms, such as plants and marine invertebrates,
appear to be making progress in delineating fun-
damental (i.e., preinteractive) and realized (i.e.,
postinteractive) niches (e.g., Grace and Wetzel
1981). It now remains for clever ecologists to
devise experimental methods for teasing apart
fundamental and realized food niches of birds in
terrestrial communities.

More emphasis must also be placed on exper-
imental approaches. Recent studies that dem-
onstrate the relative importance of different
predator groups on an arthropod food resource
(Torgersen et al., this volume; Pacala and Rough-
garden 1984; Steward et al. 1988b) are especially
persuasive because of the experimental designs
that were used.

We strongly agree with Dahlsten et al. (this
volume) that ornithologists should consult with
entomologists about arthropod sampling, as new
techniques are continually being developed. It
seems as presumptuous for avian researchers to
devise arthropod sampling techniques as for
entomologists to invent techniques for censusing
birds.

A problem common to many arthropod sam-
pling techniques is that they only measure stand-
ing crop (Hutto, this volume; Cooper and Whit-
more, this volume; Wolda, this volume), which
may reveal very little about arthropods that are
important to birds (see Martin 1986). Another
problem seldom discussed is that researchers and
arthropod predators are simultaneously sam-
pling the same distribution, so that what is really
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sampled is the residue of predation. Both prob-
lems seem to lend themselves to experimental
manipulation, as demonstrated in the exclosure
study by Mariani and Manuwal (this volume).

Future studies must address components of
variation found in food resource populations. As
shown by Majer et al. (this volume), statistical
analyses can be designed to handle variations
within and between intraspecific and interspe-
cific distributions. Geographic variation in ar-
thropod communities or patterns of exploitation
by bird communities is another topic that is rare-
ly addressed (Wolda, this volume). The study of
spatial and temporal variation in fruit abundance
in relation to exploitation patterns of birds also
has just begun to receive the attention that it
deserves (Loiselle and Blake, this volume).

Deciding how to analyze arthropod samples
can be a sticky problem (Cooper et al., this vol-
ume), particularly because most ornithologists
cannot identify arthropods to species. Although
one might like to have that level of precision, it
is often only necessary to know how many dif-
ferent species are present (Wolda; Stephen et al.;
Cooper et al.; this volume). In those cases, we
suggest that researchers consider the use of op-
erational taxonomic units (Vandermeer 1972),
since arthropod species can just as easily be given
numbers as names. We have found that seem-
ingly difficult arthropod groups such as spiders
can usually be identified on the spot (e.g., Smith
et al. 1988). In cases where it is necessary to
identify individual species, ornithologists must
rely on their entomologist colleagues, with whom
collaboration can be stimulating and productive
(e.g., Stephen et al., this volume; Steward et al.
1988a, 1988b).

A general conclusion from this section is that
sampling avian food resources in a meaningful
manner is a difficult problem that, in some cases,
seems nearly impossible and intractable, partic-
ularly in complex communities. However, there
appear to be steps that researchers can take to
alleviate some of those problems. In some cases,
examining relatively simple communities may
lead to greater insights concerning interactions
between predators and their exploitation pat-
terns of a food resource (e.g., Pacala and Rough-
garden 1984). Studies can be designed that have
a broad geographical scope, yet examine only a
few species on a local basis (e.g., Wiens and Ro-
tenberry 1979). Initially focussing on a single bird
species (e.g., Mariani and Manuwal, this volume)
or a few bird species may be another way to gain
information concerning avian exploitation pat-
terns in complex communities. Finally, situa-
tions where many species of birds are exploiting
the same food resource may hold some promise
for gaining insights into ways in which food
availability can influence exploitation patterns
(e.g., Collins et al., this volume; Hutto, this vol-
ume; Kellner et al., this volume; Loiselle and
Blake, this volume).
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Quantification of Resources

ECOLOGICAL AND EVOLUTIONARY IMPACTS OF BIRD
PREDATION ON FOREST INSECTS: AN OVERVIEW

RicHARD T. HOLMES

Abstract. Here I consider the effects of bird predation in both ecological and evolutionary time on
forest insects: their abundances, morphological and behavioral characteristics, life histories, and other
traits. Most information concerns the numerical impact of bird predation on defoliating Lepidoptera,
especially those exhibiting population irruptions. Data indicate that birds have little effect on prey
when prey are at outbreak densities. Although economically important and conspicuous, such irrup-
tions are exhibited by relatively few Lepidopteran species, and even then they are often temporally
and geographically patchy. I argue that these are unusual events and that the major foods of forest
birds are insects that are most frequently at low or endemic population levels. Data, particularly those
from the more quantitative and experimental studies, suggest that birds along with other natural
enemies help maintain low abundances of such prey populations. This effect varies seasonally, being
greatest during the birds’ breeding periods when food demand is highest, and may result in frequent
food limitation for insectivorous birds in temperate forests.

Another consequence of the apparently sustained and often strong numerical impact of bird predation
is evolutionary. Birds, through their selective foraging, are thought to be an important evolutionary
force in determining many traits of their prey populations. One such consequence for Lepidoptera
larvae is to influence their life styles and feeding schedules which, in turn, determine the extent and
patterns of their herbivory. In this way, birds through selective foraging indirectly affect other ecosystem
components and processes. Such traits as crypsis, aposematism, restricted choice of feeding substrates,
rigid feeding schedules, tissue or plant species preferences, and other features of insect life cycle
organization appear often to be a result of selective pressures exerted by bird predation. Many of these
traits are also influenced by interactions of the insects with their host plants, thus forming a diffuse
coevolutionary system. The implications of this view are that birds are not simply frills in ecological
systems, but exert through their foraging activities important influences in communities on both

ecological and evolutionary time scales.

Key Words:
defoliating Lepidoptera; forest insects.

The role of birds in natural ecosystems has
long been discussed. A major issue has been
whether or not birds exert any controlling influ-
ence on the numbers of their prey. Although this
possibility has been considered for centuries (see
Murton 1971), the first major scientific effort to
evaluate such a role began with the studies of the
U.S. Biological Survey in the early part of this
century (e.g., McAtee 1932, Martin et al. 1951)
and has continued largely through the efforts of
forest entomologists (e.g., Morris et al. 1958,
Campbell 1973). In general, results indicate that
although birds consume large numbers of insects,
they rarely seem to exert any controlling or reg-
ulating effect, at least not on high populations of
economically important insects (see reviews by
McFarlane 1976, Otvos 1979).

The possible roles of birds in ecosystem struc-
ture and functioning, particularly in energy flow
and biogeochemical cycling, were considered
during the International Biological Program era
in the 1960s and early 1970s. These investiga-

Bird foraging; predation; selective foraging; evolutionary impact; insectivorous birds;

tions showed that a small proportion of total
energy and materials flowed through bird com-
ponents of natural ecosystems, and largely con-
cluded that birds had little direct effect on or
involvement in ecosystem processes (Wiens 1973,
Sturges et al. 1974, Holmes and Sturges 1975,
Wiens and Dyer 1975). This led Wiens (1973:
265) to raise the possibility that birds in grass-
lands . . . really are ‘frills’ in the ecosystem, liv-
ing and reproducing offits excesses without really
influencing it in any way.” He predicted, how-
ever, that if birds have an important role, it would
be as controllers of other ecosystem components
(e.g., prey populations), through which consid-
erably larger fluxes existed.

From more recent studies of the interactions
between birds and their food resources, espe-
cially manipulative studies, it seems that birds,
through their trophic relations, might have a more
integral role in natural systems than has generally
been attributed to them. This has been most ap-
parent in studies of bird-plant interactions in
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TABLE 1
QUANTITATIVE AND EXPERIMENTAL STUDIES OF THE NUMERICAL IMPACT OF BIRDS ON FOREST INSECTS, MOSTLY
LEPIDOPTERA
Life
Organism stage® Population level Mecthod® Reference
Eastern spruce budworm L Lo, Hi Density/consump. Morris et al. (1958)
(Choristoneura L M Exclosure Dowden et al. (1953)
Sfumiferana) L Lo, M, Hi Density/consump. Crawford et al. (1983),
Crawford and Jennings
(1989)
Western spruce budworm L-P Lo, Hi Exclosure Torgersen and Campbell
(C. occidentalis) (1982)
Jack-pine budworm L Lo Density/consump. Mattson et al. (1968)
(C. pinus)
Larch sawfly L Lo, Hi Density/consump. Buckner and Turnock
(Pristiphora erichsonii) (1965)
Ad Lo, Hi Density/consump. Buckner and Turnock
(1965)
Gypsy moth L Hi Density/consump. Inozemtsev et al. (1980)
(Lymantria dispar)
Codling Moth L-P Lo Exclosure Solomon et al. (1976)
(Cydia pomonella)
All leaf-dwelling L Lo Exclosure Holmes et al. (1979c,
lepidopteran larvae unpubl. data)
Peppered moth Ad Lo Experimental Kettlewell (1955)

(Biston betularia)

release/observ.

« L = larvae, P = pupac, Ad = adult stage.
" See text for description of methods.

which birds have been shown to be important
pollinators (e.g., Regal 1982) and seed predators
or dispersers (e.g., Temple 1977, Thompson and
Willson 1979, Herrera 1984a), influencing the
evolution of various traits in their “prey” pop-
ulations through selective foraging. Analogous
effects of predators on their prey have recently
been explored for terrestrial systems in general
by Price et al. (1980) and for aquatic systems by
Kerfoot and Sih (1987) and Sih (1987).

In this paper, I review the ecological and evo-
lutionary impacts of insectivorous birds on their
prey, with emphasis on their interactions with
caterpillars (Lepidopteran larvae), which are an
important food source, especially for birds in
temperate forests (Royama 1970, Robinson and
Holmes 1982). I recognize two major interrelat-
ed ways in which foraging insectivores influence
prey species: (1) a numerical effect in ecological
time by reducing prey abundances, and (2) an
evolutionary effect by acting as selective agents
that influence the prey’s morphology, behavior,
and life history characteristics, which in turn de-
termine the activities and ecosystem roles of these
insects.

THE NUMERICAL IMPACT OF
BIRDS ON INSECT PREY

Quantitative assessments of the numerical im-
pact of bird foraging have usually involved es-

timating bird densities and insect consumption
rates, and then comparing the latter to estimates
of the standing crops of insects in the field. This
indirect method involves many assumptions and
sources of error that may be compounded at each
step in the calculations. Yet, for situations in-
volving large numbers of birds and high densities
of insects, it probably provides reasonable, albeit
order-of-magnitude, estimates (e.g., sec Dowden
et al. 1953; Morris et al. 1958; Buckner 1966,
1967; Gage et al. 1970, Crawford and Jennings
1989). Experimental approaches provide more
precise information on the impact of avian pred-
ators, but also have their problems: they are dif-
ficult to conduct in natural situations and often
require great effort and expense to obtain infor-
mation from both control and experimental plots
with sufficient replicates to provide statistically
meaningful results. Early attempts to remove
birds from large forest tracts (e.g., Stewart and
Aldrich 1951, Hensley and Cope 1951) or to
exclude birds from small trees or single branches
(Mitchell 1952) suffered from these difficulties.
Several recent investigations, however, have used
more rigorous and extensive experimental tech-
niques.

The best data currently available on the effects
of bird predation on forcst insects, mostly Lep-
idoptera, come from a relatively few studies that
have used either the bird density-prey consump-
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FIGURE 1. The impact of predation by forest birds

on Lepidoptera as a function of prey density (see Table
1 for references and text for further explanation).

tion technique in a detailed and rigorous way,
reasonably well controlled exclusion experi-
ments, or studies of predation rates on released
adult moths (Table 1). Because most such studies
were done on prey populations that regularly
undergo periodic irruptions (and often cause eco-
nomic damage), I have classified the data from
each study as being obtained during periods of
low, moderate, or high population levels of the
prey, based largely on the authors’ assessments.
High levels generally represent periods of insect
outbreaks in which defoliation is extensive, mod-
erate levels are those in transition before or after
peak irruptions, and low levels reflect “normal,”
nonoutbreak conditions.

Comparison of results of studies listed in Table
1 reveals (Fig. 1) two major points. First, it seems
that birds take only a small percentage of the
available insects when they are present in high
densities. Although they exhibit both numerical
and functional responses to increasing prey den-
sities (Morris etal. 1958, Sloan and Coppel 1968,
Mattson et al. 1968, Gage et al. 1970, Holmes
and Sturges 1975, Crawford and Jennings 1989),
birds seem unable to respond sufficiently to in-
fluence the continued rise in the abundance of
these prey (McFarlane 1976, Otvos 1979). Al-
though birds cannot keep up with a rapidly ex-
panding defoliator population, their relatively
strong impact at endemic levels (Fig. 1) suggests
that such predation could delay the onset of an
outbreak, as suggested previously (e.g., Morris et
al. 1958, McFarlane 1976, Otvos 1979). Indeed,
modeling of spruce budworm populations sug-
gests that predation by birds may be a significant
factor in maintaining endemic population levels
of this species (Peterman et al. 1979, see also
Crawford and Jennings 1989).

The second point from Figure 1 is that the
impact of bird predation is proportionately much
greater when insects are at low densities. This is
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FIGURE 2. Densities of Lepidopteran larvae on fo-
liage inside and outside of 10 exclosures in 1978 and
1979 in the Hubbard Brook Experimental Forest, N.H.
Data from Holmes et al. (1979¢) and Holmes and
Schultz (unpublished).

further illustrated by experiments conducted by
me and colleagues at the Hubbard Brook Ex-
perimental Forest in New Hampshire (e.g.,
Holmes et al. 1979c¢). In 1978 and 1979, we ex-
cluded birds from patches of understory vege-
tation and measured densities of all leaf-dwelling
insects inside and outside of these exclosures. We
moved exclosures to different patches of vege-
tation in 1979. In both years, the numbers of
Coleoptera, Hemiptera, and spiders were not sig-
nificantly different inside and outside of the ex-
closures, probably because these more mobile
arthropods could readily move through the ap-
proximately 2-cm mesh netting. For Lepidop-
teran larvae, which are more sedentary, the num-
bers outside the exclosures were significantly
reduced in several of the sampling periods (Fig.
2). Because other predators of these larvae, such
as wasps or possibly ants, were not excluded by
the netting, the reduction can be attributed al-
most entirely to birds. In the two years, birds
reduced larval numbers by 20 to 63%, varying
with the sampling period during the season; the
average reduction in each season was 37%. The
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periods of greatest impact of bird predation were
in late June and early July in both seasons (Fig.
2), which were times when birds were feeding
nestlings and fledglings and thus when food de-
mand was probably greatest.

These results, along with those in the literature
(see Table 1), suggest that birds can have signif-
icant numerical effects on insect populations at
endemic levels. This finding is particularly sig-
nificant in view of the fact that most forest-dwell-
ing Lepidoptera and similar species in temperate
forests typically occur at low densities and rarely
ifever exhibit population irruptions (Morris 1964,
Mason 1987b). Even the few species that irrupt
become abundant for only short periods and then
decline to low population levels for several years
(Berryman 1987, Wallner 1987). Moreover, when
outbreaks occur, they are often geographically
patchy (Campbell 1973, Martinat 1984). The re-
sult is that any one forest stand may only occa-
sionally experience an outbreak. For northern
hardwood forests, this may be once every 10-20
years (Holmes 1988), much longer than the life-
time of most individual birds. Consequently,
birds probably lack highly evolved systems for
detecting and responding to such temporal and
geographic variability, although a few species may
do so (e.g., MacArthur 1958, Morse 1978b).
Hence, while outbreaks provide a locally abun-
dant food in some years and places, the endemic
population levels of most Lepidoptera and other
arthropods provide the majority of the food
source for birds most of the time.

Available data, such as those in Table 1 and
Figure 1, suggest that the low abundances of in-
sect species may be maintained at least in part
by heavy predation pressure from birds, al-
though wasps (Steward et al. 1988b), ants (Camp-
bell et al. 1983), small mammals (Smith 1985),
as well as viral and other disease organisms, are
undoubtedly involved in various combinations.
This genecral importance of natural enemies in
the regulation of herbivorous insects, while con-
troversial (Hassell 1978, Dempster 1983), is also
supported by studies of the prey organisms em-
ploying key factor analysis and other demo-
graphic techniques (e.g., Varley et al. 1973, Pol-
lard 1979, Mason and Torgersen 1987; also see
Strong et al. 1984).

It is difficult to generalize about the numerical
impact of birds on groups other than Lepidop-
tera, largely because of the lack of detailed or
experimental studies. However, Gradwohl and
Greenberg (1982b) showed through an exclusion
experiment that tropical antwrens (Mymotherula
Sfulviventris) reduced arthropods in dead leaf clus-
ters by about 44%. Likewise, Askenmo et al.
(1977) and Gunnarsson (1983) showed that birds
removed 17-50% of spiders on spruce foliage

over the course of the winter. Other examples of
birds reducing local abundances of insects are
given by Stewart (1975), Bendell et al. (1981),
Loyn et al. (1983), and Takekawa and Garton
(1984), and many anecdotal records are cited by
Murton (1971), McFarlane (1976), and others.
Finally, numerous studies, some manipulative,
have found significant effects of bird predation
on the abundances of bark beetles and other bark-
burrowing insects (see review by Otvos 1979).
Taken together, these findings suggest that birds
probably have significant numerical effects in a
wide variety of habitats and ecosystems.

Finally, contrary to generalizations by Fretwell
(1972) and Wiens (1977) that limitation of many
temperate bird populations may occur primarily
in the winter, evidence is accumulating that food
may often limit insectivorous bird populations
in the temperate summer (Martin 1987). Recent
studies at Hubbard Brook in New Hampshire,
for example, indicate that food becomes abun-
dant only during insect outbreaks, which occur
sporadically and infrequently (Holmes et al. 1986,
Holmes 1988). Birds in these deciduous forests
depend heavily on non-irrupting prey, whose
abundances they further depress during the
breeding period (Holmes et al. 1979¢; see above)
at a time when the growth and survivorship of
newly hatched young are greatly affected (Ro-
denhouse 1986). Birds in this temperate decid-
uous forest appear to experience prolonged pe-
riods of food limitation (Rodenhouse and
Holmes, in prep.) partly because of the strong
numerical effect exerted by the birds themselves.

I conclude that birds in temperate forests may
exert a strong numerical impact on their arthro-
pod prey, and that this may occur most often
during the height of the breeding period. The
cffect may be to depress or maintain insect num-
bers at low levels and, in the case of prey species
that exhibit population irruptions, to extend the
periods between such events. This 1s consistent
with the syntopic population model developed
by Southwood and Comins (1976) in which an
“endemic ridge” is separated from an “‘epidemic
ridge” by a ““natural enemy ravine.” More large-
scale experiments on the impact of birds and
other enemies on endemic prey populations will
clarify the extent and influence of such interac-
tions. Extending such studies of the impact of
bird predation on defoliators to tropical or other
ecosystems, or to other kinds of arthropod prey,
should be an important priority.

THE EVOLUTIONARY IMPACT OF
BIRDS ON THEIR INSECT PREY

In the long term, the important eflect on insect
prey of intensive foraging by birds will be evo-
lutionary. For example, the 37-57% predation
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rates recorded by Kettlewell (1955, 1956, 1973;
see Table 1) on the peppered moth have been
generally accepted as evidence of strong selection
by birds for the evolution of morphological and
behavioral traits in this insect (Cook et al. 1986,
Endler 1986; but see Lees and Creed 1975). Since
available evidence indicates that predation at this
level by birds may be common (e.g., Table 1,
Fig. 1), it seems likely that birds could have had,
and continue to exert, a strong selective influence
on their prey. The possibility that birds and other
predators have an evolutionary impact on pat-
terns of crypsis and other supposed predator-
avoidance traits in insects has long been recog-
nized (e.g., McAtee 1932, Cott 1940) and seems
to be more or less taken for granted by many
biologists (but see Endler 1986). However, ram-
ifications of bird predation go beyond the evo-
lution of crypsis or other antipredator traits that
have not, in my opinion, been adequately con-
sidered. These include influences on the life-styles,
feeding patterns, and other characteristics of these
insects, which in turn affect their involvement
and role in ecosystem processes, as I discuss be-
low.

BIRDS AS SELECTIVE AGENTS ON INSECT
MORPHOLOGY AND BEHAVIOR

Birds have long been implicated as a major
agent of selection for aposematism (Harvey and
Paxton 1981) and mimicry (Wickler 1968, Rob-
inson 1969), as well as for nonmimetic poly-
morphisms in various prey populations (e.g., Cain
and Shepherd 1954, Allen 1974, Wiklund 1975,
Mariath 1982). Differential predation by birds
affects the sex ratio of their prey (Bowers et al.
1985, Glen et al. 1981). Baker (1970) proposed
a variety of ways in which predation by birds
may have influenced evolution of the sizes,
shapes, colors, and behavior of larval and pupal
stages of Pieris butterflies, and Sherry and
McDade (1982) inferred importance of bird pre-
dation on the shapes and sizes of tropical insects.
Also, the evolution of spines, hairiness, and other
similar features of insects and other prey are usu-
ally considered to be anti-predator adaptations
(Root 1966, Edmunds 1974). Waldbauer and
associates (Waldbauer and Sheldon 1971, Wald-
bauer and LaBerge 1985) proposed that the ear-
ly-season occurrence of certain hymenopteran-
mimicking Diptera was due primarily to strong
selection pressures by inexperienced birds for-
aging in midsummer. Relevant to all of these
examples, however, Robinson (1969) pointed out
the paucity of experimental evidence concerning
the adaptiveness and selective forces influencing
such presumed anti-predator traits. Two decades
later, this still appears to be the situation.
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Nevertheless, passerine birds have been shown
to be able to distinguish between shape (Brower
1963), color (Jones 1932, Schmidt 1960, Brower
etal. 1964, Bowersetal. 1985), and pattern (Blest
1956, Sargent 1968), which gives them the po-
tential for being discriminate foragers (Curio
1976a). In some early experiments, Ruiter (1952)
showed that birds could distinguish geometrid
caterpillars from similar inanimate objects
(twigs), although movement of the prey was often
required for this process to occur. Further, Pie-
trewicz and Kamil (1977) showed that Blue Jays
(Cyanocitta cristata) could discriminate cryptic
Catacola moths on bark, and Mariath (1982)
demonstrated that predation rates by birds var-
ied with the proportion and spatial distribution
of two morphs of a geometrid caterpillar and
with the color of the plant background. Jeffords
et al. (1979) painted diurnally flying moths to
look like swallowtail and monarch butterflies,
and showed that predators, mostly birds, distin-
guished among the different colors and patterns.
Moreover, Chai (1986) showed that jacamars
(Galbula ruficauda) discriminated among tropi-
cal butterflies on the basis of color and of taste,
supporting the hypothesis that birds exert strong
selection pressures influencing the evolution of
mimicry patterns in butterflies. Not all evidence
is positive, however. Lawrence (1985), for ex-
ample, found that European Robins (Erithacus
rubecula) and Great Tits (Parus major) did not
easily learn to detect cryptic prey.

The degree to which an insect or other prey
item is detectable probably depends most strong-
ly on its choice of substrate and on its movement
patterns. Those that choose an inappropriate
substrate or that move at the wrong time should
be more subject to predation. Wourms and Was-
serman (1985) showed experimentally that prey
movement influences birds’ feeding choices, and
Sherry (1984) described how the behavior of cer-
tain insects, including their movement patterns,
makes them differentially susceptible to bird
predators. Since most birds in terrestrial habitats
are diurnally active predators that hunt by visual
means, they will be actively searching for and
taking prey from a variety of substrates, and any
prey organism on the wrong background, moving
actively, or being otherwise conspicuous will be
quickly removed. With many different bird
species occupying a single habitat, each with dif-
ferent searching techniques and methods of prey
capture (Smith 1974b, Robinson and Holmes
1982, Gendron and Staddon 1983, Lawrence
1985, Holmes and Recher 1986a) and each being
fairly opportunistic and catholic in its prey pref-
erence (MacArthur 1958, Rotenberry 1980a,
Robinson and Holmes 1982, Sherry 1984), the
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risk of predation is potentially high. Among the
bird species in northern hardwoods forests, for
example, some closely scrutinize nearby sub-
strates as they move along branches and twigs,
some examine undersurfaces of branches and
leaves, while others move rapidly and flush prey
from the foliage and twigs (Robinson and Holmes
1982). Furthermore, some forest birds differen-
tially search and take prey from upper versus
lower leaf surfaces (Greenberg and Gradwohl
1980, Holmes and Schultz 1988) and from par-
ticular plant species (e.g., Holmes and Robinson
1981, Holmes and Schultz 1988). They also may
use leaf damage caused by chewing insects as
prey-finding cues (Heinrich and Collins 1983) or
develop search images (Tinbergen 1960) and
other forms of learning (Orians 1981) to locate
potential prey. All of these factors make it dif-
ficult for the prey to go undetected, and likely
have led to the evolution of the observed anti-
predator traits.

The main points are that birds are discriminate
foragers and that they use the appearance and
behavior of their prey as major cues for locating
those prey. These findings, coupled with the pos-
sibility that birds are often food-limited and that
they can depress the numbers of their prey (ex-
cept during insect outbreaks), implicates birds as
important and significant selective forces that in-
fluence the evolution of many antipredator traits
found among insects and other prey organisms.

EcoLoGICAL CONSEQUENCES OF THE
EVOLUTION OF ANTIPREDATOR
TRAITS BY INSECTS

As reviewed above, most considerations of the
evolutionary effects of predators on prey have
focussed on the morphological (e.g., size, shape,
color, hairiness) and behavioral (e.g., back-
ground choice, startle responses) traits of the prey.
However, other equally interesting and impor-
tant consequences or ramifications of such traits
affect the life-styles and ecology of these prey
organisms. For instance, consider a caterpillar
that mimics a twig. It must remain motionless
on its correct substrate for its crypsis to be ef-
fective, and any movement or change in sub-
strate, at least during the day, is likely to increase
the probability of its being detected by a foraging
bird. Its feeding may therefore be restricted to
night hours when its risk of predation by birds
is lowest. These constraints in turn affect the ways
in which the caterpillar feeds, and hence its pat-
tern of herbivory. Herbivorous insects in tem-
perate forests typically consume < 10% of annual
leaf production per year (Mattson and Addy 1975,
Schowalter et al. 1986); this low level may result
in part from the constraints imposed on the ma-

jor herbivores, namely caterpillars, by their an-
tipredator adaptations (i.e., indirectly by bird
predation) and partly by their interactions with
the variable quality of the green leaves on which
they feed (see below). The hypothesis that [ want
to develop here is that bird predation, acting in
concert with the host plant and other factors,
produces selective forces that act to organize and
consequently influence the life history patterns—
particularly feeding schedules—of leaf-chewing
forest insects. The arguments are similar to those
of Price et al. (1980), but focus specifically on
bird-insect-plant interactions in forest habitats.

Because caterpillars do not mate, defend ter-
ritories, or feed young (Schultz 1983a), their main
“goals” are to accumulate biomass as rapidly as
possible and to avoid being killed by natural ene-
mies (i.e., parasites, disease, and invertebrate
predators as well as foraging birds; Heinrich
1979c¢, Schultz 1983a). Means of achieving these
goals may conflict. As argued by Schultz (1983a),
maximizing feeding time and food quality should
involve feeding throughout the day and night and
because of variable food quality (see below), the
larva may need to move frequently in search of
new feeding places. At the same time, to avoid
predation, the insect should minimize exposure
during feeding, which, if diurnally hunting pred-
ators are important, might be done by feeding
only at night or at least by restricting movement
during daylight hours (Schultz 1983a).

The situation is complicated because the qual-
ity of leaves for herbivorous insects varies sea-
sonally (Feeny 1970, Schultz et al. 1982), from
tree to tree, from one leaf to another (Schultz
1983a, b), and even among different parts of a
single leaf (Whitham and Slobodchikoff 1981).
On sugar maple (Acer saccharum) and yellow
birch (Betula allegeniensis) trees at Hubbard
Brook, for instance, adjacent leaves on a single
branch differ in chemical and physical properties
important to herbivorous insects (Schultz 1983b).
Since caterpillars are capable of discriminating
among chemical cues (Dethier 1970) and of mak-
ing behavioral “choices” of places to feed (Schultz
1983a), they should be able to respond to such
local variation, although this has not been well
documented (see below). Furthermore, short-
term changes in phenolics and other defensive
compounds can be induced by physical damage
to the leaves, such as that caused by tearing or
chewing (Haukioja and Niemala 1977, Schultz
and Baldwin 1982, Baldwin and Schultz 1983,
West 1985, Bergelson et al. 1986, Hunter 1987).
Silkstone (1987) found that larvae fed less on
damaged leaves, while Bergelson et al. (1986)
showed that simulated damage to single leaves
resulted in a significant increase in phenolic com-
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pounds within several days and that larvae moved
away from these areas, grew more slowly, and
took longer to reach the pupal stages.

Such short term induction of defensive chem-
icals, if widespread, implies that the longer a cat-
erpillar stays on a leaf, the higher the probability
that it will become less palatable. Thus, to op-
timize feeding and growth, caterpillars may need
to move periodically to new leaves in search of
higher-quality feeding sites. This results in a trade-
off situation: if it feeds and moves extensively
during the day, it would be subject to high pre-
dation; if it feeds only at night and remains mo-
tionless through the day, it would probably not
only grow more slowly but also take longer to
reach the pupal stage. The latter is important
because longer development means the larvae
will be exposed longer to natural enemies, in-
cluding parasites and disease (Pollard 1979,
Schultz 1983b, Dammon 1987). Also, in tem-
perate zones, night temperatures in spring and
early summer are often cool, which might in-
crease the energetic costs of searching at night,
as well as further slowing metabolic processes
and therefore growth.

If this scenario is correct, one would expect
some relationship between feeding behavior and
the antipredator traits of the prey. Surprisingly,
little quantitative or experimental data exist on
the ecology and behavior of caterpillars with re-
spect to food choice and predation risk, and most
of what does exist is anecdotal. Heinrich (1979¢)
reported that the feeding strategies and time bud-
gets of palatable caterpillars were consistent with
their need to minimize predation. The species
he observed either fed only at night or stayed on
the underside of leaves, and often moved from
feeding sites after eating only small amounts of
leaf tissue. They also often clipped off partially
eaten leaves after feeding on them, which he pro-
posed was an antipredator trait reducing the
chances that birds would find the larvae by using
leaf-damage cucs (Heinrich 1979¢, Heinrich and
Collins 1983). Unpalatable larvae did not cut off
partially caten leaves, and were often seen ex-
posed while resting and feeding on leaf surfaces
during daylight hours (Heinrich 1979c¢). Bergel-
son and Lawton (1988) found that larvae of two
Lepidopteran species moved relatively little in
response 10 foliage damage, but became more
vulnerable to predation by ants, but not by birds,
when experimentally forced to move.

Schultz (1983a) found that caterpillars are often
specific in their choices. He also described ob-
servations of feeding caterpillars that appeared
to taste (mandibulating leaf edges) and often re-
ject feeding sites. Lance et al. (1987) report sim-
ilar behavior by gypsy moth (Lymantria dispar)
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larvae. These observations suggest that some of
the partial chewing of leaves reported by Hein-
rich (1979¢) may in fact have represented food
choice and later rejection by the caterpillar rather
than a predator avoidance trait. On predation
risk, Dammon (1987) showed that pyralid cat-
erpillars survived better in leaf rolls than when
exposed openly on leaf surfaces, and those on the
undersides of leaves survived better than those
on upper surfaces. In addition, the risk factor
was apparently so important that the larvae chose
leaves that were low in food quality. Hairy cat-
erpillars, which are generally less preferred by
avian predators (Root 1966, Whelan et al. 1989)
might be expected to survive better or to have
different feeding patterns from smooth-skinned,
cryptic larvae. However, I am unaware of any
study that has made such a comparison.

Caterpillars of some species in the forest at
Hubbard Brook differ in feeding schedules and
patterns of crypsis, which appear to reflect dif-
ferent evolutionary responses to predation risk
(Schultz 1983a). For example, Pero honestaria
(Geometridae) remains motionless all day on
large twigs and branches far from feeding places,
where it closely matches the background; at night
it moves long distances from its resting sites to
feeding areas and feeds during the dark hours. A
closely related geometrid species, Anagoga oc-
ciduaria, feeds during both the day and night,
but possesses a cryptic pattern that matches the
small twigs and petioles near the leaves where it
feeds; it is then able to ““lean’ over and take bites
out of leaves during the day with only minimal
body movement (Schultz 1983a). Another geo-
metrid, Cepphis armataria, matches its own
feeding damage on the leaves and thus remains
in feeding position throughout the day and night;
it feeds around the clock. Thus, different patterns
of crypsis seem to allow insects to exploit their
food in different ways. This comparison of closely
related species is all the more interesting because
they co-occur on the same host plant, striped
maple (Acer pensylvanicum).

Although many of these ideas need experi-
mental verification, and more information is
needed on the interactions between bird foraging
and prey defenses and feeding, the implications
from the hypotheses developed here are that the
evolutionary impact of bird predation, although
indirect, has important ramifications on the life
styles of the prey organisms and affects the struc-
ture and functioning of other ecosystem com-
ponents. Birds are therefore not simply frills in
ecological systems, as suggested by Wiens (1973),
but exert through their foraging activities im-
portant influences in communities on both eco-
logical and evolutionary time scales.
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PREDATION BY BIRDS AND ANTS ON TWO
FOREST INSECT PESTS IN THE
PACIFIC NORTHWEST

ToROLF R. TORGERSEN, RICHARD R. MASON,
AND ROBERT W. CAMPBELL

Abstract. We used artificial stocking techniques, specialized prey-census methods, and selective ex-
closures and sticky barriers to identify and quantify bird and ant predation on Douglas-fir tussock
moth (Orgyia pseudotsugata) and western spruce budworm (Choristoneura occidentalis). Fourteen
species of birds preyed on tussock moth larvae. We observed losses of 0.08 larvae/m?/day. Six species
of birds preyed on tussock moth pupae, among which we observed 6—47% losses from predation. Bird
predation was implicated in reductions of 43-71% in egg survival.

Birds and foliage-foraging ants were the dominant predators of budworm larvae and pupae. Predation
was studied using bird exclosures around tree branches 2-20 m above the ground, and around entire
9-m-tall trees. Sticky barriers kept ants off branches or trees. When exclosures or sticky barriers
were used to protect larvae from predation, 2-15 times as many budworm survived to the pupal
stage. At high larval densities survival of protected larvae was about double that of unprotected larvae.

At low densities survival was 10-15 times higher among protected larvae. Predation was influenced
by crown stratum; ants were most effective in lower strata, and birds excelled higher in the crown.
Survival of pupae protected by branch-cages and sticky barriers was four times higher than unprotected
pupae.

Predatory ants and many of the insectivorous birds identified in this study are influenced by the
availability of standing or down dead wood, or stumps. Forest plans that provide for retention and
recruitment of snags or logs can affect the ability of stands to support populations of these beneficial

predaceous birds and ants.

Key Words:
Tortricidae.

The two most important forest-defoliating in-
sects in the Pacific Northwest are the Douglas-
fir tussock moth (Orgyia pseudotsugata) and the
western spruce budworm (Choristoneura occi-
dentalis). Their preferred host species are Doug-
las-fir (Pseudotsuga mencziesii var. glauca) and
grand fir (4bies grandis). Outbreaks of either
species often extend over hundreds of thousands
and even millions of hectares. In this paper we
summarize studies that describe the population
behavior of the tussock moth and budworm, and
consider management strategies for preventing
or minimizing damage; we also review studies
of the possible role of predation in the dynamics
of these two important pests. The methods used
to identify and quantify predation included spe-
cialized prey-census methods, artificial stocking
techniques, and selective exclosures and sticky
barriers.

STUDIES ON DOUGLAS-FIR
TUSSOCK MOTH

Population dynamics

Before starting the predation studies, we had
monitored populations of the tussock moth near
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Crater Lake, Oregon, for several years (Mason
and Torgersen 1987). For sampling, we used a
pole-pruner and basket to collect tussock moth
stages on 45-cm, mid-crown, branch tips (Paul
1979). Branch tips are roughly triangular, so arca
was calculated as the product of length and width
divided by two. Tussock moth density was ex-
pressed as the number of larvae, pupae, or egg
masses/m? of foliage (Mason 1979). The samples
showed that average population density declined
over 90% between the early larval stage and the
pupal stage late in the season. We knew what
proportion of these stages were parasitized, but
we could not account for the disappearance of
larvae and pupae.

Identifving predation

Larval stocking trials. To identify the causes
of these losses, we stocked lower crown branches
of host trees with known numbers of larvae. Un-
der one set of branches were drop-trays to catch
larvae falling from the foliage. A sticky, poly-
butene substance prevented escape. Larvae on
another set of branches were protected by fine-
mesh nylon bags to prevent predation or other
losses. By the end of larval development, losses
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oflarvae on the unprotected branches were eight-
fold higher than on branches protected by mesh
bags. We had not actually observed predation or
the source of these losses, which we attributed
to “arthropod predation,” based on the mangled
appearance of the dead larvae, “dispersal” when
larvae fell to the tray, and “disappearance.” Dis-
appearance of small, early larvae was attributed
to spiders and predatory insects that left uniden-
tifiable remains. Disappearance of large, late lar-
vae was suspected to be caused by birds (Mason
and Torgersen 1983).

To confirm our suspicions regarding bird pre-
dation on larvae and to quantify possible pre-
dation on pupae and egg masses, we continued
artificial stocking trials using tussock moth lar-
vae and, later, pupae and egg masses. The next
set of larval stocking trials consisted of cohorts
of five larvae each, placed on clusters of four
branches with drop-trays below. Each of the three
clusters of branches was observed for 4 or 5 hours
every third day from a blind about 10 m away.
Before each observation period branches were
examined for missing larvae, which were re-
placed as necessary. Foraging visits and obser-
vations of apparent predation by birds were re-
corded. The observer counted the larvae on the
branch and in the tray after each visit by a po-
tential predator to confirm predation or dislodg-
ing of the prey. We directly observed nine species
of birds eating tussock moth larvae, and recorded
“suspected’ predation by 14 others. In the latter
cases birds visited trial branches and appeared
to be foraging. Immediately after they departed,
one or more larvae had disappeared. Late in the
season, after some larvae had pupated, six bird
species were also observed preying on pupae (Ta-
ble 1).

Predation of stocked larvae was expressed as
loss per exposure day. The daily loss rate was
used to compare mortality between exposure pe-
riods of different lengths and examine the rela-
tion between predation rates and bird densities.
For the 2840 exposure days when 228 stocked
larvae disappeared, we calculated a mean, daily,
larval loss rate of 0.08/m?. We tested differences
in mean loss per exposure day among periods,
sites, and sites by period. The analysis showed
that peak losses occurred during 1-7 August, fol-
lowed by a general decline in losses toward the
end of the season (Fig. 1). Losses of larvae were
closely correlated with the total number of about
30 species of birds classed as high-potential pred-
ators of tussock moth. Simple correlation anal-
ysis indicated that estimated bird density ac-
counted for about 78% (r = 0.885, P < 0.01) of
the variation in loss rate (Torgersen ¢t al. 1984b).

Kendeigh (1970) suggested that birds generally
seek prey of a size that produces a food value at

TABLE 1. AvVIAN SpECIES OBSERVED OR SUSPECTED
OF PREYING ON DOUGLAS-FIR TUSSOCK MOTH LARVAE
AND PUPAE (TORGERSEN ET AL. 1984B)

Number of
prey

Species Larvae Pupae

Observed predation

Dark-eyed Junco (Junco hyemalis) 4 3
Red-breasted Nuthatch (Sitta cana-
densis) 3 1

Mountain Chickadee (Parus gambeli) 3 1
Golden-crowned Kinglet (Regulus sa-

trapa) 2 1
Western Tanager (Piranga ludovi-

ciana) 2 -
Nashville Warbler (Vermivora rufi-

capilla) 1 1
Black-headed Grosbeak (Pheucticus

melanocephalus) 1 -
Black-capped Chickadee (Parus atri-

capillus) 1 -
Chipping Sparrow (Spizella passerine) 1 -
Subtotal 18 7

Suspected predation

Red-breasted Nuthatch (Sitta cana-

densis) 10 —
Dark-eyed Junco (Junco hyemalis) 7 -
Ruby-crowned Kinglet (Regulus cal-

endula) 6 1
Bushtit (Psaltriparus minimus) S -
MacGillivray’s Warbler (Oporornis

tolmiei) 5 -
Yellow-rumped Warbler (Dendroica

coronata) 3 -
Chestnut-backed Chickadee (Parus

rufescens)
Lincoln’s Sparrow (Melospiza lin-

colnii)
Pine Siskin (Carduelis pinus)
Veery (Catharus fuscescens)
Wilson’s Warbler (Wilsonia pusilla)
Cassin’s Finch (Carpodacus cassinii)
Solitary Vireo (Vireo solitarius)
White-crowned Sparrow (Zonotrichia

N
|

—— NN
I

leucophrys) 1 —
Subtotal 49 1
Total 67 8

least equal to the energy expended for locating
and consuming it. Tussock moth larvae appar-
ently do not reach this size —that is, about fourth
instar—until late July or early August. The rate
of larval loss from the stocked branches was
probably influenced by the number of available
large tussock moth larvae in the natural popu-
lation. The observations of Curio (1976), who
suggested that birds maintain search images of
preferred prey during certain periods, could ac-
count for the onset of heavy predation losses. In
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FIGURE 1. Tussock moth larvae and pupae lost per

exposure day, and density (per 10 ha) of known or
presumed avian predators of the tussock moth, by pe-
riod, from 15 July to 14 September 1977, Fort Kla-
math, Oregon (from Torgersen et al. 1984b).

this study, such losses appeared to coincide with
the presence of large larvae and peak bird density
when birds were foraging both for themselves
and for their young.

Rates of predation on stocked branches were
higher than those in the natural population. Loss-
es were also higher than those estimated for
stocked larvae in a previous study at the same
location, where larvae that disappeared or
dropped off the foliage were not replaced (Mason
and Torgersen 1983). Natural tussock moth lar-
val density was less than 0.05/m? at the time of
this study, so that density on stocked branches
(about 20/m?) was considerably higher than nat-
ural densities. Even so, we saw no patterns of
losses suggesting that birds or other predators
were returning to the trial branches and system-
atically taking most or all the stocked larvae
(Torgersen et al. 1984b).

Pupal stocking trials. The larval stocking study
suggested that avian predation might also be a
significant mortality factor among tussock moth
pupae. To quantify predation, we stocked pupae
in the same and one other Oregon site, and at
two California sites. Cocooned pupae were pro-
duced in the laboratory (Thompson and Peterson
1978) and individually wired to the underside of
foliated branches of white fir (4bies concolor) to
simulate naturally occurring pupae. Pupae were
stocked, one to a tree, on branches about 2 m
above the ground. Trees were spaced at about
10-m intervals according to the method and plot
design described by Torgersen and Mason (1979).
We stocked 46—-136 pupae at each site for 1-6
years, for a total of 11 place-years.

Two types of predation were observed: either
the entire cocoon was missing, leaving only the
attachment wire, or, more commonly, the co-
coon was torn open and the pupa was missing
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FIGURE 2. Relation of the number of pupae con-
sumed to density of natural Douglas-fir tussock moth
pupae. Data from sites near Placerville, California, and
Fort Klamath and Malin, Oregon (from Torgersen et
al. 1983).

or only fragments of it remained. When the entire
cocoon was missing, or the cocoon was torn open
and the pupa was missing, we presumed avian
predation. Subsequent observations indicated
that some of the predation in which only pupal
fragments remained was caused by ants (Cam-
ponotus probably modoc). Pupal mortality of this
kind was also observed by Dahlsten and Copper
(1979).

Predation of stocked pupae varied from about
6—49% and was inversely correlated (r = —0.725;
P < 0.05) with the estimated density of naturally
occurring pupae. In terms of absolute numbers,
the maximum number of pupae consumed by
predators was less than 0.1/m2. Density of nat-
ural pupae at each site was estimated directly by
sampling branches for cocoons (Mason 1977,
1987a). With increasing prey density, the abso-
lute number of pupae preyed on (natural prey
density times percent predation) increased, but
at a decreasing rate to a maximum of about 0.04/
m?2. This occurred at a natural pupal density of
0.13/m? (Fig. 2).

Egg-mass stocking trials. In sampling tussock
moth egg masses, we noticed that some masses
and associated cocoons had been disturbed. Some
cocoons seemed to have only a partial comple-
ment of eggs, and the remaining portion of the
egg mass and the cocoon were tattered. Dahlsten
and Copper (1979) suggested that avian preda-
tors might account for such partial, tattered egg
masses. They also reported predation on egg
masses by Mountain Chickadees.

We undertook a stocking study to examine the
incidence of both partial loss and complete re-
moval of egg masses at nine sites in Oregon,
Idaho, and California. From 1977 to 1981, we
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collected predation data on these sites for a total
of 17 plot-years. Overwintering losses of entire
egg masses, presumably from predation, were 5—
33% and averaged about 14%. Among surviving
egg masses, about two-thirds lost some eggs, and
more than halflost about 50% of their eggs. Anal-
yses showed that among the masses that re-
mained in the spring, only about 60% of the orig-
inal egg complement survived. Thus, in
combination, partial predation and complete re-
moval of egg masses resulted in reductions in egg
survival of 43-71%, averaging about 52%.

We attributed major egg losses to predation
by resident, foliage-gleaning birds. The capture
of a Red-breasted Nuthatch in a snap-trap baited
with an egg mass, and individual observations
of a Dark-eyed Junco and a Nashville Warbler
preying on egg masses partly verified our sus-
picions.

One observation was made of a foliage-for-
aging ant (Camponotus probably modoc) pulling
apart an egg mass and carrying off an egg (Tor-
gersen and Mason 1987). Dahlsten and Copper
(1979) also suggested that ants might be preying
on eggs.

Avifaunal censuses. The patterns of predation
we observed in the artificial stocking trials may
be correlated with avian density or species com-
position, or with other unknown factors influ-
enced by habitat differences among the sites. Un-
fortunately, we do not have comparative
avifaunal censuses for all sites, but censuses were
done on the Oregon sites during the 1977 field
season. Avian species composition and density/
10 ha were determined from nine straight-line
censuses (Emlen 1971) from mid-July to mid-
September. These censuses indicated that six of
the known avian predators of larvae, pupae, or
eggs—Red-breasted Nuthatches, Mountain
Chickadees, Dark-eyed Juncos, Golden-crowned
Kinglets, Black-capped Chickadees, and Nash-
ville Warblers —numerically dominated the area.

Because larvae, pupae, and egg masses were
installed only on lower crown branches, the pre-
dation we recorded does not necessarily repre-
sent that occurring in other strata. However, we
think our values provide a relative index of avian
predation on the Douglas-fir tussock moth. They
also suggest that such predation is an important
component among the mortality factors that keep
numbers of this pest low for long periods (Mason
and Torgersen 1987).

STUDIES ON WESTERN SPRUCE
BUDWORM

Population dynamics

Budworm sampling. In 1979 we began studies
to examine budworm population behavior. Four

study sites were established in the upper Methow
River valley in northcentral Washington. In 1980
we added two study sites about 50 km away on
the Okanogan Highlands. Sampling for larvae,
pupae, and egg masses was done much as de-
scribed for the tussock moth. Density of each
stage was expressed as number/m? of foliage based
on insect counts and measurements of foliage
(Srivastava et al. 1984).

Because of our studies on the tussock moth,
we were interested in the role birds might have
in the population dynamics of the budworm. The
literature also suggested that birds were a poten-
tially important source of mortality.

Selective exclusion methods
on branches

Identifying predation on larvae. The first set of
exclusion trials was done on the three population
sampling sites in northcentral Washington in
1979. Our first experimental design used 3/4-m?3,
single-branch exclosures with frames of 13-mm
polyvinylchloride (PVC) pipe covered with 1-cm
x 2-cm polypropylene garden mesh. The exclo-
sures were placed on branches of Douglas-fir and
grand fir at about 2 m and 5 m above the ground
(Campbell et al. 1981). These branches were
compared with unprotected control branches at
the same heights, but accessible to all predators.
The exclosures were installed when budworm
larvae had completed spring dispersal and bud-
and needle-feeding had begun. Protected and
control branches were left undisturbed until all
larvae had pupated, when surviving pupae were
counted to compare predation among treat-
ments.

Budworm survival was about twice as high on
protected branches as on unprotected branches.
Survival was significantly higher on protected
branches at 2 m, but not at 5 m. Most of the
differences, however, were accounted for by two
of our three study sites. On these two sites, sur-
vival on protected branches was about triple that
on unprotected ones. Differences in predation
were possibly related to differences in natural
budworm densities among the sites. The two sites
where survival among treatments was pro-
nounced had budworm densities of about 16/m?;
the site where no significant difference was dis-
cernible had a density of about 32/m? (Torgersen
and Campbell 1982).

Assessing ant predation on pupae. Because we
were interested in processes that might maintain
sparse budworm populations, we chose an ad-
ditional Washington study site in 1979, where
host trees showed little evidence of either prior
defoliation or current budworm activity. We
stocked branches with clipped twigs containing
pupae inside their web shelters. Fine wire was



18 STUDIES IN AVIAN BIOLOGY

used to attach the twigs to trial branches. Because
numerous colonies of a potentially predaceous
ant (Formica haemorrhoidalis) inhabited this site,
half of the trial branches had a sticky barrier
applied to the base of the branch to prevent ac-
cess by ants. Equal numbers of treatment and
control branches in the same whorl were stocked
with 5, 10, or 20 pupae at 2 m and 5 m.

Where no barrier had been applied, 84% of the
stocked pupae were missing or reduced to frag-
ments after three days, whereas only 8% were
missing or in fragments on branches protected
by a barrier. Few direct observations of preda-
tion by ants were made in 1979, but in repeat
experiments in 1980 we observed nearly 100 in-
stances of ants investigating or eating stocked
budworm pupae. Other work in our study sites
in 1981 and 1982 identified nine species of ants
that preyed on budworm pupae (Youngs and
Campbell 1984).

Assessing bird predation on pupae. Five
branches each were stocked with 5, 10, or 20
pupae at 2 m and 5 m; each branch was protected
from predation by birds by a single-branch ex-
closure. Every branch with an exclosure was ac-
companied by three unprotected control branch-
es in the same whorl and stocked with the same
number of pupae.

About 98% of the pupae installed on the con-
trol branches disappeared or were reduced to
fragments after 12 days, vs. 84% on branches
protected from birds (P < 0.001). The status of
pupae on protected branches at 2 m differed only
slightly from those at 5 m (P < 0.05). The rel-
atively small differences emphasized the possible
importance of predaceous ants.

Selective exclosure trials. We conducted fur-
ther experiments to clarify the roles of birds vs.
ants as predators of pupae (Campbell and Tor-
gersen 1982). Treatments and a control were ran-
domly assigned to equal numbers of branches
stocked with 5, 10, or 20 pupae. We used both
sticky barriers and whole-branch exclosures, or
sticky barriers alone to exclude both ants and
birds, or only ants at 2 m and 5 m.

Survival of budworm pupae was nearly four
times higher (49% vs. 13%) on branches with
both birds and ants excluded than on unpro-
tected branches. Survival on branches with ants
excluded was about three times higher than on
controls (36% vs. 13%). Analysis of survival
among treatments between crown strata was more
complicated. Apparently the sticky barriers of-
fered the pupae little or no protection on branch-
es at 2 m. Occasionally, we watched ants drop
from one branch to another, and enough ants
may have fallen from higher branches to those
at 2 m to confound results on branches with
sticky barriers, whether in exclosures or not.
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Exclusion trials on whole trees

Selective exclosure methods for whole trees. Re-
sults from the single-branch exclosures prompt-
ed us to design exclosures for whole trees up to
9 m tall. In 1980, exclosure trials were done on
two sites in northcentral Washington and four
sites near McCall, Idaho. In 1981, we established
four sites near Seely Lake and Potomac in north-
western Montana, where we conducted both
population sampling and exclosure trials. In
northeastern Oregon, we established five sites for
population sampling, only two of which were
used for exclosure trials.

Our experimental design was expanded to in-
clude four treatments: birds excluded, ants ex-
cluded, both excluded, and neither excluded. At
each site on grand fir, Douglas-fir, or both, the
four treatments were completely randomized, and
each treatment was done twice. Birds were ex-
cluded by polypropylene garden net attached to
a 9-m-tall hexagonal framework of 13-mm PVC
pipe reinforced with wooden 2 x 4’s (Campbell
et al. 1981). Ants were excluded from treatment
trees by applying a 50-cm-wide sticky barrier
below the base of the live crown. These trials
were installed after completion of spring bud-
worm dispersal and before budworm emergence
from the host shoots. The exclosures were re-
moved after adult moth emergence. Hence, in-
sects in exclosures were protected during the in-
terval from instar IV to adults.

Beginning density in each trial site was deter-
mined from samples of 45-cm branch tips from
the upper, middle, and lower crown thirds of the
trial trees and 25 additional trees in the site. Plot
density based on this sample was determined
from equations developed by Srivastava et al.
(1984). At the end of the developmental period —
that is, when most budworm moths had
emerged —the trial trees were dissected. Every
branch of each treatment tree was removed. The
foliated area of every third, fourth, or fifth branch
(depending on the year of study) was calculated,
and all pupal remains were counted. Posttreat-
ment density based on dissection of trial trees
was expressed as number of surviving budworm
per square meter of foliage.

The results of the 1980 trials in Washington
and Idaho indicated that at the lowest initial bud-
worm density—about 1.7/m2—10 to 15 times as
many budworms survived on trees protected from
both birds and ants as on control trees. Even
when density was high, about 25/m?, survival
continued to be fully twice as high on the doubly
protected trees as on the controls. In the 1981
trials in Montana and Oregon, a similar strong
inverse relation was apparent between budworm
density and the effects of birds and ants. This
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predation was consistently adequate to reduce
survival to about 5% in populations with bud-
worm densities near 1/m?2. When birds and ants
were excluded, survival increased to about 40%.
Birds and ants displayed different patterns of pre-
dation among crown strata of the trial trees. Ants
were most effective in the lower third of the crown;
birds were most effective in the upper third
(Campbell and Torgersen 1983b, Campbell
1987).

At the lower densities, in both years and all
areas, birds alone or ants alone were usually suf-
ficient to greatly dampen the high survival ob-
served when both groups were excluded. In fact,
the contribution of either birds or ants largely
compensated for the absence of the other guild
in the single exclusions. Little or no evidence of
further mortality was found after birds and ants
were excluded. Thus, during the period from ear-
ly foliage-feeding larvae through the pupal stage
at the densities where we worked, other mortal-
ity-causing factors played minor roles (Campbelil
and Torgersen 1983a).

Single-branch exclosures in tall trees. Based on
the apparent differences in predation by birds or
ants among crown strata, we hypothesized that
birds would continue to be important budworm
predators even in trees much taller than 9 m, and
that ants would play a decreasing role as tree
height increased. Accordingly, we attempted to
test our hypothesis on higher branches in tall
trees. Because whole-tree exclosures were out of
the question, we used single-branch exclosures
at two sites in Montana at about 2 m and 20-25
m above the ground in Douglas-fir and Engel-
mann spruce (Picea engelmannii). The sites had
widely different budworm densities (0.28/m? and
23.1/m?). A truck-mounted, 27-m hydraulic lift
was used to install and remove exclosures, apply
sticky barriers, and stock branches with pupae,
Pupae were individually wired to branch tips,
five to a branch.

Results paralleled those on smaller trees. Across
all treatments, predators had relatively minor
effects on the high-density site, confirming that
predation of both the budworm and the tussock
moth by ants, birds, or both was inversely related
to insect density (Campbell et al. 1983, Torger-
sen et al. 1983). On the site with low natural
budworm densities, mortality among pupae on
both high and low branches protected from birds
and ants was about 40%, as compared with 72%
on controls. Birds appeared to be more effective
predators than ants high in the trees, but were

about equally effective in low branches. These
results left little doubt that birds and ants, sep-
arately or together, were at least as effective pred-
ators on high branches of old-growth trees as on
branches or trees up to 9 m tall (Campbell and
Torgersen 1983b).

Identification of avian predators. In concurrent
studies designed to observe and identify avian
predators on several of our study sites, Langelier
and Garton (1986) and Garton (1987) identified
several species of birds that were eating the bud-
worm. Observations and stomach analyses con-
firmed that about two dozen species of birds were
preying on the budworm in these sites. Half of
these were also on our list of bird predators of
the Douglas-fir tussock moth.

CONCLUSIONS

These studies showed that insectivorous birds
and foliage-foraging ants are major predators of
two of the most important forest insect pests in
the Pacific Northwest. Management-induced
habitat changes can influence the abundance and
diversity of these predators and other natural
enemies of these pests. For example, forest plans
that provide for retention and recruitment of
snags can affect the ability of stands to support
populations of predaceous birds and ants. Al-
most all of the ants, and many of the birds that
prey on the tussock moth and the budworm, are
influenced by the availability of standing or
downed dead wood. Even birds that are not cav-
ity nesters will use snags for foraging, perching,
roosting, or singing.

The need to reduce damage to forests from
insect pests suggests that managers view these
and other natural enemies as a resource to be
conserved and enhanced. One of the great chal-
lenges for land-management professionals today
is to use new knowledge to broaden their per-
spectives and expand their management alter-
natives to maintain and improve forest health.
We hope the results reported here will focus more
attention on the beneficial role of natural ene-
mies of insect pests in forest ecosystems.
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MEASURING THE AVAILABILITY OF

FOOD RESOURCES

RICHARD L. HuTtTO

Abstract. To assess the role of food supply in the biology of forest birds, available food density must
be measured with precision. In reviewing 155 recent papers that deal with the role of food supply, I
found that most authors justify use of a particular sampling method by intuitive arguments and
numerous assumptions. An intuitive approach may be inadequate, however, because (1) we do not
perceive food availability in the same manner that birds do, (2) we ignore scale-of-measurement
problems, and (3) we measure only standing crop. To avoid those potential problems, I suggest using
quantitative measures of behavioral acts that are necessarily correlated with variation in food abun-
dance as a ““check” on the reliability of measurements of food availability. These might include a
bird’s temporal and spatial attack rate, its mean stop-to-stop movement length, or the proportion of
its daily time budget spent foraging. Future studies may be strengthened if such behaviors are used

to confirm that a given measure of food availability is appropriate.

Key Words:
search tactics; time budgets.

INTRODUCTION

Of biological parameters that might influence
the evolution of adaptations among species, the
distribution and abundance of food, predators,
and mates are especially important (Krebs and
Davies 1987). Virtually every aspect of the life
cycle of an individual has been molded to some
degree by those variables, as Crook (1964) began
to demonstrate in his classic studies of social
organization of weaver finches.

Information on food availability alone has
contributed to our understanding of numerous
life history characteristics and their population-
and community-level consequences. The impor-
tance of food availability as a hypothesis to ex-
plain various biological patterns is reflected in
the large number of studies that deal with this
issue. For example, in a perusal of a dozen eco-
logical and ornithological journals published since
1978, 1 located 155 articles on landbirds that
dealt specifically with the relationship between
food supply and several ecological patterns, in-
cluding timing of annual cycles, territoriality,
habitat selection and territory placement, diet,
mating system, clutch size, reproductive success,
population size, geographic distribution, and
community structure.

The role of food supply in a few of those cases
has become clear, either because of an unusual
ability to measure food availability precisely (e.g.,
territoriality in nectarivores, or use of space by
ground-feeding shorebirds and insectivores), or
because of the ability to manipulate food supply
experimentally (e.g., optimal foraging, or clutch-
size experiments). The role of food in other are-
nas of investigation (e.g., timing or occurrence
of various annual cycles) has become dogmati-
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cally accepted, despite the lack of careful mea-
surements of food resources. The role of food
availability for still other (mostly population- and
community-level) phenomena remains unre-
solved and controversial.

The inability to resolve whether food is im-
portant often results from difficulty knowing
whether food availability has been measured ad-
equately. Often these measures are of question-
able relevance to the organisms involved. For
example, several authors reported that food den-
sity and habitat use by raptors were not well
correlated (Wakeley 1978, Baker and Brooks
1981, Bechard 1982), but vegetation structure
was related to habitat use. Therefore, vegetation
structure was deemed to be more important than
food as a factor influencing habitat use, even
though the importance of vegetation lay with its
effect on food availability. In fact, after con-
verting rodent density (as estimated from trap
data) to rodent “‘availability” (as estimated by
multiplying rodent density by the fraction of in-
cident light at ground level), Bechard (1982) con-
cluded that food availability was related to hab-
itat use. If the researchers had measured prey
availability as perceived by hawks at the outset,
then the correspondence between food supply
and habitat use would have been more readily
apparent.

At the population level, Pulliam and Dunning
(1987) argued that local population density of
sparrows over a series of years was independent
of food abundance, when abundance exceeded
some threshold level. They based their conclu-
sion on a lack of correlation between sparrow
density and seed availability, as estimated by
counting seeds that fell into small traps. How-
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ever, seed traps may not accurately reflect food
availabile to sparrows (especially in view of the
unmeasured seed stores that must have been
present in the soil). As these two examples sug-
gest, measures of food availability undoubtedly
have contributed to the conflicting results and
disagreements that surround the more contro-
versial arenas of investigation. Such conflicts
have, consequently, led to pleas for greater care
in the measurement of food availability (Wiens
and Rotenberry 1979, Wiens 1983, Morrison et
al. 1987b).

But how can we measure food availability in
a biologically meaningful manner? Even if one
samples selected prey types from a single micro-
habitat, the relative prey abundance between sites
can differ significantly among sampling methods
(Majer et al., this volume). To learn more about
the factors that should be considered when mea-
suring food availability, I searched through the
current literature for patterns in the way biolo-
gists justify their sampling methods. In this pa-
per, I synthesize results of this search, and suggest
how we might begin to test whether our measures
of food availability are appropriate.

METHODS

After cataloguing the ways by which biologists mea-
sure food availability in the field, I chose to concentrate
on the arguments given to justify use of a given mea-
sure. In addition to including some references pub-
lished prior to 1978, I searched through all issues of
American Naturalist, Animal Behaviour, Auk, Behav-
ioral Ecology and Sociobiology, Condor, Ecology, Eco-
logical Monographs, Ibis, Journal of Animal Ecology,
Journal of Field Ornithology, and Wilson Bulletin pub-
lished after 1978 for articles involving the impact of
food availability on biology of landbirds and shore-
birds.

I conducted field studies on the relationship between
food availability and bird behavior in western Mon-
tana Douglas-fir (Pseudotsuga menziesii) forests in 1985
and 1986. In most coniferous forests of the western
United States, the western spruce budworm (Choris-
toneura occidentalis) is the most widely distributed and
destructive defoliator (Carolin and Honing 1972, Fel-
lin and Dewey 1982). It is also an important prey species
for forest birds during the nesting season. The use of
systemic insecticide implants (Reardon 1984) was tested
in northwestern Montana in 1985 by USDA Forest
Service personnel as a method to reduce foliage and
cone crop loss. I watched groups of trees that contained
both experimentally treated and adjacent untreated trees
to discover whether artificially reduced budworm levels
on treated trees would affect the probability of a bird
visiting a tree, the length of a given visit, or a bird’s
feeding rate.

Thirty Douglas-fir trees were selected for experi-
mentation by Forest Service personnel associated with
the Northern Region Cooperative Forestry and Pest
Management Division, and 15 of those trees were ran-
domly chosen for treatment with insecticide implants

(Reardon 1984). I used 14 of their treated trees, their
15 control trees, and an additional 20 trees as controls,
so that I sampled nine groups of five to seven trees.
Each group had at least one, but no more than two
treated trees. Three groups of trees were in Lubrecht
Experimental Forest of the University of Montana
[46°52'N, 113°27'W] within a mixed conifer forest that
was dominated by Douglas-fir, and six groups were on
Champion International Paper Co. land [46°48'N,
113°33'W] on a pure Douglas-fir site that was com-
mercially thinned in 1980.

Trees were treated with implants on 18 April 1985,
and I sampled late-instar budworm larvae on 29 June
1985 by clipping two or three 45-cm terminal branch
tips from the lower to middle crown of each tree using
a 9-m pole pruner affixed with a collecting bag. Con-
tents were emptied into plastic bags and transported
to the laboratory where I sprayed them with a pyre-
thrin-based insecticide to reduce the activity of bud-
worm larvae. Branch samples were then placed on white
cardboard, and foliage surface area was estimated by
compacting foliage into the smallest single-layered space
possible and measuring length and width of the area
to the nearest cm. Each branch sample was searched
carefully for budworm larvae and other arthropods,
which were then removed and “rinsed” of debris in a
wash bowl containing 70% alcohol before being dried
through contact with a paper towel and weighed on an
electronic balance to the nearest 0.01 g.

From one observation point, each group of focal
trees formed a slight semicircle (concave toward the
observer) and fell within a 120° arc. Consequently, all
trees could be watched simultaneously for bird activity.
The observer (myself or an assistant) observed for 90
min before moving to another group of trees. From 18
June to 1 July 1985, we recorded bird activity between
07:30 and 11:00. Observation times were rotated so
that each group of trees was watched for 180 min during
each half of the morning.

When a bird landed in an experimental tree, we re-
corded the tree number, time of day, bird species, du-
ration of its stay in the tree (in sec), its activity (feeding,
singing, or perching), and when possible, its foraging
attack rate (recorded as number of pecks/sec of obser-
vation). On rare occasions, when several birds were
present at the same time in a group of trees, we noted
the identity of each visitor, and estimated the duration
of stay for each bird.

In 1986, we studied avian foraging behavior in a
Douglas-fir stand 5 km southeast of Missoula, Mon-
tana [46°50’N, 113°56'W]. The 5-ha site was traversed
in a systematic fashion on a daily basis from mid-June
through mid-July. An observer recorded the identity
and height of every bird encountered.

RESULTS AND DISCUSSION
Literature review

Food not measured directly. Twenty percent of
the authors did not attempt to measure food be-
cause their comparison obviously involved rel-
atively food-rich vs. relatively food-poor con-
ditions. For example, Tryon and MacLean (1980)
interpreted the use of space by Lapland Long-
spurs (Calcarius lapponicus) in terms of food
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availability, which was assumed to be greater at
times of ““cranefly pupation” and when “the tun-
dra was aswarm with adult Diptera.” Strehl and
White (1986) studied reproduction of Red-winged
Blackbirds (4gelaius phoeniceus) during years that
had and years that did not have a periodical
cicada outbreak.

Food measured directly but relevance not ad-
dressed. Forty-seven percent of the authors mea-
sured food density but made no explicit as-
sumptions about relevance of their measures in
terms of food availability. Their implicit as-
sumptions were so reasonable that most of us
would not think to question the measures. For
example, Baird (1980) and McPherson (1987)
measured fruit availability to frugivorous birds
by counting fruits on trees in their study areas.
Similarly, biologists who have studied nectar-
feeding birds generally counted flowers but did
not explicitly assume that such samples ade-
quately reflected food available to birds (e.g.,
Carpenter and MacMillan 1976, Kodric-Brown
and Brown 1978, Feinsinger and Swarm 1982).

Food measured directly and relevance ad-
dressed. Twenty-four percent of authors took a
simple measure and explicitly assumed that it
was correlated with food availability. For ex-
ample, after describing a vacuum sampling tech-
nique, K. G. Smith (1982) stated that his “mead-
ow samples reflect actual abundances available
to birds.” Or, Blancher and Robertson (1987)
trapped “flying insects between ground level and
1 m” because that height range represented food
availability for Western Kingbirds (Tyrannus
verticalis). Conner et al. (1986) stated that their
sweep samples were not a direct measure of food
for Northern Cardinals (Cardinalis cardinalis) but
that they would “give a relative index of overall
food availability.” Dunning and Brown (1982)
assumed that food resources available to win-
tering sparrows were “‘closely and positively cor-
related” with what they chose to measure: the
quantity of precipitation during the previous
summer.

Food measured, then adjusted to be more rel-
evant. In still other instances (9% of the studies
reviewed), researchers “adjusted’ their measures
of food density on the basis of some intuitive
argument before making the explicit assumption
that their adjusted measure accurately reflected
food availability. Hutto (1980, 1985a), for ex-
ample, derived an “adjusted insect density” by
multiplying number of insects trapped on sticky
boards by a measure of vegetation density. Ad-
justed density was assumed to be better corre-
lated with food availability to foliage-gleaning
insectivorous birds than was either flying insect
density or vegetation density alone. Greenlaw
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and Post (1985) determined the “food value” of
Seaside Sparrow (Ammodramus maritimus) ter-
ritories by multiplying volume of potential prey
in each of several patch types by a factor that
accounted for both relative use and relative
abundance of that patch type within the territory.
The most common adjustment, however, in-
volved a refinement of food types considered on
the basis of stomach contents of the bird species.
For example, Bryant (1975a), Zach and Falls
(1979), Smith and Anderson (1982), and Smith
and Shugart (1987) eliminated prey types from
the sample if they were not present in stomachs.

Problems with current methods

I cannot judge the accuracy of any of these
methods but, clearly, no current method of mea-
suring food abundance is immune to the criti-
cism that it may be an unreliable measure of food
availability. Baker and Baker (1973) warned that
“the food density for shorebirds as revealed by
ordinary sampling techniques is related to the
food density experienced by the bird by some
often complex functions or may be entirely un-
related.” Their warning applies equally to forest
birds (see Martin 1986, and Wolda, this volume).
At least three categories of potential problems
would apply to any of the sampling methods out-
lined above, as discussed next.

We lack the bird’s perception and do not know
its feeding constraints. Even for relatively simple
fruit and nectar systems, all fruits or flowers may
not be equally available (as assumed by simple
counts). In general, sampling the “kind” of food
a bird eats probably falls short of a meaningful
measure because the animal’s perception screens
items in a manner that differs from that of a
sticky board (Seastadt and MacLean 1979; Hutto
1980, 1985; Cody 1981), sweep net (Wilson 1978;
Wittenberger 1980; Fischer 1981, 1983; Folse
1982; Laurenzi et al. 1982), vacuum cleaner
(Craig 1978, K. G. Smith 1982, Smith and An-
derson 1982, Ault and Stormer 1983), suction
trap (Bryant 1975a, Holmes et al. 1978, Turner
1982), snap trap (Wakeley 1978, Baker and
Brooks 1981, Bechard 1982), or visual count
(Salomonson and Balda 1977; Holmes and Rob-
inson 1981; Schluter 1982a, b; McFarland 1986a).
Items will be sampled differentially because of
mechanical and perceptual differences between
a given sampling technique and a bird (Robinson
and Holmes 1982, Heinrich and Collins 1983,
Sherry 1984). Moreover, lacking a bird’s percep-
tion, we do not know which prey items it would
ignore because of the prey’s crypticity (Janzen
1980a), inaccessibility (Kantak 1979, Moer-
mond and Denslow 1983, Avery and Krebs
1984), difficulty of capture (Hespenheide 1973a),
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mechanical defenses (Davies 1977b, Sherry and
McDade 1982, Heinrich and Collins 1983) or
chemical defenses (Eisner 1970, Janzen 1980a).

Some believe that these perceptual problems
can be solved by adjusting sampling methods to
match stomach contents. They reason that if the
sample has the same prey types as stomach con-
tents, the sample will be relevant. Although
stomach contents can help refine one’s definition
of available prey types, differential digestibilities
among prey types (Custer and Pitelka 1975),
variation in times of collection, and differences
between diets of adults and the young they feed
will cause biases in the estimate of what the bird
actually takes from the field. It is not a simple
matter to determine a bird’s diet. That issue aside,
a mere listing of the contents of both stomachs
and field samples to show that they are “more
or less the same™ (Terrill and Ohmart 1984,
Blancher and Robertson 1987), or adjusting the
measure of food availability by eliminating what
is not in stomachs (Feinsinger et al. 1985, Smith
and Shugart 1987), does not necessarily solve the
perception problem. Unless diet and field sam-
ples have the same proportions of item types,
they are not likely to have been sampled with
the same perceptual “filter.” Even if fruit species
A were the only prey type sampled from the en-
vironment and the only prey type found in stom-
achs, not all fruits are equally accessible; a mere
tally of the appropriate food type may be an
inadequate representation of food availability. In
short, without accounting for a bird’s perception,
simple biomass measures (even “adjusted’ ones)
are probably poor reflections of actual food abun-
dance available to birds (see also Moermond, this
volume).

We ignore scale-of-measurement problems.
Scale problems of tremendous magnitude occur
when determining food availability, and these
seem to be routinely ignored by researchers. Con-
sider the following hypothetical problem. Sup-
pose we want to test whether number of feeding
trips/nestling/hour is related to food availability.
Food availability would have to be measured and
averaged over a unit at least as large as a terri-
tory—the unit searched by the bird for food. One
could not use a single trap on each territory to
represent conditions over the whole territory un-
less variation among traps within a territory was
known to be less than variation between terri-
tories. Similarly, imagine a system where the
ranking of areas by food density (measured as
amount of food per branch) differs markedly from
a ranking of those same areas when food density
is measured as amount of food/leaf, or food/tree
(Fig. 1). Holmes and Robinson (1981) measured
food availability in terms of numbers of arthro-

pods per cm? of leaf area after counting 400 leaves.
Would number/leaf be a better indication of val-
ue of the tree to the bird, or perhaps number/
tree? Such problems are not trivial because num-
ber/leaf cannot be extrapolated to number/study
area (and vice versa) unless food is distributed
uniformly throughout. Since food is not so dis-
tributed, one’s density estimate will vary with
the scale of measurement. So which scale of mea-
surement is correct?

We measure standing crop only. Most of our
measures of food availability are equated with
standing crop volume, number, or biomass (Car-
penter 1987), even though bird behavior can de-
pend on whether a patch of food is depletable
(Kamil and Yoerg 1985). With the exception of
nectar resources (Gill and Wolf 1979, van Riper
1984, Feinsinger et al. 1985), attempts to mea-
sure (or even discuss the effects of) renewal rates
for continuously renewing food resources are rare
(notable exceptions include Zach and Falls 1976b,
1979; Davies 1977a; Davies and Houston 1981,
1983). Yet, an area with two food items/m? that
is restored to the same density within a second
after removal of an item has much greater food
availability than another with 20 items/m? and
no renewal. Furthermore, a place with greater
food density at the time of sampling is assumed
to have more later, even though some food re-
sources (e.g., fruit and seeds) are not continu-
ously renewing.

Toward the validation of food
availability measures

Given the potential problems, do authors ever
attempt to confirm the appropriateness of their
chosen method, beyond the use of intuitively
logical assumptions and adjustments? They gen-
erally do not, based on my literature search. Oc-
casionally authors will compare two methods of
sampling food and presume that agreement be-
tween the two means that either is valid. For
example, Ault and Stormer (1983) vacuumed the
soil and got the same seed types that scraped
samples produced, so they concluded that any
dietary deviation from the sample would reflect
a food “preference” by birds. A correlation be-
tween the abundance measure of two samples
does not, however, validate either as an adequate
measure of food availability. Not only has the
animals’ perception been ignored but, also, iden-
tical sample contents from two methods do not
guarantee the correctness of either.

Most of us would consider stomach contents
to be one way to validate sampling methods, but
stomach contents can only guide one’s ““adjust-
ment” of a measure to be closer to what the bird
actually experiences. Samples that match stom-
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IS FOOD AVAILABILITY GREATER FOR THE
INDIVIDUAL ON TERRITORY A OR TERRITORY B ?
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FIGURE 1. Hypothetical examination of the relative
availability of food in two areas. Results depend on
whether the unit area used to estimate food density is
a single leaf, a branch, or a tree.

ach contents still do not address the perception
problem or the other two classes of problems
outlined earlier. Is it possible, then, to confirm
that one’s sampling method is meaningful? How
do we know when we have measured actual food
availability? At least one possibility deserves
consideration.

Why not use patterns of bird behavior to con-
firm that our measures of food availability are
appropriate? In fact, because conditions good for
one individual may be poor for another, we can-
not afford to measure food availability indepen-
dently from bird behavior. Even the same food
abundance can change in “availability,” for ex-
ample, as the thermal load of a bird changes
(Clark 1987). If variation in some behavioral act
were necessarily correlated with food availabil-
ity, we might be able to use that behavior to
“check” the validity of a food availability mea-
surement made for some other purpose. Figure
2 depicts the essence of this argument. Normally,
to understand whether food availability affects
some biological phenomenon, we measure food
by one of the four approaches categorized earlier,
and then interpret results. I suggest that we si-
multaneously monitor a behavioral act, the rate
of which is known to be influenced by food avail-
ability, and check the (partial) correlation be-
tween our food measure and the behavior. A
significant correlation between our chosen mea-
sure and an act that is known to be related to
food availability would strengthen the argument
that we have measured food availability ade-
quately.
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Food availability surely affects some aspects
of foraging behavior in predictable ways (Rob-
inson and Holmes 1982, 1984). Indeed, birds can
rapidly adjust their foraging behavior in response
to prey availability (Paszkowski 1982, Pien-
kowski 1983). But which behaviors have been
shown to be universally correlated with variation
in food abundance under well-controlled exper-
iments, such that we might use them to find a
meaningful sampling method?

To find such a behavior, we must look at sys-
tems in which food availability can be undeni-
ably ranked independently from bird behavior.
Laboratory systems and field systems in which
vegetation structure is relatively simple and
available prey types are limited in number should
allow one to measure food availability as accu-
rately as possible. For example, in western Mon-
tana, Douglas-fir often occurs in homogeneous,
nearly monospecific stands. Little other than
western spruce budworm is available as a food
source in early summer. On the basis of foliage
samples taken from a series of 48 trees in June
1985, spruce budworm larvae comprised 72% of
the 1035 arthropods that I collected. The pre-
dominance of spruce budworm larvae was most
evident in the biomass measurements, however,
where they comprised 96% of the total. Analyses
of stomach contents from mixed-conifer forests
in both Washington and Montana confirm that
most forest passerines depend heavily, if not ex-
clusively, upon budworm larvae for food from
May through July (DeWeese et al. 1979). Re-
markably, species that are known to feed on the
ground during most other times of the year
[American Robin (Turdus migratorius), Chip-
ping Sparrow (Spizella passerina), and Dark-eyed
Junco (Junco hyemalis)] fed extensively on lar-
vae in trees from mid-June to mid-July; the en-
tire insectivorous bird community appeared to
rely on this single food source during the breed-
ing season. Recognition that forest birds depend
heavily upon lepidopteran larvae at this time is
nothing new (MacArthur 1959, Robinson and
Holmes 1982), but the preponderance of western
spruce budworm larvae in both field samples and
diets means that food availability should be ex-
ceptionally easy to estimate in that habitat type
at that time of year.

The mean density of late-instar budworm lar-
vae was significantly less on trees treated with
systemic pesticide implants than on control trees
during the year of treatment (Table 1). Twelve
bird species visited the experimental control tree
groups, and individuals of each species were ob-
served eating or gathering budworm larvae. Lim-
ited sample sizes prohibited a meaningful species-
by-species analysis, but results pooled across
species showed that neither the probability of a
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FIGURE 2. Diagrammatic illustration of the way bird behavior might be used to “screen” possible sampling
methods, so that an appropriate measure of food availability is selected.

bird entering a tree (visits/hour) nor the mean
duration of a bird’s stay was significantly greater
in trees that harbored more food. The same held
true if I considered feeding observations only,
although the trend in all cases was to spend more
time in trees with higher food densities. In con-
trast, mean attack rate of birds that foraged in
systemically treated trees was significantly less
than mean attack rate in control trees.

In an effort to uncover a series of easily quan-
tified behavioral variables (such as attack rate)
that might be unquestionably related to food
availability, T searched through the literature for
additional laboratory or field studies that bore

TABLE 1.
TREES

on the relationship between behavior and food
availability. I found information on the follow-
ing behavioral acts:

Temporal attack rate (number of attacks/unit
time). Based on the well-studied functional re-
sponses of animals to prey density (Holling 1965,
1966), feeding rate of a predator should be pro-
portional to food density until it can increase no
further because of satiation or handling limita-
tions. Linear (Type I) and exponential (Type 1I)
responses have been shown to exist for birds that
feed, respectively, on invertebrate or seed re-
sources in the wild (Schluter 1984). Therefore,
providing that we record foraging observations

A COMPARISON OF MEAN VALUES OF BIRD USE BETWEEN SYSTEMICALLY TREATED AND CONTROL

Untreated trees

Treated trees

Measure N X SE N X SE U= P

Budworm density

No. budworms/m? 34 135.50 14.3 14 36.70 6.9 58 0.000

No. budworms/tip (x 100) 33 7.87 0.7 14 3.13 0.6 82 0.000

No. budworms/g (x 100) 33 6.19 1.3 14 2.04 0.7 59 0.000
Bird use

No. visits/hr 37 0.78 0.2 14 0.74 0.2 256 0.950

Duration of visit (sec) 160 58.24 6.4 58 48.10 7.2 4275 0.373

No. pecks/sec (X 100) 30 4.80 0.8 13 1.90 0.6 106 0.016

2 Mann-Whitney U-statistic.
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FIGURE 3. Pied Wagtails (Motacilla alba) exploit a
renewing food supply. The feeding rate of an individual
within a patch depends on the time since that patch
was last depleted by the same or another wagtail. For-
aging attack rate is clearly related to food availability
to the birds (redrawn from Davies and Houston 1981).

during periods of active feeding prior to satia-
tion, we should expect a more or less linear re-
lationship between food density and feeding rate.

My experimental decreases in spruce bud-
worm density on selected trees produced de-
creased attack rates by foliage-gleaning birds.
Many other studies have produced similar re-
sults (Goss-Custard 1977a, Greenwood and Har-
vey 1978, Tinbergen 1981, Paszkowski 1982,
Pienkowski 1983, Robinson and Holmes 1984,
Schluter 1984, Maron and Myers 1985, Mar-
cotullio and Gill 1985). Perhaps the strongest
field study of this sort is that of Davies and Hous-
ton (1981), who worked with a relatively simple
two-dimensional system. They found a Type II
relationship between peck rate of ground-feeding
wagtails on a patch and the time since last visit
to the patch (Fig. 3). The relationship between
prey availability and feeding rate seems irrefut-
able in this instance.

Neither Davies (1977a), Morse (1981), Mgller
(1983), nor Roland et al. (1986) found correla-
tions between their measures of food availability
and feeding rate. Careful examination of meth-
ods, however, revealed that food availability was
not measured well or was not the only variable
likely to have influenced feeding rate. Specifi-
cally, Davies measured prey availability by using
a cumulative-total trap method, which may not
have reflected food availability accurately over
a smaller portion of the day. Morse did not mea-
sure food directly. Moller compared attack rates
among seasons, over which time period the food
types changed dramatically. And Roland et al.
used number of larvae per cluster as a measure
of food availability, which may not have been
the best scale of measurement for determining
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food availability because a tree could have only
a few leaf clusters despite a high density of larvae
per cluster.

Spatial attack rate (number of pecks/unit dis-
tance). Intuitively, it seems that number of items
taken per unit distance traveled should be greater
in relatively food-rich areas. Goss-Custard
(1977¢) showed such a response for Redshanks
(Tringa totanus) feeding on large worms in the
mud, and Hendricks (1987) used this measure
after assuming it to be well correlated with food
availabile to Water Pipits (4dnthus spinoletta). The
relationship deserves further study.

Rate of progression (distance/unit time). The
number of steps that a shorebird takes following
a successful capture is generally less than the
number following an unsuccessful capture (Baker
1974). Thus, movement rate might decrease when
a bird is in a relatively food-rich area. Area-
restricted searching would also predict a slower
rate of beeline progression with an increase in
prey availability. In apparent contrast with these
expectations, Baker and Baker (1973), Baker
(1974), and Zach and Falls (1976¢) found that
movement rate was positively correlated with
temporal attack rate (= food availability?). Goss-
Custard (1970) found no relationship between
the number of paces/min and prey density,
whereas Zach and Falls (1979) found rate of pro-
gression (based on beeline distances) to be pos-
itively related to food supply.

Search velocity (hops or perch changes/unit
time). Search velocity has been shown to be well
correlated with temporal attack rate (Robinson
and Holmes 1982). Because it may be easier to
measure than attack rate for birds that forage in
dense vegetation, search velocity might be more
useful.

Average stop-to-stop movement length (hops/
unit distance). We might expect a greater number
of hops per unit distance in relatively food-rich
areas because of area-restricted searching, which
has been shown to occur after a successful cap-
ture (Croze 1970; Krebs 1973; Smith 1974b; Zach
and Falls 1976b, c¢). Smith (1974b), in fact,
showed that average move length by a foraging
thrush decreased after a prey capture.

Search tactics. Birds may change search tactics
with variation in prey availability. For example,
several species have been shown to perform pro-
portionately more aerial flycatching maneuvers
as flying insects become more abundant (Davies
1976, 1977b; Davies and Green 1976; Green-
wood and Harvey 1978; Holmes et al. 1978;
Robinson and Holmes 1984). These changes
probably reflect shifts in relative availability of
one prey type over another, however, and not
necessarily a change in overall prey availability.
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TABLE 2. SoME FORAGING BEHAVIORS LIKELY TO BE INFLUENCED BY FOOD AVAILABILITY LEVELS

No. studies No. studies
Expected relationship with consistent inconsistent Other variables
Behavior food availability with trend* with trend* to control®

Temporal attack rate (No. pecks/sec) Positive 11 4 1-7
Spatial attack rate (No. pecks/m) Positive 2 0 11
Rate of progression (cm/sec) Negative 0 5 9
Search velocity (No. hops/sec) Positive 1 0 7
Mean move length (No. hops/m) Negative 6 0 11
Search tactic change (glean, sally . . .) Change 0 6 1,7, 8
Food delivery rate (No. trips/hr) Positive 3 1 10
Rate of aggression (No. attacks/hr) Positive 3 0 8
Percent time feeding/resting

(daily time budget) Negative/positive 6 0 6,8,9

® Specific references are cited in the texi.

® The other variables are: (1) time of day or season; (2) qualitly or quantity of food per peck; (3) prey type consumed; (4) foraging tactic used; (5)
success rate; (6) physiological condition of bird; (7) foraging microhabitat; (8) sex, individual identity; (9) weather; (10) clutch size; and (11) none

reported yet.

Therefore, this is not likely to be a measure that
accurately reflects changes in food availability.
Nestling food delivery rate (trips/unit time). In
several instances, food delivery rates by aerial
foragers have been positively correlated with food
density (Zammuto et al. 1981, Turner 1982,
Blancher and Robertson 1987). Strehl and White
(1986), however, recorded fewer trips/hour by
Red-winged Blackbirds during times of high food
(periodical cicada) density. The latter result was
a consequence not only of a change in prey types
available but also of a change in foraging loca-
tions used by adults. Therefore, the positive re-
lationship between food availability and delivery
rate seems to be consistent among recent studies.
Rate of aggression (number of supplanting at-
tacks/unit time). Rates of aggression may in-
crease when food availability decreases, as Hinde
(1952), Gibb(1954), and McFarland (1986a) have
reported for forest tits and honeyeaters. Al-
though results are consistent, the difficulty as-
sociated with obtaining large sample sizes in most
instances will almost certainly render this mea-
sure useless as an index of food availability.
Percent time feeding (from time budget infor-
mation). We might expect a bird in a food-poor
area to spend more time feeding and less time
resting, relative to a bird in an area of high food
availability. Davies and Lundberg (1985) added
food to Dunnock (Prunella modularis) territories
three months prior to the breeding period. The
birds not only bred earlier, but spent significantly
more time perching (resting) (20% vs. 7%) and
interacting (9% vs. 1%), and less time feeding
(62% vs. 89%) than control females that were
without supplemental food. Similar patterns have
been shown nonexperimentally for tits (Gibb
1954), hummingbirds (Gill and Wolf 1979), ducks
(Hill and Ellis 1984), shorebirds (Maron and

Myers 1985), and honeyeaters (McFarland
1986a).

CONCLUSIONS

By using bird behavior to confirm that a mea-
sure of food availability is biologically meaning-
ful, we can probably avoid the three major prob-
lems discussed earlier. The bird’s perception of
food availability is no longer ignored, scale-of-
measurement questions are automatically re-
solved, and renewal rates are also automatically
integrated. Nonetheless, potential problems re-
main. In particular, search tactics (behavioral
acts), patterns of locomotion (rates), and time
budgets may change independently of food avail-
ability because of changes in (micro)habitat
(Robinson and Holmes 1984), time of day (Da-
vies and Green 1976, Holmes etal. 1978), season
(Root 1967), weather (Grubb 1978), and phys-
iological condition of the bird (Moore and Simm
1985, Clark 1987). Many of these aspects of for-
aging behavior are also sex-specific (Holmes et
al. 1978; Smith 1974a, b).

As an example, foraging attack rate should vary
not only with food availability but also with qual-
ity and quantity of food/peck (McFarland 1986a),
prey type or size consumed (Goss-Custard 1977a,
b; Paszkowski and Moermond 1984; Robinson
1986), foraging tactic used to acquire food (Baker
and Baker 1973), probability of success for a
given attack (Goss-Custard 1970, Baker and
Baker 1973), and physiological condition of the
bird (Paszkowski and Moermond 1984, Moore
and Simm 1985). Thus, one would need to con-
trol those additional variables before using attack
rate as an index of food availability. That can be
accomplished by restricting comparisons to time
periods and locations in which such changes
should be minimal, and by recording only num-
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ber of successful captures/sec. Even in the ab-
sence of control for those variables, however,
they will only add variance to the relationship
between attack rate and food availability and
decrease the chance of observing a significant
correlation. Finding a significant correlation in
the face of such scatter would only strengthen
the argument that the measure is a reliable es-
timate of food availability.

For each of the foraging behaviors considered
here, I have summarized (Table 2) whether the
behavioral act is likely to be reliable as an in-
dicator of food availability (based on the con-
sistency of published results where both the be-
havior and prey density were measured). I have
also included a list of nonfood-related variables
found to affect a given behavior, so that they
might be controlled as much as possible.

It is important to note that the behavioral acts
outlined here are those for which published in-
formation exists. Undoubtedly, other behavioral
measures (e.g., pecks/stop) might be sensitive to
variations in food supply. Researchers working
with systems that afford accurate measurement
of food availability could record bird behaviors
to test the usefulness of those measures. Mean-
while, temporal and spatial attack rates, mean
stop-to-stop movement length, and percent time
feeding are probably the most promising behav-
iors to record.

Finally, it may be practical to use foraging be-
havior to validate a measure of food availability
when one’s goal is to determine whether food
availability is important in explaining observed
biological differences among individuals. In-
deed, behavior alone might be an adequate index
of food availability in such instances. If, on the
other hand, one wishes to determine whether
food supply is important in explaining why some
parcels of land are used and others are not used
by individuals of a given species, the problem is

NO. 13

more difficult. Even if sweep net samples provide
a perfect measure of food availability (as evi-
denced by a perfect correlation with variation in
some behavioral act), one cannot assume that
sweep samples from occupied and unoccupied
areas will be comparable because the correlation
between bird behavior and food abundance will
have been based entirely on data taken from oc-
cupied areas. Occupied and unoccupied areas may
differ significantly in physical structure such that
food might not be perceived the same way in
those locations. Another possibility is that pred-
ators or competitors may occur in areas that are
avoided by the subject species. Thus, measures
of food abundance could be similar between oc-
cupied and unoccupied areas, but food could still
be less available in the unoccupied areas.

To compare food availability between occu-
pied and unoccupied areas, we must know the
constraints on what is possible for the bird to use.
Just as we must know about the subset of prey
types and sizes that should be excluded from
estimates of food availability, we need to know
the subset of (micro)habitats that should be ex-
cluded for comparisons of occupied and unoc-
cupied areas. This problem will stand as a fun-
damental obstacle to our eventual understanding
of the relationship between habitat use and food
availability.
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ARTHROPOD SAMPLING METHODS IN ORNITHOLOGY

ROBERT J. COOPER AND ROBERT C. WHITMORE

Abstract.

We review common methods used by entomologists and ornithologists for sampling ter-

restrial arthropods. Entomologists are often interested in one species or family of insects and use a
trapping method that efficiently samples the target organism(s). Ornithologists may use those methods
to sample a single type of insect or to compare arthropod abundance between locations or over time,
but they are often interested in comparing abundances of different types of arthropods available to
birds as prey. Many studies also seek to examine use of prey through simultaneous analyses of diets
or foraging behavior. This presents a sampling problem in that different types of prey (e.g., flying,
foliage dwelling) must be sampled so that their abundances can be compared directly. Sampling
methods involving direct observation and pesticide knockdown overcome at least some of these
problems. Trapping methods that give biased estimates of arthropod abundance can sometimes be
related to other methods that are less biased (but usually more expensive) by means of a ratio estimator
or estimation of the biased selection function.

Key Words:

Numerous techniques exist for sampling in-
sects (e.g., Southwood 1978); many have been
used in ornithology. Most ornithological studies
use insect sampling to determine types, numbers,
and distribution of insects available to birds as
prey; many also are designed to examine the use
of those prey through simultaneous studies of
diet and foraging behavior. Most techniques,
however, effectively sample only a portion of the
total insect fauna available to birds, and esti-
mates of total arthropod abundance using these
techniques will be biased accordingly.

Our objectives are (1) to review a portion of
the literature on sampling techniques commonly
used in entomological field studies, (2) to de-
scribe the advantages and disadvantages of those
techniques, (3) to review their use and misuse in
ornithological studies, and (4) to make recom-
mendations concerning arthropod sampling
methods in light of the objectives of field orni-
thologists. Our review of the entomological lit-
erature is largely limited to sources in which ar-
thropod sampling is a focal point of the paper;
it excludes techniques that sample arthropods
normally unavailable to passerines, such as light
trapping, and techniques that focus on a single
species, such as capture-recapture sampling. An
excellent review of these techniques is contained
in Southwood (1978). Other reviews of interest
include Morris (1960) and Strickland (1961).

DEFINING ARTHROPOD AVAILABILITY

The usual objective of most ornithological
studies that sample arthropods is to relate some
aspect of bird behavior or ecology (e.g., diet, for-
aging behavior, territory size, productivity) to
arthropod abundance and distribution (avail-
ability). Simple arthropod abundance, however,
may not reflect the prey actually available to birds,
because not all arthropods in a bird’s foraging
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area will be eaten by the bird. The size, life stage,
palatability, coloration, activity patterns, and
other characteristics of arthropods influence the
degree to which they are located, captured, and
eaten. These are the “translators” (Wiens 1984b)
or factors that translate simple arthropod abun-
dance into availability (e.g., see Hutto, this vol-
ume; Wolda, this volume). The problem is one
of perception; the researcher must assess avail-
ability as the bird does. This, of course, is im-
possible. One approach is to use dietary data to
determine availability (Sherry 1984, Wolda, this
volume). Using this approach, the prey available
to the bird are those it commonly eats. This ap-
proach is useful in some types of investigations
(e.g., foraging behavior), but it is nonsensical in
others (e.g., dietary preference).

Usually, as in this paper, when arthropods are
sampled to determine availability, the sampling
is designed to estimate the types, numbers, or
distribution of some or all arthropods in the for-
aging area of one or several species of birds. Or-
nithologists are often interested in locations (e.g.,
tree species, heights) where birds forage in rela-
tion to arthropod availability. In this case, avail-
ability would be defined only in terms of the
specific prey types in the location(s) of interest.
Dietary data can be used to narrow the focus of
the sampling effort. If a species eats large per-
centages of caterpillars a sampling technique spe-
cific to caterpillars should be used. Most methods
described here are designed to sample one type of
arthropod (e.g., flying, foliage dwelling). Such an
objective is generally easier to achieve than sam-
pling different types of arthropods for compari-
son (see Sampling Problem).

If a study seeks to assess “preference,” one
must estimate the numbers and types of all ar-
thropod prey in the foraging area and compare
prey eaten and not eaten by the birds. Reasons
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for their choices may be found in the ecologies
of predator and prey. For example, Robinson
and Holmes (1982) and Cooper (1988) found
that prey types eaten by different species reflected
differences in searching and attack strategies.
Aviary studies involving feeding trials (Whelan
et al., 1989) or simulated ecosystems (Hein-
rich and Collins 1983) can also provide infor-
mation about why certain prey are eaten or
avoided.

THE SAMPLING PROBLEM

Estimates of arthropod abundance are either
relative or absolute. Relative measures provide
only indices of abundance, such as numbers per
surface area of sticky trap in a given time period.
They have limited utility in studies of arthropod
abundance and availability. Absolute measures,
on the other hand, permit estimates of arthropod
density that can be used for interspecific com-
parisons and comparisons among different hab-
itats and seasons. Absolute measures usually re-
quire an intermediate sampling effort to quantify
the density of the unit (plant, leaf, branch, and
so on) used to assess arthropod numbers. Ar-
thropod sampling, as used in this paper, covers
both types of measures.

An obvious problem is comparing results from
one or more methods involving different sam-
pling units. This is especially the case if one wish-
es to compare arthropods eaten by birds with
those available. Because various foraging sites
and maneuvers differ among bird species, many
sorts of arthropods may have to be sampled si-
multaneously in a given habitat, including flying
insects, foliage-dwelling forms (e.g., spiders, Ho-
moptera, some beetles), caterpillars, and litter-
dwelling insects (e.g., ground beetles, ants).
Because most of these groups require a unique
sampling technique, one cannot easily relate re-
sults from one group to another. For example,
how might we compare a frequency of two cat-
erpillars/100 leaves with a density of 10 ichneu-
monid wasps/400 cm? of sticky-trap surface per
week? The problem requires either (1) a tech-
nique that equivalently samples all types of ar-
thropods in a given habitat (defined as unbiased
measurement of the abundance of all arthropod
taxa on experimental units that completely cover
the habitat of those arthropods), or (2) a method
that permits unbiased comparison of results from
one technique with those of another. The first
solution can sometimes be achieved in arthropod
sampling by using methods that allow estimates
of density, instead of indices of relative abun-
dance. The second solution involves relating one
estimator to another, as commonly done in ento-
mology and other fields by using a ratio or regres-
sion estimator (Cochran 1977), which takes the
form
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__(f1>_
Yy=\1X*
X1

where ¥, is the estimate of mean abundance from
sampling technique 1, p, is the estimate of mean
abundance from sampling technique 2 when ap-
plied to the same study site, and &, is the estimate
of mean abundance from sampling technique 1
when applied by itself in a second study site.

Usually x is less costly and less accurate than
v. Both x and y are measured on several sampling
units and the relationship between them is ex-
pressed as a ratio (,/%,). Then a larger number
of samples is taken measuring only x. An esti-
mate of y for the entire study area can then be
obtained by using the general formula above.
This method is mentioned frequently in the fol-
lowing sections. McDonald and Manly (1989)
consider an alternative to ratio (regression) es-
timation in which an attempt is made to calibrate
a biased sampling procedure by estimating a se-
lection function.

ESTIMATING RELATIVE ABUNDANCE
(INDICES)

The following techniques are designed to give
indices of relative abundance, not to estimate
absolute abundance or density of arthropods.
Most of the methods use a trapping device, such
that the sampling unit is insects per trap or time
period.

Sticky traps

Sticky traps of various design (see Southwood
1978:250-252) are commonly used to sample
flying insects inexpensively; an insect settles on
or strikes an adhesive surface and is trapped.
Trap size and shape (Heathcote 1957a, b; You-
nan and Hain 1982) and color of the trap surface
(Purcell and Elkinton 1980; Weseloh 1972, 1981)
are important. The traps are messy. Temperature
can affect the consistency and effectiveness of the
adhesive, and large insects tend to bounce off or
escape.

Sticky traps have been compared with other
flying insect traps or sampling techniques mostly
with unfavorable results, in that certain insect
taxa, or sizes, or both, were underrepresented
(Trumble et al. 1982, Younan and Hain 1982).
Because trap color alters the effectiveness of the
traps for many insects, between-species compar-
isons of abundance may be biased. However,
strong correlations were documented between
sticky traps and absolute counts (Heathcote et
al. 1969) and suction traps (Elliott and Kemp
1979), suggesting that sticky traps could be used
in a ratio or regression estimation scheme, given
a common sampling unit.

Despite the considerable shortcomings, sticky
traps have been used widely in ornithological
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field studies, probably because of their simplicity
and low cost. Cody (1981) used them to study
the relationship between precipitation patterns
and the insects available to birds. Given the ex-
tremely low sampling intensity (5 days/year), re-
sults should be viewed with caution. Blake and
Hoppes (1986) used them to determine prey
abundance in treefall gaps, and Hutto (1980,
1981a, 1985b) used them in several habitats.
These authors recognized that their sampling
schemes did not sample the same arthropods that
foliage-gleaning insectivores capture, but as-
sumed that the numbers of insects captured in
the traps were correlated with actual prey avail-
ability. Given that sticky traps do not capture
larval Lepidoptera, an important prey source for
birds in many areas, that assumption is ques-
tionable.

Moreover, because sticky-trap catches cannot
be meaningfully related to a sampled area, and
because comparisons of catches between arthro-
pod taxa are biased for various reasons, we doubt
that sticky traps are useful in ornithological stud-
ies, especially because more reliable methods ex-
1st.

Malaise traps

The Malaise trap is an interceptive device made
of fine-meshed netting that uses a series of baffles
to herd insects into a closed chamber that may
or may not contain a killing fluid (see Steyskal
1981 for an excellent bibliography). Malaise traps
have been used effectively to sample a variety of
flying insects in a variety of habitats (Evans and
Murdoch 1968, Matthews and Matthews 1970,
Walker 1978). Results indicate that these traps
perform well for larger Hymenoptera, adult Lep-
idoptera, and some Diptera, but they are unsat-
isfactory for Coleoptera and Hemiptera, which
tend to be less common in collections than ex-
pected, because they usually drop when encoun-
tering obstacles (Juillet 1963, Tallamy et al. 1976,
Reardon et al. 1977). Although more compara-
tive studies are needed, the trap’s advantages are
clear. It samples most flying insects except the
Coleoptera and Hemiptera with roughly equal
intensity. Collections are funneled into a jar that
is easy to handle and process. The jars may be
removed if only a portion of the day is of interest.
However, they are expensive (approximately
$300/trap), transportation is difficult, and they
often must be operated for some time to obtain
large numbers of insects.

Malaise traps have been used to sample flying
insects assumed to be available to a variety of
aerial-hawking birds. Often diets of such species
have been compared with availability as deter-
mined solely from Malaise trap captures (e.g.,
Beaver and Baldwin 1975, Davies 1977b), or in
concert with sticky traps and direct observation

(Blancher and Robertson 1987), or together with
sweep net samples (Blendon et al. 1986). At least
Davies (1977b) recognized that Coleoptera and
perhaps other taxa were underrepresented but
assumed that trapping results were acceptable
because the flycatchers he studied seldom eat
beetles. Robust analysis of use versus availability
(Johnson 1980) can be helpful when one is un-
sure of including questionable prey items.

A viable alternative to Malaise traps that op-
erates on a similar principle (i.e., interception)
is the stationary tow net, a large net that swivels
around to face into the wind. Quinney and Ank-
ney (1985) and Quinney et al. (1986) used them
to assess use versus availability of flying insects
by Tree Swallows (Tachycineta bicolor). These
nets have an advantage over Malaise traps be-
cause they capture insects that fall when striking
an object. Such insects may also be sampled with
a window trap—basically a sheet of glass held
vertically with a fluid-filled collecting trough be-
low (Chapman and Kinghorn 1955).

Beating or shake-cloth methods

These methods have been in use for a long
time in a variety of situations. Typically, a cloth
supported by a frame is placed underneath a
branch or plant. The vegetation is then shaken
or beaten to dislodge insects, which collect in the
cloth below. The technique is seldom considered
to result in an accurate estimate of absolute den-
sity, although the number of leaves in a selected
plant or branch can be counted to arrive at a
density estimate. Boivan and Stewart (1983)
found that while most individuals were dis-
lodged from struck branches, many missed the
cloth or moved off too quickly to be counted.
Similarly, Rudd and Jenson (1977) found that
the technique did not sample highly mobile
species efficiently. Frequently, therefore, this
method is used together with a more expensive
but accurate technique in the form of a regression
estimator (Bechinski and Pedigo 1982, Linker et
al. 1984), although Marston et al. (1976) were
not satisfied with the results of the ratio esti-
mators they derived using shake-cloth sampling.
Ornithologists that have used versions of shake-
cloth sampling to obtain a measure of relative
arthropod abundance include Boag and Grant
(1984) and Brush and Stiles (1986).

Sweep-net sampling

The sweep net is probably the most widely
used device for sampling arthropods from vege-
tation. Its advantages are simplicity and speed.
Sweep netting has been used in numerous eco-
systems where plants of interest are short. Strong
positive correlations between sweep netting and
more accurate but expensive procedures suggest
that the technique may be useful in a regression
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estimation scheme (Bechinski and Pedigo 1982,
Fleischer et al. 1982, Linker et al. 1984). How-
ever, others have found regression estimators
employing sweep-net sampling to be generally
unacceptable (Byerly et al. 1978, Purcell and Elk-
inton 1980, Ellington et al. 1984). Marston et al.
(1982) found sweep netting to collect some groups
of insects more efficiently than others, so result-
ing ratio estimators varied in precision. They
also provide some sample size guidelines for
sweep netting in ratio estimation schemes.

Sweep netting does not provide a measure of
absolute density and it is biased in several ways.
It collects only arthropods located in the upper
portions of plants. The method is ineffective in
tree foliage or extremely short vegetation. The
taller a plant is, the smaller the proportion of the
plant that is adequately sampled, so arthropods
differing in their vertical distributions cannot be
compared using sweep netting. Because of the
effect of foliage height on the efficiency of sweep
netting, it is not useful for comparing the abun-
dance of arthropods between different habitats
or between seral stages on the same site (South-
wood 1978:240-242).

Sweep-net sampling is extremely popular in
ornithology, undoubtedly because it is easy.
Murphy (1986) used sweep netting to relate
breeding biology of Eastern Kingbirds (7yrannus
tyrannus) to food availability, noting that ar-
thropods commonly eaten by kingbirds were lo-
cated in the upper portion of the field vegetation.
Many ornithologists have also used sweep net-
ting in woody vegetation, either to track abun-
dance of arthropods in the same location over
time (Sealy 1979, 1980; Biermann and Sealy
1982; Rosenberg et al. 1982; Boag and Grant
1984), to compare abundance of arthropod prey
between different areas (Blenden et al. 1986), or
to compare availability and use of arthropod prey
(Root 1967, Beaver and Baldwin 1975, Busby
and Sealy 1979). Because sweep netting of woody
vegetation undoubtedly captures more active prey
and relatively few caterpillars, which adhere to
leaves and twigs more readily than active prey,
use-versus-availability estimates using sweep-nets
are probably biased, perhaps severely so.

Pitfall traps

Pitfall traps are designed to capture surface-
dwelling arthropods, especially such active forms
as spiders (Uetz and Unzicker 1976, Doane and
Dondale 1979) and ground-dwelling beetles
(Thomas and Sleeper 1977, Shelton et al. 1983).
The pitfall trap is a receptacle (e.g., cup, jar, can),
usually with killing or preserving fluid, sunk into
the ground with its opening level with the ground
surface. One improvement provides a cover to
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prevent rain from filling the receptacle (Shubeck
1976), and another uses plastic cups placed one
inside the other to prevent escape (Morrill 1975).
Barriers leading to the receptacles can increase
captures significantly (Durkis and Reeves 1982).
Like other trapping techniques discussed in this
section, absolute population density cannot be
estimated from pitfall traps alone. Frequently, if
a single species is of interest, pitfall trapping is
used as part of a capture-recapture study (Ric-
kard and Haverfield 1965, Brown and Brown
1984).

The method has been seldom used in ornitho-
logical studies, probably because it effectively
samples only actively crawling arthropods, and
not larvae in the litter layer. Pitfall traps have
been used to compare numbers of different ar-
thropod taxa that were known prey of insectiv-
orous birds in pesticide treated and untreated
areas (Johnson et al. 1976, Sample 1987), and
to compare abundance of surface-dwelling ar-
thropods among Wheatear (Oenanthe oenanthe)
territories (Brooke 1979), objectives for which
the technique is appropriate.

ESTIMATING ABSOLUTE ABUNDANCE
(DENSITY)

Methods that allow density estimates are usu-
ally labor intensive and expensive and differ in
several ways from those previously discussed.
First, they depend upon instantaneous measures,
whereas most trapping methods measure relative
abundance over a period of time. Second, results
can be expressed in numbers per unit area, vol-
ume, or weight. An intermediate sampling step
is usually needed to relate the sampling unit to
area sampled, so arthropod counts can be con-
verted to a density estimate. Unlike measures of
relative abundance, of course, density estimates
allow direct comparisons between different taxa
in the same habitats, or between the same or
different taxa in different habitats. Certain ways
of sampling arthropods in vegetation and in the
air also allow density estimates.

Sampling arthropods in vegetation often in-
volves collecting all or part of a plant, with de-
termination of the number of arthropods per leaf,
leaf area, shoot, branch, or plant. Arthropods
may also be collected from whole plants without
collecting the vegetation as well (e.g., by fumi-
gation or careful examination of plants and phys-
ical removal of organisms). If the collection tech-
nique is efficient, a reasonable estimate of
numbers per plant or other unit of vegetation
can be obtained. In some cases, arthropods can
be counted directly on foliage without collecting
vegetation or removing the organisms. In all of
these instances, knowledge of the density of the
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collection unit then allows conversion of arthro-
pod counts to density estimates. Another ap-
proach that allows density estimation uses suc-
tion traps to capture flying insects, with counts
being expressed in terms of a given volume of
air.

Collecting vegetation

Counting arthropods on collected whole plants
is usually restricted to relatively small plants,
frequently crops such as cotton and soybeans.
Because it can be time consuming, whole plant
assessment is often used as a basis of comparison
for other sampling techniques, such as vacuum
and sweep-net sampling (Smith etal. 1976, Byer-
ly et al. 1978), shake-cloth and vacuum sampling
(Fillman et al. 1983), and shake-cloth and sweep-
net sampling (Linker et al. 1984).

Pole pruning or branch clipping is similar to
whole plant sampling, but the vegetation of in-
terest (usually trees) is too large to allow col-
lecting the entire plant; branches are pruned and
collected instead. This is often done with a pole
pruner, featuring a cutting device at the end of
one or several extendable poles that is operated
from the ground. The cut branch is either col-
lected in a basket suspended beneath the cutter
or it crashes to the ground, usually onto a tar-
paulin, where it and any expelled arthropods are
collected.

Because more active arthropods often escape
or are expelled when a branch is disturbed, pole
pruning is largely restricted to use with caterpil-
lars and other relatively sedentary arthropods. It
has been used widely in ornithological research
to study bird-insect relationships associated with
caterpillar populations (e.g., Morris et al. 1958;
Tinbergen 1960; Buckner and Turnock 1965;
Royama 1970; Morse 1973, 1976a; and Emlen
1981). It seems to be the preferred technique for
mid- to upper-canopy caterpillar sampling and
has been used to sample larval stages of spruce
budworm (Choristoneura fumiferana) (Carolin
and Coulter 1971, Torgersen et al. 1984a), Doug-
las-fir tussock moth (Orgyia pseudotsugata) (Ma-
son and Overton 1983), gypsy moth (Lymantria
dispar) (Martinat et al. 1988), leaf miners (Pot-
tinger and LeRoux 1971) and others (Markin
1982, Martinat et al. 1988).

A variation of this technique involves placing
a plastic bag over a branch and clipping it with
shears. The sample is then fumigated and the
arthropods are collected. Majer et al. (this vol-
ume) found that few arthropods escaped using
this method. Schowalter et al. (1981) used a long-
handled insect net fitted with a closeable plastic
bag and a long-handled pruning hook to cut the
sample.

Few studies have compared the effectiveness
of pole pruning with other sampling methods.
Mason (1970, 1977), who developed sampling
techniques for the Douglas-fir tussock moth,
concluded that pole pruning at midcanopy was
an ineffective technique when populations were
low, because of the small sample sizes. His pre-
ferred method involved beating lower canopy
branches over a shake cloth on which dislodged
larvae could be counted. Majer et al. (this vol-
ume) compared branch clipping with pesticide
knockdown for sampling canopy arthropods in
eucalypt forests. Branch clipping gave a much
better representation of sessile arthropods, such
as psyllids, caterpillars, and web-spinning spi-
ders, but was inadequate for sampling mobile
arthropods.

The value of pole pruning depends on study
objectives. The technique is appropriate for de-
termining caterpillar abundance, but not for de-
termining use versus availability of all prey by
birds. Further, pole pruners are difficult to op-
erate at heights > 15 m, thus precluding sampling
of taller forest canopies. Those problems can
largely be overcome by bagging, clipping, and
fumigating samples, but the investigator must
gain access to canopy foliage. Schowalter et al.
(1981) used platforms to reach canopy foliage,
and Majer et al. (this volume) used a mobile
cherry picker.

In addition to collecting live foliage by pole
pruning, researchers have measured arthropod
fauna available to birds by collecting dead fo-
liage. Gradwohl and Greenberg (1982b) collected
dead leaves inside and outside of exclosures to
determine the effect of avian predation on dead
leaf arthropods. Smith and Shugart (1987) relat-
ed prey abundance and territory size of oven-
birds (Seiurus aurocapillus) by collecting litter
samples within a circular hoop and sorting ar-
thropods from the litter. Berlese funnels consid-
erably facilitate this process (Southwood 1978:
184-186).

Stationary suction traps

First developed by Johnson (1950) and Taylor
(1951), stationary suction traps vacuum flying
insects into a collection device in a fixed spot.
The trap usually features an electric fan that pulls
or drives air through a fine gauze cone, which
filters out insects. The trap may be fitted with a
device that separates the catch by time intervals.
Taylor (1955, 1962) standardized air flow and
trapping results of numerous suction traps, and
estimated their absolute efficiency. Based largely
on those results, Southwood (1978) considered
the suction trap to sample a fixed unit of habitat
and thus provide an estimate of absolute abun-
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dance. Because they are believed to sample most
flying insects in an unbiased fashion, suction traps
are a substantial improvement over sticky and
Malaise traps. The primary disadvantage is cost.

Suction traps have been used to sample aphids,
lacewings, Coleoptera, Diptera, and Hymenop-
tera (Taylor 1951, 1962). Johnson (1950) com-
pared his suction trap with sticky traps and
tow-nets (Broadbent 1948) and found that it per-
formed best for aphids and other small, airborne
insects. Elliott and Kemp (1979) also used suc-
tion traps for aphids and developed regression
estimators to compare them with sticky-trap re-
sults.

Suction traps have been used effectively to de-
termine abundance of flying insects in several
studies. Holmes et al. (1978) used them to de-
termine diurnal change in flying insect abun-
dance and response in foraging behavior by
American Redstarts (Setophaga ruticilla). Catch-
ability bias associated with insect size was cali-
brated using Taylor’s (1962) correction factors.
Bryant (1973, 1975b) used suction traps to assess
use versus availability of flying insect prey of
House Martins (Delichon urbica). Bryant (1975a)
also used suction traps to relate breeding biology
of House Martins to food supply. Because suc-
tion trapping is efficient and its bias can be cal-
ibrated, we believe the above procedures resulted
in good estimates of the flying insects available
to the birds of interest.

Portable vacuum sampling

Also called suction sampling, this procedure
uses a portable vacuum. It was first applied by
Johnson et al. (1957) and Dietrick et al. (1959).
Dietrick’s model was later improved (lightened
to approximately 27 1bs.) and is now known as
the d-Vac sampler (Dietrick 1961).

The d-Vac has been used widely in agricultural
and other ecosystems, such as for Homoptera in
flooded rice fields (Perfect et al. 1983) and cherry
orchards (Purcell and Elkinton 1980), weevils in
thistle plants (Trumble et al. 1981), mosquitos
in salt marshes (Balling and Resh 1982), aphids
on peaches (Elliott and Kemp 1979), and various
arthropods in cotton (Leigh et al. 1970, Smith et
al. 1976, Byerly et al. 1978) and soybeans (Be-
chinski and Pedigo 1982, Culin and Yeargan
1983).

Portable vacuum samples are closely correlat-
ed with direct counts (Ellington et al. 1984) and
have even exceeded whole-plant visual sampling
of thistles (Trumble et al. 1981). Although they
have been used to estimate densities (Perfect et
al. 1983), Wiens (1984b:404) found that d-Vac
sampling of arthropods on sagebrush was only
55% efhicient, and that different taxa were sam-
pled with differing effectiveness. Leigh et al.
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(1970) also concluded that suction sampling alone
cannot estimate density; they recommended us-
ing the d-Vac with a sampling cube for such an
estimate.

Portable vacuum sampling has not been used
extensively in ornithological research. The cost
of suction samplers (about $ 1000; Dietrick, pers.
comm.) precludes their use in many studies, and
their bulk makes them unsuitable in certain sit-
uations, such as forest canopy sampling. Suction
samplers are especially efficient in shrubby or
field-like habitats. For example, K. G. Smith
(1982) used a portable vacuum sampler with a
sampling cube to collect herbaceous and under-
story arthropods in a standardized area and time
period in a study of drought-induced changes in
a bird community. Rotenberry (1980b) used a
portable vacuum sampler and a quicktrap (Turn-
bull and Nicholls 1966) to sample shrubsteppe
arthropods.

Direct observation

Occasionally it is feasible to count arthropods
directly. Use of more than one observer intro-
duces observer bias, and direct observation is
especially time consuming and requires well-
trained observers. Furthermore, not all types of
arthropods are equally observable, due to activ-
ity or crypsis. However, the method has the ma-
jor advantage that all observable arthropods are
measured in the same units (e.g., insects per leaf,
leaf area, or plant). Also, many ancillary data
(location, substrate, plant species association, or
escape behavior of arthropods) can be recorded,
most of interest to ornithologists (e.g., Greenberg
and Gradwohl 1980, Holmes and Robinson 1981,
Cooper 1988, Holmes and Schultz 1988).

Direct observation is rarely used in entomo-
logical field studies to sample arthropods of for-
est canopies. The objective of much entomolog-
ical research is to sample populations of one
species or family of arthropod, which can gen-
erally be sampled more efficiently by using one
or a combination of the previously mentioned
methods. Ornithologists, however, are usually
more interested in the entire arthropod com-
munity in terms of its availability to birds as
prey. Often relative numbers of different prey
taxa are compared with the frequency of those
taxa in bird diets. Thus, a sampling method is
required that targets all arthropod taxa. This is
accomplished with direct observation methods,
if performed carefully. Not surprisingly, then, the
method has been used frequently in ornitholog-
ical research to count arthropods on herbaceous
vegetation (Schluter 1984, Blancher and Rob-
ertson 1987), tree trunks (Cooper 1988), under-
story tree foliage (Holmes et al. 1979c¢), dead
leaves (Gradwohl and Greenberg 1982b), and
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mid- to upper-canopy foliage (Greenberg and
Gradwohl 1980, Holmes and Schultz 1988). Ac-
cess to canopy foliage has been done using towers
(Greenberg and Gradwohl 1980) or tree-climb-
ing gear (Cooper 1989, Holmes and Schultz 1988).

MISCELLANEOUS TECHNIQUES

Many other arthropod sampling methods do
not fit under the above categories but have been
used in ornithological research. Some are de-
signed especially to sample a single species. For
example, frass traps have commonly been used
to sample larval Lepidoptera (e.g., Betts 1955).
They are funnel-shaped structures placed on the
forest floor to collect arthropod excrement, pro-
viding an index of abundance. If mean daily pro-
duction of excrement can be calculated, absolute
abundance can be estimated (Liebhold and Elk-
inton 1988). Use of frass traps requires prior
study of frass from target species, so it can be
distinguished in the field from that of other in-
sects.

Pheromone traps are commonly used for adult
Lepidoptera of pest species and were used by
Crawford et al. (1983) to sample spruce bud-
worms in a study of avian predation. Some
species, such as the gypsy moth, lay conspicuous
masses of eggs that overwinter and can be count-
ed as an index of abundance (Smith 1985). Bur-
lap bands wrapped around trees have also been
used to count late instar gypsy moth larvae, which
hide beneath the burlap during the day (Camp-
bell and Sloan 1977).

Emergence traps, which are cone-shaped nets
erected with the circular end flush to the ground,
were used to estimate the emergence rate of pe-
riodical cicadas (Homoptera: Cicadidae) in a
study of avian response to this superabundant
prey source (K. Smith, pers. comm.). Buckner
and Turnock (1965) trapped emerging larch saw-
fly (Pristiphora erichsonii) adults and Orians and
Horn (1969) trapped emerging damselflies in
similar studies using emergence traps.

A method that seems to be gaining popularity
among ornithologists working in forest habitats
is the pan or water trap (Southwood 1978:252-
253). These are plastic containers filled part way
with water and a preserving solution (e.g., salt or
antifreeze) and placed on the ground or hung in
the canopy. They effectively capture many ar-
thropod taxa (Morrison et al. 1989). Although
pan traps are undoubtedly biased against certain
types of arthropods and are likely to be affected
by trap color, they are an inexpensive way 1o
assess canopy arthropod abundance over time or
between locations.

Another method, pesticide knockdown, can be
used to sample all types of arthropods in a less
biased manner than many of the previously men-

tioned techniques. Using a fogging machine and
a pyrethroid pesticide, which has strong knock-
down ability but breaks down quickly and has
low vertebrate toxicity, the forest canopy can be
fogged in a systematic fashion. Pyrethrin killed
virtually all arthropods in patches of foliage ex-
amined before and after fogging (Cooper, unpubl.
data). Majer et al. (this volume) found that pes-
ticide knockdown missed some types of sessile
arthropods obtained in branch clipping samples.
Some flying insects were also able to escape at
the time of spraying. Dead insects fall to the
ground and are collected in jars at the bottoms
of funnels made of canvas or plastic (Wolda 1979;
Majer et al., this volume) or on collecting cards
(Raley 1986). The percent composition of each
arthropod taxon can then be computed and com-
pared with the percent of each taxon in bird diets.
The drawbacks of this method are that arthropod
densities are difficult to compute and that ar-
thropods are not observed until they are col-
lected, so an understanding of their location and
behavior must be obtained in some other way.
Foggers and pesticides are also expensive. A ma-
jor advantage is that large numbers of arthropods
are collected per sample in a short period of time.
Also, in forests with extremely tall canopies, such
as tropical rain forests, fogging may be the only
way to sample arthropods from the upper layers
(Wolda 1979).

DISCUSSION

If the objective is to measure the abundance
of a particular arthropod taxon or overall abun-
dance of all arthropods in the same location over
time, or to compare the abundance ofa particular
taxon or all arthropods between different loca-
tions, then almost any of the techniques de-
scribed above will suffice, because the inherent
biases of a sampling method against certain prey
taxa should be more or less constant. However,
if the objective is to assess the relative abundance
of different prey taxa available to birds, the meth-
od of choice must sample all relevant arthropods
with equal intensity. This is relatively easy for
some bird species, such as swallows and some
flycatchers, which feed almost entirely on flying
insects that can be sampled with a stationary
suction sampler or stationary tow nets (Bryant
1973, 1975b; Quinney and Ankney 1985).

Because most bird species do not entirely feed
on one type of arthropod, but use a variety of
foraging behaviors and different substrates to
capture several types of arthropod prey, this pre-
sents a formidable sampling problem; different
types of arthropod prey (i.e., flying, foliage-
dwelling, bark-dwelling) must be sampled in a
consistent fashion that allows the researcher to
compare the abundances of all types.
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SUMMARY OF SOME ARTHROPOD SAMPLING TECHNIQUES COMMONLY USED IN ORNITHOLOGY

Method

Arthropods sampled

Advantages

Disadvantages

Sticky trap

Malaise trap

Stationary tow-net

Shake-cloth

Sweep-net

Pitfall trap

Pesticide knockdown

Frass traps

Emergence traps

Pole pruning

Branch-clipping

Suction

Stationary suction

Direct observation

Flying or otherwise
active

Flying

Flying

Foliage-dwelling
Foliage-dwelling

Ground-dwelling

Foliage-dwelling

Caterpillars

Arthropods emerg-
ing from soil or
water

Sessile, foliage-
dwelling

Foliage-dwelling

Foliage-dwelling

Flying

Foliage-dwelling

Inexpensive; able to cover
large area

Easy to maintain; large inter-
ceptive surface

Inexpensive; captures most
flying insects with equal
probability

Inexpensive; good for sessile
arthropods

Simple, inexpensive; good for
active arthropods

Simple, inexpensive; can esti-
mate density of single pop-
ulation using capture-re-
capture

Samples many types of ar-
thropods with approxi-
mately equal probability

Field methods simple, inex-
pensive; absolute density
estimable

Inexpensive; can estimate
density of emerging arthro-
pods

Inexpensive method of
reaching forest canopy

Captures many arthropods
missed by pole pruning; in-
expensive but must gain
access to forest canopy

Gives good estimates of
abundance when used with
sampling cube or quick
trap

With correction factors gives
good estimates of abun-
dance; can sort samples by
time

Can directly compare abun-
dances of different arthro-
pod taxa; many ancillary
data on arthropod ecology
collected; arthropods “col-
lected™ quickly on tape re-
corder

Messy; influenced by trap
color, temperature; small
interceptive surface

Expensive, bulky; biased
against Coleoptera; few
catches per unit time

Small interceptive surface

Active arthropods can escape;
hard to sample in canopy

Biased by foliage height and
against sessile arthropods

Biased against inactive litter
arthropods; captures affect-
ed by density and type of
ground cover

Foggers, pesticide expensive;
affected by wind; can miss
attached or extremely ac-
tive arthropods

Requires arthropods be kept
in captivity

Large number often required
to adequately cover area of
emergence

Biased against active arthro-
pods; few arthropods per
sample

Biased against active arthro-
pods; few arthropods per
sample

Expensive; can miss some ar-
thropods

Expensive; difficult to sample
large area

Observability bias likely for
both arthropods and ob-
servers; must gain access to
forest canopy, strenuous;
identification to species
level often difficult

In field-like ecosystems, for example, sweep
netting is often used. It is fast, simple, and effi-
cient, but it is biased against arthropods located
near the ground. This bias can be corrected by
using a more accurate method, such as portable
vacuum sampling, on a subset of the units sam-
pled by sweep netting and relating them by means
of a ratio or regression estimator. Of course, if

ting.

possible for all samples, portable suction sam-
plers would be more desirable than sweep net-

In forest ecosystems, canopy-dwelling, foliage-
gleaning birds feed upon a variety of arthropods
associated with bark, foliage, and air. Most of
the aforementioned sampling methods work best
on only one of these substrates and would be
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inappropriate for assessing use versus availabil-
ity. Two methods, direct observation and pes-
ticide knockdown, are effective for comparing
relative frequencies of different arthropod taxa
available to and used by foliage-gleaning birds.
While those methods are not unbiased, they are
preferable for sampling canopy arthropods.

Most ornithological studies have used arthro-
pod sampling in an effort to relate some aspect
of avian feeding ecology to arthropod availabil-
ity. Yet few studies have done this adequately.
Typical shortcomings include inadequate sample
sizes and inappropriate extrapolation from a spe-
cialized technique to make inferences about total
arthropod availability. Sample size is more likely
to be a problem with methods like branch clip-
ping or direct observation that obtain only a few
arthropods per sample than with methods that
obtain large numbers of arthropods per sample
(Gibb and Betts 1963, Cooper 1989; Majer et
al., this volume). Many types of arthropods have
clumped distributions, which can greatly inflate
variance estimates using methods that sample a
small volume of foliage or airspace. Sample-size
problems like these are offset by the larger num-
ber of samples usually obtainable per unit time
and the shorter amount of sorting time required
using branch clipping and direct observation.
Sorting time can reach mountainous proportions
in techniques that obtain large numbers of ar-
thropods per sample (Table 1).

Not surprisingly, many studies that have
meaningfully associated some aspect of avian
ecology with arthropod availability have either
been done in structurally simple habitats such as
shrubsteppes or pine plantations or have in-
volved birds known to feed almost exclusively
on one type of insect. Other studies have con-
centrated on a single type of insect known to be
especially important to the bird species of inter-
est.

The few meaningful studies (see Root 1967,
Holmes and Robinson 1981, Robinson and
Holmes 1982, Rosenberg et al. 1982, Holmes et
al. 1986, Holmes and Schultz 1988) have several
things in common. First, most lasted three or
more years. Second, sampling procedures were
frequently directed towards only one type of prey
such as caterpillars (Holmes and Schultz 1988)
or cicadas (Rosenberg et al. 1982). Sampling
methods used for assessing arthropod availabil-
ity, such as sweep-net sampling of woody vege-
tation (Root 1967, Rosenberg et al. 1982) were

often biased. However, the methods were suffi-
cient to demonstrate seasonal changes in arthro-
pod abundance, which is often all that is needed.
Third, the authors all performed dietary analyses
to convincingly establish which prey birds were
selecting, and which strengthened the conclu-
sions concerning arthropod availability and for-
aging or reproductive behavior.

Studies of bird-insect relationships have long
been of interest to avian ecologists and seem to
be gaining popularity. Because this area of ecol-
ogy involves insects as much as birds, knowledge
of insect ecology and behavior is important, as
it clarifies how and why birds capture and eat
certain types of prey. Sampling methods involv-
ing direct observations can be particularly in-
sightful.

Virtually all techniques in this paper have been
developed by entomologists. Comparison of
methods, advantages and disadvantages, cali-
bration of biases, and required sample sizes ap-
pear in the entomological literature. Other meth-
ods, such as direct observation and pesticide
knockdown, which are likely to gain favor with
ornithologists, should be similarly assessed (e.g.,
Majer et al., this volume). No single, magic sam-
pling method exists. Each has strengths and
weaknesses, and each is biased to some extent.
Bias can be tolerated in certain situations and
corrected in others. An appropriate sampling de-
sign depends upon study objectives and the scale
of investigation. In general, more time and effort
should be devoted to arthropod sampling in or-
nithological research than has been done in the
past. We encourage ornithologists to investigate,
compare, and report the efficacy of different
methods and designs as they pertain to the ob-
jectives of ornithological research.
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FOOD AVAILABILITY FOR AN INSECTIVORE AND

HOW TO MEASURE IT

HENK WOLDA

Abstract. Insect availability is defined as abundance of potential prey items within the microhabitat
used by a bird searching for food. Whether an available insect is actually eaten depends on its probability
of being detected, its acceptability, and its chances of being pursued, captured and eaten. Availability
can be measured by determining (1) the detailed hunting technique of the insectivore, especially
selection of microhabitats when searching for prey; (2) identity of potential prey items; and (3) abun-
dance, or changes in abundance, of potential prey insects in appropriate microhabitats. Ideally one
may want to monitor absolute abundance of insects, as this provides the most reliable information.
However, depending on diversity of prey items and available funds, a more general standard insect
collecting technique may have to be adopted. This may be adequate, provided it is carefully selected
to focus on microhabitats and insect species used by the insectivore. It is advisable to analyze insect
samples at a sufficiently detailed taxonomic level, usually the species level. By pooling preferred species
with their non-preferred congeners, a very distorted picture of the abundance and changes in abundance

of potential prey items may be obtained.
Key Words:

As is testified by a large body of literature,
availability of food plays a crucial role in the
dynamics of natural populations. To understand
quantity and composition of an insectivorous
bird’s diet, to grasp the problems of food pref-
erence, prey capture rate, and the effects of food
on population dynamics, “availability” of food
items is a suitable standard against which per-
formance of a bird can be judged. Typically, re-
searchers identify the items in the diet of a bird
and determine availability of those items in the
environment.

What exactly is “insect availability” and how
can it be measured? Many techniques exist to
determine relative or absolute insect abundance
(Southwood 1980; Cooper and Whitmore;
Dahlsten et al.; Majer et al., this volume). Selec-
tion of a suitable technique is a crucial first step
in undertaking a study of food availability in
insectivorous birds. My objective here is to con-
centrate on general problems of data interpre-
tation, particularly on how this interpretation is
facilitated by better analyses of insect samples.

AVAILABILITY

Various definitions of availability can best be
reviewed in the light of a simplified, generalized
sequence of steps in the capture of an insect prey:
(1) the insect is present in the general area; (2) it
is encountered by a bird (i.e., it occurs in a suit-
able microhabitat and within reach of the pred-
ator); (3) it is detected; (4) it is accepted by the
bird as a potential prey; (5) it may then be pur-
sued; (6) captured; (7) finally classified as an ac-
ceptable food item; and (8) eaten. Some research-
ers equate availability with presence or abundance
of insects in the environment (step 1) (e.g., Earlé
1985, Blancher and Robertson 1987). Some even
take catches by a light trap, sweepnet, sticky trap,
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Malaise trap, or some other general collecting
device as a measure of insect availability (e.g.,
Sinclair 1978, Hutto 198 1a, Laurenzi et al. 1982,
Turner 1983, Murphy 1986, Lack 1987, Hutto,
this volume). At the other extreme, availability
of food has also been defined as ““food obtained”
(step 8) (Van Dijk 1986), defeating the purpose
of the concept. Webster defines “available™ as
“usable, handy, accessible” (Guralnik 1970),
suggesting that availability should not be syn-
onymized with mere presence or abundance (cf.
MacFadyen 1962, Hutto 1981a). )

The definition suggested here is based on step
(2) in the above sequence: “Insect availability is
the abundance of potential prey items in micro-
habitats used by an insectivore when searching
for food.” The crucial terms here are “potential
prey items” and “microhabitats used.”

Not all insects are necessarily potential prey
items to a given insectivore. A bird may take
some kinds of insects regularly, others only oc-
casionally, some at certain times or under special
circumstances, and others never. The latter cat-
egory, once established, can be excluded from an
investigation. All other insects, whether com-
mon or rare in the insectivore’s diet, classify as
“potential prey.” In a given habitat insects may
occur in a variety of microhabitats. An insecti-
vore may not search for prey in all microhabitats
and those in which it does search may not be
visited with equal frequency (Hutto, this vol-
ume). Thus, many insects in the environment
may not be available, and those that are tend to
have different probabilities of encounter. Only
insects occurring in the “microhabitats used” by
a bird should be classified as ““available.”

Any study of food availability must be based
on a thorough analysis of the bird’s feeding ecol-
ogy, that is, the spectrum of its hunting tech-
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niques, the distribution of its searching activities
over available microhabitats, and the kind of
insects taken as prey (Hutto, this volume). A
possible dependence of those parameters on
weather, season, abundance of conspecifics,
competitors, or prey species needs to be deter-
mined (Brennan and Morrison, this volume). For
a proper understanding of the interactions be-
tween an insectivore and its potential prey items,
knowledge of the ecology and behavior of those
prey items is also essential.

The eight steps outlined above in the sequence
of predator-prey interactions can often be quan-
tified (e.g., Morrison 1980) and the probabilities
involved determined. Any differences in those
probabilities among potential prey taxa affect the
relation between the insects available and the
diet of the bird.

MEASURING INSECT AVAILABILITY

To measure availability of potential prey to an
insectivore, one must determine: (1) hunting be-
havior of the bird in sufficient detail to estimate
relative frequencies of its visits to various mi-
crohabitats of the area (e.g., Greenberg and
Gradwohl 1980, Morrison 1980, Airola and Bar-
rett 1985, Holmes and Recher 1986); (2) identity
of potential prey species; and (3) abundance, or
at least changes in abundance, of those species
(e.g., Madden 1982) in appropriate microhabi-
tats. If abundance measures cover an area larger
than the microhabitats used by birds, estimates
must be obtained of the proportion of insects
that live in those microhabitats. This procedure
should be repeated to document spatial and tem-
poral changes in insect abundance and bird ac-
tivity (e.g., Tinbergen 1960, Davies and Green
1976, Laurenzi et al. 1982, Waugh and Hails
1983, Greenberg 1987b). Birds can be very flex-
ible and may use different techniques for differ-
ent insect prey, which adds to the complexity of
the study (Davies and Green 1976).

One can study insect availability on a variety
of levels. One can try to determine: (1) absolute
abundance of each potential prey species in the
appropriate microhabitats, to provide the best
possible data; (2) relative abundance of potential
prey species in the appropriate microhabitats (not
as reliable as absolute abundance, but adequate
if used with caution); or (3) relative abundance
of higher taxa of insects, such as families or or-
ders, or of all insects combined irrespective of
taxonomic affinity, rarely permitting sound con-
clusions.

ABSOLUTE ABUNDANCE

Many techniques are available to measure ab-
solute abundances of appropriate life stages of
various insect species (Southwood 1980). In spite

of many problems (e.g., Avery and Krebs 1984,
Mallet et al. 1987), absolute abundances usually
can be estimated with an acceptable degree of
accuracy. In the case of polyphagous insecti-
vores, and many are, several insect species must
be studied simultaneously. Obtaining estimates
of absolute abundance of each is difficult and
labor intensive, but not impossible (Tinbergen
1960, Klomp 1966). However, if many potential
prey species are involved, measuring absolute
abundances can exceed logistic and financial
means. One must then rely on measures of rel-
ative abundance and of changes in abundance.

RELATIVE ABUNDANCE

Relative abundance of an insect species can be
estimated by a suitable standard technique (e.g.,
pitfall traps, sweepnets, light-traps, transect
counts, suction traps;, Southwood 1980; Cooper
and Whitmore, this volume). Selection of a tech-
nique depends on behavior of both birds and
prey. However, such techniques may collect from
microhabitats that do not overlap with the hunt-
ing microhabitats of a bird (Hutto, this volume),
so caution in the interpretation of changes in
insect abundance observed in samplesis in order,
and estimates of the distribution of the insect
among microhabitats may be needed.

Capture rates of an insect species may not be
constant. They may vary seasonally (Rose 1972,
Masaki and Walker 1987), in relation to weather
(e.g., Avery and Krebs 1984), or as a result of
changes in condition of the insects concerned.
Gravid females may fly less or not at all and thus
not be caught by a method that captures only
flying insects (Rose 1972), with the result that
catches suggest a diminished general abundance
when none occurred. Similarly, seasonal move-
ments and seasonal changes in activity patterns,
such as diapause, may bring an important part
of the population into or out of reach of the
monitoring technique used (Wolda and Wong
1988). This may be precisely what one needs. If
a bird takes only flying insects, a decrease in
insect abundance is real to that bird, whether the
insects disappeared from the area, or a large part
of the population stopped flying. In other cases
such apparent but nonexistent changes in insect
abundance cause confusion.

Some species are far more prone to be captured
by a given technique than others, so that relative
abundances in a sample may contain little or no
information on relative abundances in the field
(Cooper and Whitmore, this volume; Hutto, this
volume). This problem can be overcome by cal-
ibrating the collecting technique with simulta-
neous measures of absolute abundance. Tinber-
gen (1960) showed the feasibility of this by
measuring abundances of several caterpillar
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species in a pine wood with frass collectors. Frass
pellets were identified to species and instar. These
data could be used to estimate absolute abun-
dances, because they were calibrated by simul-
taneously measuring the densities of caterpillars,
by species and instar, on the trees.

GROUPING SPECIES INTO HIGHER TAXA

Counting or weighing insect samples as a whole,
or after classification to higher taxa, is far easier
and much less time consuming than classifying
them at the species or morpho-species level,
which makes the procedure very popular. This
is understandable because of limited time and
funds. But for reasons given below, I am con-
vinced that in most cases studies of insect avail-
ability are irrelevant unless analyses are done at
the (morpho-)species level.

SELECTIVITY OF SAMPLING
TECHNIQUES

Insect collecting techniques differ in their ef-
ficiency in capturing a given species and this ef-
ficiency varies among species. As a consequence,
the relative frequencies of insect species in a sam-
ple depends on the collecting techniques used
(e.g., Fenton and Howell 1957, Mikkola 1972,
Tallamy et al. 1976, Service 1977, Dowell and
Cherry 1981, Zelazny and Alfiler 1987, D’Arcy-
Burt and Blackshaw 1987, Mizell and Schifthauer
1987, Cooper and Whitmore, this volume, Majer
et al., this volume). It is doubtful that any col-
lecting method can produce an unbiased picture
of the faunal segment under study (Cooper and
Whitmore, this volume; Hutto, this volume; Ma-
jer et al., this volume). If the nature of the bias
is known, correction factors can be applied, as is
done for suction-trap samples (Taylor 1962) and
a few other cases (Weseloh 1987). Normally,
however, both direction and magnitude of bias
are unknown. Relative abundances of the species
in a sample may have very little predictive value
for those in the field.

ESTIMATES OF TOTAL ABUNDANCE
FROM SAMPLES

Because relative abundances of species in a
sample may have little relation to relative abun-
dances in nature, they provide unreliable esti-
mates of total abundance. For example, a hy-
pothetical fauna of 10,000 individuals comprises
five equally abundant species, A-E (Fig. 1). A
given collecting effort obtains a sample of 100
individuals, among which the five species are
unequally represented because of different cap-
ture probabilities. One species (A) was not cap-
tured at all, while another (E) made up 60% of
the sample. (Such differences in capture proba-
bilities are probably commonplace.) If any of
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these five species increases fivefold, from 2000
to 10,000 individuals, the total fauna increases
to 18,000 individuals. How this would be per-
ceived in the sample, however, depends on cap-
ture frequency (Fig. 2). Here increase in total
number of individuals varies from 0 to 240%,
depending on which of the five species increased.
Ifindividual species were not counted separately,
the sample would present a very distorted picture
of the natural situation. One can make the model
more realistic by allowing some species to in-
crease and others to decrease. A real increase in
the total fauna might then very well translate to
a decrease in the number of individuals in a sam-
ple and vice versa. Unless samples are analyzed
at the species level, conclusions about abundance
are likely to be erroncous.

THE INSECTIVORE’S VIEW

An insectivore is likely to be at least as selec-
tive as an entomologist (Hespenheide 1975, Bel-
wood and Fullard 1984, Sérensen and Schmidt
1987). Probabilities of encounter, detectability,
or acceptability are usually different for different
insect species. In Figure 3 I show the same hy-
pothetical fauna used in Figure 1. Species are
arbitrarily assigned different distributions in the
habitat such that different proportions of popu-
lations occur in the correct microhabitat and,
accordingly, have different probabilities of being
encountered by a bird. This results in an “avail-
able” fauna different from the total fauna. Sim-
ilarly, among-species differences in probabilities
of being detected and being accepted result in
detected and accepted “faunas” with a species
composition that is very different from the fauna
as a whole (Fig. 3). Diet composition, affected
by still more probabilities, may be different again.

A faunal increase of 80%, from 10,000 to
18,000 individuals, with only one of five equally
abundant species increasing fivefold (as in Fig.
2) is perceived by a bird as an increase in the
number of acceptable prey items, which varies
from 0% to 250% depending on which species
experienced the increase (Fig. 4). Again, if insects
are analyzed at the species level, data provide an
accurate picture of which species underwent an
increase. If not, the apparent relationship be-
tween diet and fauna may be difficult to explain.

SELECTION OF COLLECTING
TECHNIQUES

The central problem in selecting a collecting
technique is to determine both distribution and
abundance of potential prey items. With a col-
lecting technique that monitors potential prey
only in appropriate microhabitats, one could di-
rectly measure availability, or changes in avail-
ability. Some instances seem to approach this
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FIGURE 1. Effect of species-specific capture proba-
bilities on the relative abundances of the species in an
insect sample of 100 individuals taken from a fauna
of 10,000 individuals consisting of five equally abun-
dant species, A-E. Representation of a species in the
sample depends on its capture probability.

ideal. Birds specializing in insects that hide in
aerial leaf litter are an excellent example (Ro-
senberg, this volume). Aerial nets placed at ap-
propriate heights may directly measure avail-
ability of prey insects to predators of flying insects
(Hespenheide 1975, Bryant and Westerterp 1981,
Quinney and Ankney 1985, Hussell and Quinney
1987). Visual inspection of foliage in the under-
story of a forest may approximate availability of
insects for an understory foliage gleaner (Graber
and Graber 1983, Karr and Brawn 1988). Often,
however, such direct measurements of insect
abundance in the correct microhabitats are im-
possible. In such cases one should select the mon-
itoring technique that comes closest to that ideal,
and one that does not select against species im-
portant to an insectivore. A splendid example is
given by Castillo and Eberhard (1983), who used
artificial webs to measure insect prey available
to a spider. Finally, one should attempt to cali-
brate abundances in samples against those in the
field (Tinbergen 1960, Cooper and Whitmorte,
this volume).

DETAIL OF TAXONOMIC ANALYSES

The level of taxonomic detail needed to ana-
lyze an insect fauna and the diet of a bird is
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FIGURE 2. Effect of a fivefold increase in abundance
of one species of the fauna of Figure 1 on total insect
abundance in the fauna as well as that in the sample
using the capture probabilities of Figure 1. How the
real increase in abundance is perceived in the sample
depends on the capture probability of the species that
underwent the increase.

determined by the ecology of both bird and in-
sects. Insect taxa that are perceived identically
by a bird can safely be pooled, if one can deter-
mine the bird’s perception. Two species of flies
may be alike in appearance, but if one concen-
trates in microhabitats used by the bird and the
other does not, pooling their measures of abun-
dance is unjustified. If they occur in the same
microhabitats, but have a different probability
of being captured, they are again not identical to
a bird.

Whether “similar” prey from our standpoint
are identical for a given bird can be determined
only if their relative frequencies are determined
both in the diet and in the suitable microhabitat.
Initial classification into ‘“‘potential prey” and
“nonprey’” items depends to a large extent on
guesswork. If birds do not take ants, counting
ants can be avoided. However, for many taxa the
decision is not obvious. A bird may be known
to take “small beetles,” but it actually may take
only a few kinds and avoid others.

When insect samples can be analyzed only at
a coarse taxonomic level, extreme care should
be taken to interpret the results. One should not
expect changes in abundance in one set of species
to be “representative” of those in another (cf.
Hutto 1985b). In cases where previous studies
have established that a bird feeds only in a well-
defined microhabitat, takes only a certain cate-
gory of prey, and does not discriminate among
those items, an analysis at the species level is a
waste of time. In general, however, one should
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FIGURE 3. Perception of relative abundances of the
five species in the fauna of Figure 1 by an insectivore,
given species-specific probabilities of encounter, of de-
tection, and of acceptance. Probabilities of pursuit,
capture, and being eaten similarly affect the species
composition in the diet, but are not included here for
sake of simplicity. The sample “taken by the investi-
gator” (Fig. 1) is given for comparison.

err on the safe side initially and perform the anal-
ysis at as detailed a level as possible, preferably
at the species level. Pooling of taxa can be done
later, but splitting taxa requires a reexamination
of the same samples.

In most cases, it is unnecessary to get too in-
volved in insect taxonomy. With the help of an
insect reference collection, using code numbers
instead of names if convenient, one can classify
individuals at a “morphospecies” or “operation-
al taxonomic unit” (OTU) level. The goal is to
work at the level of real species, but one should
avoid getting bogged down in problems of sibling
species or the analysis of genera that can be ana-
lyzed only by a specialist. If two individuals can-
not be separated on relatively simple external
characters, they can be classified as belonging to
the same morphospecies. This facilitates the task
considerably, and it can be accomplished even
in diverse habitats. My assistants and I have been
doing it for years in tropical forests in Panama.
This procedure has the potential for errors of the
kind mentioned above, but I believe its advan-
tages outweigh the disadvantages. The advice of
competent insect taxonomists is invaluable when
deciding which characters to use in the classifi-
cation.
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FIGURE 4. Effect of a fivefold increase in abundance
of one of the species of the fauna of Figures 2 and 4
on total insect abundance in the fauna as well as that
in the category of prey items acceptable to the bird
(using the probabilities given in Fig. 4). How the real
increase in abundance in the fauna is perceived by the
bird depends on the (encounter, detection, etc.) prob-
abilities of the particular species which underwent the
increase.

A common objection to the (morpho)species

. approach is economical. However, lack of funds

is no excuse for an unsound study. With proper
planning, acceptable procedures can be designed
that can be executed at a reasonable cost, and
defended in grant proposals.

CONCLUSIONS

To obtain reliable results from studies of insect
availability for birds, one must be prepared to
take time away from birds and spend a consid-
erable proportion of available resources on the
insects. Simply putting up some sticky traps or
taking some sweepnet samples, and then scoring
insects at best at the ordinal level, is insufficient.
It is preferable to estimate absolute abundances
of potential prey insects. However, measures of
relative abundance, using some carefully selected
standard monitoring technique, may often pro-
vide sufficient information, especially when re-
sults are calibrated against field abundance. The
more detailed the analysis of the insect samples,
the more reliable and the more informative the
results. If insects are tallied only at a coarse
taxonomic level, the best one can hope for is that
nonprey species do not dominate the sample to
the extent that existing correlations between in-
sect availability and bird performance are ob-
scured. Loiselle and Blake (this volume) and Blake
et al. (this volume) clearly demonstrate the need
to classify fruits in birds’ diet to the species level.
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Whenever possible, one should take the analysis
to the morphospecies level and pool species only
ifitis known that this can be done with impunity.

If, instead of one species, an entire guild of
insectivores is under investigation, the situation
becomes more complex. Different insectivores
are likely to be different in hunting characteris-
tics, and so are likely to have different values of
availability, detectability, and so on, for each
prey taxon. The overlap in insect taxa consti-
tuting “‘potential prey” and in “microhabitats
used”” may be small. Composition of the diet of
a guild of insectivores is a complex, composite
picture of selections made by the component
species. Under these conditions an approach that
does not distinguish among potential prey species
is unlikely to produce useful results.

Trying to avoid problems introduced by an
inappropriate collecting technique or a coarse
taxonomic analysis by using a variety of tech-
niques simultaneously may be self deception. The
assumption that errors will cancel out (e.g., Fen-
ton and Howell 1957) is wishful thinking. Exe-
cuting a proper analysis of the importance of
food for an insectivorous bird is a formidable
but rewarding challenge.
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QUANTIFYING BIRD PREDATION OF ARTHROPODS IN FORESTS

DoNALD L. DAHLSTEN, WILLIAM A. COPPER, DAVID L. ROWNEY,

AND PAULA K. KLEINTJES

Abstract.

Sampling insects and other arthropods in forest environments is complicated because of

the unique attributes of this ecosystem. Entomologists have used many techniques to quantify forest
arthropods, some of which are applicable for quantifying the impact of bird predation, as we illustrate
in studies of several defoliators and bark beetles. We describe sampling methods for a defoliator,
Douglas-fir tussock moth (Orgyia pseudotsugata), and a bark beetle, western pine beetle (Dendroctonus
brevicomis). We discuss the types of information that can be obtained for insect populations from
these methods, the time or cost for different levels of sample error, and the application of these methods
for evaluating bird predation on arthropods.

Key Words:

Sampling; predation; defoliators; insectivorous birds; forests; conifers; western pine

beetle; Scolytidae; Douglas-fir tussock moth; Lymantriidae.

Forest entomologists have struggled with the
quantification of arthropod abundance for many
years. Much work has been done by applied bi-
ologists interested in population dynamics of cer-
tain species, efficacy of treatments, or the impact
of insects on resources. Quantitative studies are
more complicated in forests than in other en-
vironments where insects are of economic im-
portance (such as agriculture; Dahlsten 1976),
because forests are vast, continuous regions com-
posed of different tree species of different ages,
and a mosaic of stocking (density) patterns
(Pschorn-Walcher 1977). The advantage of for-
est ecosystems is that they generally encounter
less perturbation than agricultural systems and
probably have a more stable arthropod com-
munity. Outbreak species (those that reach very
high densities periodically) are relatively rare in
forests (Berryman 1986).

Most studies of forest insect populations deal
with single species; associated insects such as nat-
ural enemies, inquilines, and organisms in the
same feeding guild are often ignored. Regional
or forest-type arthropod faunistic or community
studies are rare and typically more qualitative
than quantitative. Yet, population information
gathered by entomologists may be useful in as-
sessing the impact of birds on a single insect
species.

Meanwhile, ornithologists desire quantitative
population information about arthropod species
eaten by birds. Birds typically feed on several
different species and at different heights in the
foliage. To quantify an adequate number of prey
items on several substrates is costly and time-
consuming, however, so compromises and strat-
ifications are required.

Based on work by our laboratory, we believe
that better quantification of arthropod prey for
birds is possible. We have had a long-term in-
terest in the impact of natural enemies on forest
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insects, particularly insectivorous cavity-nesting
birds (Dahlsten and Copper 1979). In this paper
we discuss the types of sampling we have used
to assess avian impact on insects on two sub-
strates in the forest, foliage and bark, and also
what it costs to obtain useful information.

FOLIAGE SAMPLING
LopGEPOLE NEEDLE MINER

The lodgepole needle miner (Coleotechnites
milleri; Lepidoptera: Gelechiidae), because of its
cyclic availability, is a suitable species for study-
ing the role of birds in its dynamics. The adult
moths appear only in alternate years and have a
short period of activity, whereas the larvae and
pupae are available for a Iong period. The insect
has a discrete 2-year life cycle, passing the first
winter in an early larval instar and the second
winter in the fifth instar. As the birds feed only
on larger larvae, this food source is available only
in alternate years. In addition, because the insect
is a needle miner, the birds must open needles
to obtain the larvae, leaving evidence of their
feeding. Finally, the distribution of immature
needle miners in the trees has been studied and
a sampling method developed (Stark 1952, Ste-
vens and Stark 1962). The method is similar to
that for tussock moths, discussed below, and in-
volves sampling the tips of lodgepole pine
branches.

At a study site in the Inyo National Forest,
Telford and Herman (1963) found that Moun-
tain Chickadees (Parus gambeli) concentrated
their feeding efforts in alternate years on the
needle miner larvae and that the chickadees ex-
hibited a functional response to prey density. The
chickadees peeled needles in a characteristic way,
leaving evidence of their feeding, and Cassin’s
Finches (Carpodacus cassinii) also fed on needle
miners by clipping the ends of the needles
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(Dahlsten and Herman 1965). Nest boxes were
later placed in areas infested and not infested
with needle miners. Mountain Chickadees in-
creased in density in the infested areas, both dur-
ing the breeding and postbreeding periods.

The needle miner-chickadee system has great
potential for evaluating the impact of a bird on
a single insect species. Because the insect is cryp-
tic during the stage eaten, evidence of chickadee
feeding can be easily detected. The system is ideal
for studying the functional response of chicka-
dees, because the prey is available only in alter-
nate years, and nest boxes and avian census tech-
niques permit study of the numerical response
of the predator to its prey.

BUD-MINING SAWFLIES

Bud-mining sawflies (Pleroneura spp.; Hy-
menoptera: Xyelidae) are also well suited for
evaluating avian predation. Four species mine
new buds on expanding shoots of white fir (4bies
concolor) in California; three have been studied
in detail (Ohmart and Dahlsten 1977, 1978,
1979). The species of early instar larvae and adults
can be distinguished, but the late larval instar
(the stage most likely to be eaten by birds) cannot
be separated to species.

The three species were treated as a single group
in an analysis of within-crown distribution and
the development of sampling methods at Blod-
gett Forest, El Dorado County, California
(Ohmart and Dahlsten 1978). Over 94% of the
infested buds occurred in the outer portion of
the crown, coinciding with the foraging area of
several birds at Blodgett, particularly the Moun-
tain and Chestnut-backed (P. rufescens) Chick-
adees. Also, the chickadee nesting period coin-
cided with the late larval instars of the sawflies,
late May to early June (Ohmart and Dahlsten
1977).

We did not learn how birds open buds to re-
move larvae, or if they leave characteristic evi-
dence. However, mortality of the Pleroneura fifth
larval instar was substantial (Ohmart and Dahl-
sten 1977), seemingly because of avian preda-
tion, as chickadees were observed and photo-
graphed by nest box camera units bringing
numerous Pleroneura larvae to their young.

PINE SAWFLIES

Larvae that feed in the open, like sawflies, are
often fed upon by birds, but no evidence is left
on the foliage when they are removed. However,
birds often remove sclerotized portions of in-
sects, such as the elytra of beetles and the head
capsules of larvae, before eating them or feeding
them to nestlings. Sawfly larvae, in particular,
exude a brownish substance from their mouth
when threatened by a parasitoid or predator. This

substance is probably distasteful (Eisner et al.
1974).

In studying the population dynamics of a pine-
feeding sawfly in the Neodiprion fulviceps com-
plex at Mt. Shasta, California, Dahlsten (1967)
watched Evening Grosbeaks (Coccothraustes ves-
pertinus) feeding on their larvae. Ten trees, 2—4
m in height, were sampled in each of three study
areas at different elevations in a plantation. All
sawfly stages, starting with eggs, were counted.
Drop cloths were placed beneath each sample
tree. The cloths did not catch cocoons, but they
did catch head capsules and thoraxes of larvae,
which were discarded by grosbeaks. Some larval
remains were also stuck to foliage; counts on and
beneath the trees showed a total of 166 sawflies—
10% of all the larvae on the study trees in one
area (Dahlsten 1967).

Because the birds were feeding on a known
population, the portion taken was known, at least
from the sample trees. Area-wide estimates can
be made from such samples. This is a labor-
intensive technique, limited to smaller trees where
foliage-feeding insects could be counted and lar-
val remains could be found on foliage or drop
cloths.

DoucGLas-FIR Tussock MoTH (DFTM)

The tussock moth (Orgyia pseudotsugata; Lep-
idoptera: Lymantriidae), because of its economic
importance in western North America, has been
the focus of many studies, including the role of
insectivorous birds in its population dynamics
(Brooks et al. 1978; Torgersen et al., this vol-
ume). The tussock moth overwinters as eggs in
masses on top of female cocoons. Both male and
female cocoons are commonly spun on foliage,
although cryptic sites such as cavities in trees are
also used. The cocoons and egg masses, in par-
ticular, are suitable for stocking studies. Egg
masses can be sampled and then examined for
evidence of predation, or they can be stocked on
branches or trunks of trees at different known
densities and predation evaluated (Dahlsten and
Copper 1979, Torgersen and Mason 1987). Pu-
pal stocking showed that most predation was due
to birds, although some was due to ants (Dahl-
sten and Copper 1979, Torgersen et al. 1983).

SAMPLING ARTHROPODS ON WHITE FIR

This study illustrates how the distribution of
a community of organisms on a given tree species
can be determined. Sampling programs can then
be developed for any species known to be eaten
by birds. Relationships among sampling error,
time spent sampling, and cost are shown, so that
the researcher can better manage available fi-
nancial resources.
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FIGURE 1. Distribution of Douglas-fir tussock moth
(Orgyia pseudotsugata) on white fir, in 12 equal levels
of the crown in different sample periods in 1976 and
1977, El Dorado and Modoc counties, California.

Methods

Two areas in California were selected for sam-
pling, based on Douglas-fir tussock moth activity
in previous years. Three plots were established
in each area, at Yellowjacket Springs, Tom’s
Creek, and Roney Flat in Modoc County, and at
Iron Mountain, Plummer Ridge, and Baltic Ridge
in El Dorado County.

A road ran lengthwise through each plot, which
was 2-5 km long. Each plot was divided into
quarters; two spots were randomly selected in
each quarter. At each spot, the nearest white fir
between 9-12 m in height became the first sam-
ple tree. Sample spots were permanent and were
revisited each subsequent sampling period; since
the sampling was destructive, on each subse-
quent visit the 9-12 m white fir nearest to the
originally selected sample tree was chosen.

Eight trees, one from each of the eight spots
in a plot, were sampled in each of the six plots
during each sample period, giving a sample size
of 48 trees per period. Five periods during the
DFTM generation were sampled in 1976: Period
1 = late spring—early summer for cocoons and
egg masses laid by the previous generation; Pe-
riod 2 = early larval stage; Period 3 = midlarval
stage; Period 4 = late larval stage; and Period 5
= a final sample in early to late fall for the co-
coon-egg mass stages. The five trees in each spot
therefore spanned the development of the DFTM
generation and gave phenological information for
the DFTM defoliator guild, and for its predators
and parasites.

For each sample tree, all live branches were
numbered beginning from the lowest north-side
branch. Computer-generated random number
lists were used to select a sample of one-third of
all branches on the tree. All branches were cut
from the tree; branches selected for sampling were
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caught in large canvas bags and beaten over a
large canvas on the ground. All insects and spi-
ders were recorded, as was the branch number,
dimensions (for foliage area), and other charac-
teristics. Some insects were retained for rearing
or identification. A crew of three or four, pro-
cessing from two to four trees per day, was need-
ed for the intensive sampling procedure.

During periods 1 and 5 (spring and fall) sam-
pling was supplemented by a 100% search for
DFTM cocoons and egg masses, as these occur
in relatively low numbers. These data were kept
apart from the regular sample.

In the second year of sampling (1977), some
modifications were made. Because cocoons and
egg masses were rare in 1976, only the two plots
with the most cocoons and egg masses in 1976
were sampled during the first and fifth periods
0f 1977, and no sampling was done during period
3 (medium larval stage).

Field data sheets were designed for direct key-
board entry, and computer programs were writ-
ten to produce summaries of each insect species’
density by whole trees, plots, arcas, and by each
of 12 equal crown levels. Another program was
written to simulate sampling in different ways,
such as two midcrown branch samples, two
branches at each of three crown levels, and so
on. This program gave variance, bias, and cost
figures necessary to sample a plot at any level of
precision for each sampling method.

Results

Foliage distributions of DFTM, Neodiprion,
Melanolophia sp., and associated insects were
calculated by 12ths of the live crown from the
whole-tree sample of 48 trees per period, with
both areas combined. Numbers of egg masses
and cocoons in periods 1 and 5 were too low to
estimate meaningful distributions. Many empty
cocoons were found, presumably a result of avian
predation.

Distributions of small, medium, and large lar-
val DFTM differed by crown level and by years
(Fig. 1). Early summer (small larvae) distribution
was relatively constant across levels in 1976 ex-
cept for the lower and upper foliage, whereas in
1977 density increased steadily from the lower
to the upper one-fourth of the foliage. Late sum-
mer (large larvae) distributions tended to in-
crease by a factor of 10 or more from the lower
one-third to upper one-third of the trees, with
the 1977 trees showing considerably higher den-
sity in the upper crown. The unpredictable
changes indicate the need for multilevel crown
sampling to avoid biased estimates.

Live crown densities of Neodiprion larvae for
late spring were very low (<0.2/0.6 m?) in 1976
and almost zero in 1977 (Fig. 2). In early sum-
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FIGURE?2. Distribution of sawfly larvae (Neodiprion
species) on white fir in 12 equal levels of the crown in
different sample periods in 1976 and 1977, El Dorado
and Modoc counties, California.

mer, the density jumped to high levels, especially
in 1976 (peak of >6/0.6 m2). The distributions
of early summer populations varied markedly
between the two years, with higher densities in
the lower one-third crown in 1976, but relatively
even distributions across levels in 1977 (Fig. 2).
Sampling for this insect would require a multi-
level technique to reduce bias to an acceptable
level. A sample of the lower one-third crown
level would estimate that the 1976 density was
3—4 times higher than in 1977, whereas the whole-
tree density of the intensively sampled trees in-
dicated 1976 was only about 1.5 times higher.
This insect also illustrates the timing problem in
estimating prey density; its density increased
about 20 times between late spring and early
summer and then dropped to near zero by mid-
to late-summer (not shown).

Another known chickadee prey, the green-
striped forest looper, Melanolophia imitata, a
common geometrid larva on white fir, did not
appear in significant numbers until early summer
in 1976 and 1977. Densities rose from about 0.5/
0.6 m? in early summer to about 5.0/0.6 m? in
midsummer, and then dropped to about 0.5/0.6
m?2 by late summer of 1976 (Fig. 3). Distributions
were biased toward the upper third of the live
crown during all periods. In 1977, density in ear-
ly summer was about ten times lower than in
1976, but in late summer was similar to 1976
(no midsummer sample was taken). Possibly a
single level sample, probably at midcrown, could
be used with minimal bias, if the low/middle/
upper ratios seen in these two years were con-
sistent over a number of years.

If the objective of sampling is to estimate total
prey availability in foliage, a multilevel sample
will be required for relatively precise, unbiased
estimates. To illustrate this, we used computer-
generated sub-sampling of the original data from
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FIGURE 3. Distribution of greenstriped forest loop-

er larvae (Melanolophia imitata) on white fir in 12
equal levels of the crown in different sample periods
in 1976 and 1977, El Dorado and Modoc counties,
California.

all trees, under a variety of sampling rules, to
compare their DFTM density estimates to those
using the complete intensive sample. We then
used estimated cost figures to determine the most
efficient methods for given total error levels.

The computer sampling program simulated
these sampling methods: two branches taken at
random from the lowest two meters (lower two
meter sampling method); two branches from the
middle '3 of the crown (midcrown sampling
method); two, three, or four branches from the
whole crown at random (whole crown~two branch
method, whole crown—three branch method, etc.);
two, three, and four equal crown levels, with sets
of two, three, or four branches from each level
(giving nine methods, for example the two level—
two branch per level method, three level-three
branch per level method, and four level-four
branch per level method). For each of these
methods the program calculated tree mean den-
sities using means per level weighted by the av-
erage proportion of foliage per level.

Within-tree sampling error (WSE) was the
square root of the variance of the density esti-
mates for all possible samples. Between-tree errors
(BSE) were calculated from the mean squared
differences between area means and individual
tree means. Bias was found by subtracting the
density mean (SM) of the samples chosen by the
program from the “actual” (intensive sample)
tree mean density (AM). Total standard error
(TSE) for a sampling method with n sample trees
was then calculated as:

TSE = \/((BSEZ + WSE2/n + BIAS?)

where BIAS = AM — SM.
It is important to use a sampling method with
low and stable bias, because bias cannot be re-
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m?2 (1977).

duced by increasing sample size. The methods
tried above using two, three, or four branches
from two or three levels generally yielded the
lowest percent bias figures (Table 1 shows DFTM
small larvae for two years). The percent bias for
both the lower two meter method and the mid-
crown method was high and unstable.

Comparisons between methods may be made
by selecting an acceptable level for TSE and cal-
culating the number of trees and total branches
required for a given mean density and its asso-
ciated BSE, WSE, and BIAS. Labor costs may
then be calculated from the estimated time to
locate a tree and sample a branch. A conservative
estimate is 15 min per tree, plus three min per
branch for a crew of three people.

For example, in 1977 the mean density of small
larvae (Period 2) was 0.434/0.6 m2, the WSE
varied from 0.181 to 0.804, and the BSE varied
from 0.409 to 0.441, depending on the sampling
method. Total trees and effort needed to deter-
mine the mean with a TSE of 20%, 40%, or 60%
of the mean were calculated for each method,
and trees were plotted vs. effort for different
methods at two error levels (Fig. 4). Only the low
bias methods and more efficient of any two meth-
ods that used the same number of branches per
tree are shown.

For any error rate, the minimum point for
curves in terms of effort indicates the most ef-
ficient sampling for the time assumptions used.
The three-level, two-branch-per-level method is
agood choice, as it is easy for field crews to divide
a crown by eye into three levels, and it ensures
a relatively representative sample, even if the
branches chosen in each level are not random.
Methods using greater numbers of branches are
more likely to cause significant damage to the
tree.

Tree and effort figures were calculated for all
the sample periods in both years. Relationships

(Orgyia pseudotsugata) on different numbers of trees
with varying numbers of branches per tree (numbers
are the number of branches from 2-16) with 20% stan-
dard error (circles) and 40% standard error (squares).
Based on 1977 period 2 small larvae sampling, El Do-
rado and Modoc counties, California.

between methods for other periods were similar
to those for Period 2, 1977. However, the num-
bers of trees necessary for a given proportional
sample error increased significantly for sample
periods with lower mean densities. Using the
three-level, two-branch-per-level method, the
number of trees necessary for standard errors of
20%, 40%, and 60% of the mean was calculated
and plotted vs. density, along with least squares
regression lines for each error level (Fig. 5). This
figure can be used to plan a low-level population
sampling program, given the degree of precision
required and an estimate of the populations in
an area, perhaps from the previous year’s pop-
ulation or a pilot study. Such methods are costly,
but they can provide estimates of prey species
abundance with reliable error rates and low bias.

BARK SAMPLING

Sampling of the bark substrate by our labo-
ratory has mostly been below the surface of
straight-boled conifers for species such as bark
beetles (Scolytidae) and scales (Margarodidae).
This group of cryptic, bark-inhabiting arthro-
pods has special advantages for evaluating avian
predation. One is that bark foragers and gleaners
can be excluded by screening. Another is that
birds usually leave evidence of feeding on insects
in the phloem-cambial region, such as flaked or
holed bark. However, sampling is often labor-
intensive and costly. Below are examples of spe-
cific attempts to evaluate avian predation and of
costs of sampling programs.

WESTERN PINE BEETLE (WPB)

The biology and control of the western pine
beetle (Dendroctonus brevicomis, Coleoptera:
Scolytidae) has been a problem for over 80 years
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FIGURE 5. Number of sample trees needed for sam-
pling Douglas-fir tussock moth (Orgyia pseudotsugata)
at different densities for standard errors = 20% of mean
(diamonds), 40% of mean (circles), and 60% of mean
(squares), using the three-crown-level, two-branch-per-
level method.

(Miller and Keen 1960, Stark and Dahlsten 1970).
Their attack and colonization of ponderosa pine
(Pinus ponderosa) has three phases (Wood 1972):
(1) dispersal from the overwintering generation
and selection of new susceptible trees in early
spring (May and June); (2) concentration (mass
attack) by feeding females; and (3) establishment
that is associated with mating, excavation of egg
galleries, and brood development. This same se-
quence occurs for a second generation that is
usually prolonged, and which may overwinter as
late larvae or pupae. However, in warm years a
third generation may develop in October-No-
vember. In each generation, starting with the
mass-attack phase and throughout the establish-
ment phase, numerous other arthropods, para-
sites, and predators are attracted to the devel-
oping brood in a sequential pattern (Fig. 6).

In order to obtain information on the arrival
pattern of pine beetles (Stephen and Dahlsten
1976a) and the subsequent arrival of associated
arthropods, it is necessary to find trees just as
they are under mass attack (Stephen and Dahl-
sten 1976b). Because locating sample trees was
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FIGURE 6. First generation arrival patterns of west-
ern pine beetle (Dendroctonus brevicomis) (8334 in-
dividuals) and three representative species of associates
totalling: 3480 E. lecontei, 1684 M aldrichii, and 2728
R. xylophagorum. Data are mean cumulative frequen-
cies from five trees at Blodgett Forestin 1970 and 1971.
The mean collection interval was 2.5 (+0.06) days,
and the mean trapping period was 62.8 (£1.6) days.
The approximate stages of pine beetle within-tree brood
development are shown (from Stephen and Dahlsten
1976b).

difficult, we induced mass attack by using female-
infested bolts (logs) hung in trees (about 6 m from
the ground), or by using synthetic attractants hung
in trees.

We trapped insects continuously at the bark
surface at three heights (1.5 m, 4.5 m, and 7.5
m) of the bole. A pulley system was installed so
that a series of Stickem® coated traps could be
removed and replaced easily. Traps were changed
every other day during the concentration and
establishment phases, and every fourth day dur-
ing brood development. Traps were cleaned in
warm kerosene to dissolve the Stickem ®. Insects
were separated from the solution by fine mesh
screens and placed in alcohol.

Estimates of attack densities, gallery length,
eggs laid, and brood development were recorded
for correlation with arrival patterns of associated
arthropods. Since the western pine beetle devel-
ops within the bark, an X-ray technique was used
to count larvae, pupae and adults, along with
some predators, parasitoids, and associates. Also,
predation by woodpeckers was estimated visu-
ally; see Berryman and Stark (1962), Stark and
Dabhlsten (1970), and Dudley (1971) for details.

We found that initial beetle attack occurs at
midbole, then spreads down and more slowly
upward (cf. Miller and Keen 1960, Demars 1970).
Height appears to influence brood distribution
within trees more than aspect. Also, differences
in trapping densities and generations (season) in-
dicate a faster developmental time during the
first generation and a higher concentration of
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FIGURE 7. Changes in western pine beetle (wpb)
(Dendroctonus brevicomis) larvae and pupae (UPPER)
and percent bark flaking by woodpeckers (LOWER) by
height and sample dates (1 = 16 Sept., 2 = 4 Oct., 3
= 10 Nov., 4 = 16 May, date scale reversed for visi-
bility, UPPER only). Three trees combined, Blodgett
Forest, California, 1967-1968.

broods in the lower portion of the bole in the
second generation.

WESTERN PINE BEETLE AND WOODPECKERS

Because the bark beetle larvae develop within
the bark during the later life stages, radiographs
(X-rays) of bark samples made larvae easy to
count; in many cases predators and parasitoids
could also be counted (Berryman and Stark 1962,
Berryman 1964). Otvos (1965, 1970) used this
technique to determine the combined effect of
the four main species of woodpeckers by com-
paring samples from caged and uncaged portions
of trees and by examining bark samples (Stark
and Dahlsten 1970). Otvos (1965) first examined
all beetle-killed trees (438, from years 1961-1963)
in the study area to determine generation and
species of beetles killing the trees. He also de-
termined that 53% of the trees had been drilled
by woodpeckers, with the most activity occurring
on the overwintering (second generation) broods.
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Otvos’ radiograph data (1962-1964 generations)
showed 31.8% brood consumption by wood-
peckers. A more significant benefit of wood-
pecker activity was increased parasitism. Otvos
estimated that a 3—10 fold increase in parasitism
may result from reduction in bark thickness by
providing parasites with shorter ovipositors a
larger area of oviposition.

Otvos (1970) also measured the western pine
beetle broods removed by woodpeckers by
X-raying bark strips and plotting positions oc-
cupied within the bark by larvae. Among 379
larvae, 220 (58%) were located within the wood-
pecker-flaked portion of the bark. Additional lar-
val mortality in the thinner bark could also be
caused by desiccation and by freezing during the
winter months.

A similar study of an overwintering generation
of bark beetles in 1967 (Dahlsten, unpubl. data),
corroborates Otvos® (1965) results. In this case,
bark thickness and percent of woodpecker activ-
ity were taken directly from bark samples of in-
fested trees.

We removed pairs of 88 cm? bark disks on
opposite sides of the bole at 1.5 m intervals from
the base to the top of WPB infestation. The first
sample date was shortly after the peak of attacks
and adult gallery construction, and subsequent
samples were spaced through larval stages to the
emergence of brood adults. Each sample was
X-rayed so that insects within could be identified
and counted quickly without dissection of the
sample, and the proportional area of bark surface
flaked by woodpeckers was recorded.

We found the lowest density of WPBs per disk
later in the sampling season when the percent of
bark with woodpecker flaking was highest (Fig.
7). Data were from a single generation (1967
overwintering) and represented the mean at each
height for three trees close together at Blodgett
Forest, California. This pattern is common in
the overwintering bark beetle populations. The
initial bark beetle attacks probably took place
between 7.5 and 12.0 m and fill-in attacks oc-
curred between 1.5 and 18 m. By the second
sampling date, woodpeckers had become active
high in the tree and the beetle brood showed the
reduction at that level. Woodpecker activity con-
tinued down the bole on the next two sampling
dates, and the beetle brood declined further.

Decline of the beetle brood (in this case brood
is the offspring of all females attacking the tree)
was not entirely due to woodpeckers. Predatory
insects were present prior to woodpecker activity
and began to increase at heights below peak
woodpecker activity (Fig. 8). (Woodpeckers no
doubt feed on predaceous insects also.) WPB lar-
vae infected with parasites attained their highest
densities in the upper portion of the tree during
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FIGURE 8. Changes in numbers of parasitized west-
ern pine beetle (wpb) (Dendroctonus brevicomis) larvae
(UPPER)and insect predators (LOWER) by height and
sample dates (1 = 16 Sept., 2 = 4 Oct., 3 = 10 Nov.,
4 = 16 May). Three trees combined, Blodgett Forest,
California, 1967-1968.

the last sample date. Parasitization was also
shown to be enhanced by woodpecker activity
in an earlier Blodgett study (Otvos 1965).

To evaluate woodpecker-prey relationships in
this system, at least two sample dates are re-
quired per WPB generation—one shortly after
the peak of the WPB egg stage and prior to wood-
pecker activity to measure initial larval and egg
densities, and another near the emergence stage
for brood adults (Table 2). Because woodpecker
activity and larval density vary by location, sam-
pling to be representative must include at least
four heights along the infested bole. The X-ray
technique is probably the fastest method to de-
termine bark beetle numbers within the bark, but
it requires some special equipment and training.
The cost for this type of sampling is shown in
Table 2 on a per tree basis.

MOUNTAIN PINE BEETLE

Larvae of mountain pine beetles (Dendrocto-
nus ponderosae; Coleoptera, Scolytidae), unlike
those of western pine beetles, develop at the bark—

TABLE 2. ESTIMATED TIME AND COSTS FOR SAM-
PLING WESTERN PINE BEETLE WITHIN TREE DEVELOP-
MENT STAGES AND ASSOCIATED ARTHROPODS AND
WOODPECKER ACTIVITY. ASSUMPTIONS ARE: Two
TRAINED PERSONNEL, FOUR SAMPLE HEIGHTS PER TREE,
Two SAMPLE Disks CUT PER HEIGHT PER SAMPLE DATE,
AND Two SAMPLE DATES

Person-
hours
Field sampling
Locate sample tree (highly variable)
First sample date (includes setup, limbing, 2.0
installing ladders, and so on) 6.0

Second sample date (includes removal of
emergence cartons, measurement for
woodpecker bark flaking) 4.0

Field total: 12.0
Lab analysis
First sample date (eight sample disks)
Count attacks, eggs, gallery length 4.0
X-ray samples, measure bark thickness 0.5
Read X-rays twice 2.0
Place disks in rearing cartons, periodi-
cally check over 6-week period 3.0
Second date (eight sample disks, eight
emergence cartons)
X-ray samples, measure bark thickness 0.5
Read X-rays twice 2.0
Place disks in rearing cartons, periodi-
cally check over 6-week period 3.0
Emergence cartons: count known
arthropods 2.5
Lab total 17.5
Grand total per tree 29.5

wood interface, not in the bark. The mountain
pine beetle has been recorded from many host
species (McCambridge and Trostle 1972), and
the parasite-predator complex differs by host and
location. Dahlsten and Stephen (1974) began to
record the associated fauna of mountain pine
beetles from sugar pine (P. lambertiana) in Cal-
ifornia. One tree had numerous woodpecker
strikes that could be associated with a larval or
pupal chamber when the bark was peeled back;
436 individual woodpecker strikes were recorded
from the sample bolts, 70% in the upper half of
the tree. Because the mountain pine beetle pupae
and larvae are beneath the bark, woodpeckers
make individual strikes. Cost estimates for dif-
ferent sample sizes were developed for sampling
mountain pine beetles in another study (Table
3).

CONCLUSIONS

We have shown that sampling forest arthropod
populations is difficult. It can be labor intensive,
time consuming, and expensive; moreover, re-
sults may or may not help determine the impact
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TABLE 3. EstiMATED TIME NEEDED TO SAMPLE
MoUNTAIN PINE BEETLE POPULATIONS?
Hours to
remove Hours to
bark analyze
Sample samples samples
1000-cm? rectangle, six/tree 1.50 0.90
500-cm? rectangle, six/tree 1.00 0.60
250-cm? rectangle, six/tree 0.70 0.40
100-cm? circular disk, six/tree 0.25 0.25

® Cost of locating, felling, and measuring tree and infestation parameters
about $80.00.

of avian predators upon their prey. Estimates of
arthropod populations can be made, but a pro-
portion of arthropod prey will not be found by
any sampling technique.

A decision must be made whether to examine
the impact of one bird species or the entire forest
bird community upon one or several forest ar-
thropods. It may be easier to obtain more ac-
curate quantitative results when working with
only one insect species; yet, all lifestages must be
included. A continuous annual study should be
attempted to produce good results from this type
of investigation.
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Another approach may be to intensively sam-
ple an entire forest arthropod community oc-
cupying a single species of tree. Arthropod sam-
ples could then be compared with arthropods
found in a bird’s diet, which can usually be de-
termined from feces or stomach samples, by vi-
sual observation, and in photographs from cam-
eras attached to nestboxes. Correlations could
then be made between arthropods within a bird’s
diet, location of the same arthropod species on
a sampled tree, and the locations where the bird
spends most of its time foraging on the tree. Avi-
an impacts on arthropod prey could then be as-
sessed by plotting the percent of time birds forage
vs. the abundance of specific arthropods at for-
aging locations.

In general, sampling a limited prey resource
quantitatively is the most feasible method for
measuring the impact of a predator upon its prey.
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FACTORS INFLUENCING BROWN CREEPER
(CERTHIA AMERICANA) ABUNDANCE PATTERNS
IN THE SOUTHERN WASHINGTON

CASCADE RANGE

JINA M. MARIANI AND DAVID A. MANUWAL

Abstract. During the spring of 1984, we sampled arthropods in three young (65-80 years old), three
mature (105-130 years old), and three old-growth (375 years old) forest stands in the western hemlock
zone of the southern Washington Cascade Range. Crawl traps, designed to collect arthropods crawling
upwards on the bark surface of tree boles, and flight traps, designed to catch arthropods alighting on
tree boles, were installed on 45 live Douglas-fir trees. Brown Creeper abundance was correlated
significantly and positively (P < 0.01) with the abundance of spiders (6—11 mm) estimated from the
crawl traps. Spiders were found in all six creeper digestive tracts we examined. Spiders of all sizes and
soft-bodied arthropods (=12 mm) were the only arthropod variables that were significantly and
positively associated with bark furrow depth, which is highly correlated with tree diameter. A quan-
titative method for estimating bark surface area as it changes with diameter, height, and bark furrow
depth was designed to evaluate how arthropod abundances differed with changes in bark structure.

We discuss the limitations and usefulness of these arthropod sampling methods.

Key Words:

Several species of bark-foraging birds use some
tree species and sizes disproportionately as for-
aging substrates (e.g., Jackson 1979; Morrison et
al. 1985, 1987; Lundquist and Manuwal, this
volume). Differential use of foraging substrates
may partly be attributed to the composition and
availability of arthropods (Jackson 1979), which
vary in response to the suitability of microcli-
matic conditions created by bark structure (Jack-
son 1979, Nicolai 1986).

Characteristics of tree-trunk bark differ both
interspecifically (Travis 1977) and intraspecifi-
cally with respect to tree size and age (Jackson
1979). In the western hemlock zone, southern
Washington Cascades, Douglas-fir (Pseudotsuga
menziesii) trees have the most rugose bark struc-
ture of any tree species and the furrow depths
become substantially deeper as the trees increase
in diameter. In both old-growth and second
growth forest stands of the western hemlock zone,
the trunks of large Douglas-fir trees (=50 cm at
diameter breast height) are the only substrates
used disproportionately as foraging sites by Brown
Creepers (Certhia americana) during spring and
winter (Lundquist and Manuwal, this volume).
Brown Creepers typically begin foraging at the
base of a tree and proceed up the bole searching
for prey.

Our study was designed primarily to determine
the degree of association between Brown Creeper
and arthropod abundance on Douglas-fir trunk
surfaces in three forest age classes. We also eval-
uated the association between arthropod abun-
dance and changes in bark structure. To achieve
these objectives, we designed a method for cal-
culating the bark surface area of tree boles by
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measuring bark furrow depth. In this paper we
compare the arthropod survey techniques we
employed.

STUDY AREA AND METHODS

We worked in the U.S. Forest Services’ Wind River
Ranger District, in coniferous forest stands of the
southern Washington Cascade Range. Our study sites
were in the low elevation western hemlock zone
(Franklin and Dyrness 1973), where western hemlock
(Tsuga heterophylla) is the primary regenerating tree
species in old-growth forest stands. Stands selected for
this study originated from natural disturbances and had
no silvicultural treatments applied throughout their de-
velopment. The nine study sites comprised three young
(65-80 years old), three mature (105-130 years old),
and three old-growth (all 375 years old) forest age classes.
Elevations ranged from 420 to 710 m.

Douglas-fir and western hemlock were the most
abundant tree species in all forest age classes. Western
red cedar (Thuja plicata), Pacific yew (Taxus brevi-
folia), western white pine (Pinus monticola), and sev-
eral true fir species (4bies spp.) were present in varying
amounts in the old-growth stands. The common de-
ciduous tree species included big-leaf maple (Acer mac-
rophyllum), red alder (A/nus rubra), and black cotton-
wood (Populus tricocarpa). Specific details of the plant
associations and stand structure of forests in the west-
ern hemlock zone are found in Topick et al. (1986).

The annual temperature regime is considered mod-
erate, and most of the precipitation, averaging about
154 ¢cm annually, occurs from October through May.
Summers are typically dry and warm (Topick et al.
1986).

Brown Creeper abundance

We counted Brown Creepers by using the variable
circular plot (VCP) method (Reynolds et al. 1980).
Twelve permanent VCP stations were established at
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FIGURE 1. Arthropod traps as they were installed
on the trunks of 45 Douglas-fir trees in nine forest
stands of the southern Washington Cascades. The crawl
trap consisted of three basic parts: a removable col-
lecting tray, a cover, and a netting girdle. The flight
trap (to the upper right) consisted of a 30 x 30 cm?
piece of plexiglass suspended by wire clips in a 36 x
7.5 x 5 cm plastic tray.

150-m intervals along a rectangular transect within each
stand. Six censuses were conducted in each stand from
25 April to 30 June 1984. We avoided conducting
surveys on days with precipitation or high winds. All
visual and aural bird detections were recorded for a
period of 8 min at each count station. A 1-min pause
time followed our arrival at a count station to allow
for resumption of normal bird activity. We recorded
the estimated horizontal distance from the observer at
the plot center to the birds detected. Abundance esti-
mates of Brown Creepers were calculated with the pro-
gram TRANSECT (Laake et al. 1979) as described by
Burnham et al. (1980). Creeper abundances are ex-
pressed as birds/40 ha.

Tree abundance

All trees were counted in circular plots centered at
each VCP count station. Each tree was identified to
species and assigned to one of four size classes mea-
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sured at diameter breast height. Trees 1-10, 11-50,
and 51-99 cm were counted in 0.05 ha plots, and trees
=100 cm were counted in 0.20 ha plots.

Arthropod sampling

We sampled arthropods from the bark surface of five
Douglas-fir tree trunks in each of nine forest stands.
All sample trees were within a size range (diameter
measured at breast height) known to be average for
forest stands of that age class (T. Spies, pers. comm.).
We randomly selected five of the 12 VCP bird count
stations that had been established in each stand, and
within a radius of 25 m of the count station centers
one tree was randomly selected on which to install the
traps.

Two types of arthropod traps were attached to each
tree bole at 1.5 m from the ground. One trap was de-
signed to collect arthropods crawling upward on the
bark surface. It consisted of a removable collecting
trap, a cover, and a netting girdle (Fig. 1). The netting
girdle was attached around the circumference of the
tree and followed the contours produced by the bark
furrows. The girdle acted as a funnel for arthropods
climbing upward on tree trunks by guiding them into
the collecting tray. For specific details of the materials,
design, and installment, see Moeed and Meads (1983).

The other trap was designed to collect air-borne ar-
thropods that alighted on the tree bole. This flight trap
consisted of a 30 x 30 cm? piece of plexiglass sus-
pended by wire clips in a 36 X 7.5 X 5 c¢m plastic tray
(Fig. 1). These traps were attached to tree boles by two
nails located in the back of the tray, and the tray had
two small holes at each end (located 1 ¢cm from the
bottom and covered with mesh) to prevent overflow
from rainfall.

We began collecting samples from the crawl traps on
9 May 1984 and from the flight traps on 16 May 1984,
and collected samples from both traps weekly through
1 August 1984. We collected 165 flight trap samples
and 195 crawl trap samples from each forest age class.
A total of 495 samples was collected from the flight
traps and 595 samples from the crawl traps. Antifreeze
was used in the collecting trays of all traps to capture
and preserve arthropods, which were removed from
the antifreeze and stored in vials containing 70% al-
cohol.

Bark structure and area

We recorded several measurements on each of the
trees sampled for arthropods and on 16 additional (ran-
domly selected) trees in each of the nine forest stands
to evaluate changes in bark structure in relation to tree
diameter and bark furrow depth. The following mea-
surements were made at diameter breast height on each
tree bole: (1) four bark furrow depth measurements
equally spaced around the tree bole, (2) tree bole cir-
cumference without accounting for furrow depth, and
(3) bark circumference taking into account the larger
area produced by the depth of bark furrows. We took
the last measurement by molding electrical wire around
the tree to conform to the contours produced by fur-
rows. Measuring the length of the stretched wire then
equaled the circumference of the tree at diameter breast
height, accounting for bark furrow depth.
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Prey composition

We collected two Brown Creepers from stands in
each of the three forest age classes in June. All were
shot from the trunks of live Douglas-fir trees after
watching them feed. The entire digestive tract was ex-
tracted immediately and stored in 70% formaldehyde.

DATA ANALYSIS
Arthropod classification and abundance

We sorted, counted, and classified to Order and
Family the arthropods from each sample. All insects
were grouped into one of six categories defined by exo-
skeleton condition (hard or soft) and body length: small
(1-5 mm), medium (6-11 mm), and large (=12 mm).
The longest insect measured was 27 mm. Spiders were
grouped into the same size classes defined above but
maintained as separate variables. Size classes were de-
termined by examining the frequencies of individuals
measured lengthwise from several randomly chosen
samples. Our categorization was based on the assump-
tion that there may be constraints imposed by the mor-
phology of the Brown Creepers’ bill for obtaining or
ingesting very large arthropods or those with very hard
exoskeletons.

To evaluate differences in the types of arthropods
collected in each trap, we calculated dry weight biomass
of arthropods by body condition (spiders were included
in the soft-bodied estimates) and calculated Pearson
correlations between weight and abundance for each
arthropod category identified.

We calculated Spearman Coefficients of rank-order
correlation to examine the various associations of
abundance (e.g., creeper and arthropod abundances) or
relationships (arthropod abundance and bark furrow
depth) being investigated. In most analyses, correlation
coefhicients were derived using stand level abundance
estimates, and the sample sizes equaled nine. We used
nonparametric rank-order correlations because we have
only indices of abundance, which represent ordinal scale
data (Zar 1984:3). All data sets were analyzed using
SPSS (Nie et al. 1975).

Estimates of arthropods calculated from crawl traps
are expressed as numbers per m? of bark surface area,
and those from flight traps as numbers per 30 cm? (the
area encompassing the plexiglass plate).

Bark surface area

To estimate arthropod abundance from the crawl
traps, we calculated the bark surface area, including
furrow depth sampled under the traps, to express ar-
thropod abundance per unit area.

We used tree circumference, without measures of
bark furrow depth, as an independent variable (X), and
bark circumference including bark furrow depth as the
dependent variable (Y) in two least squares regression
models to generate slope and intercept coefficients. One
model used measurements taken on 120 trees in young
and mature stands (referred to as second growth); the
other used measurements taken on 60 trees in old-
growth stands. A BASIC computer program was writ-
ten to calculate the bark surface area of Douglas-fir
trees at any given diameter and height. The program
incorporated both the slope and intercept coefficients
produced by our linear regression models, and taper
curve coefficients dertved for second and old-growth

Douglas-fir trees in British Columbia (D. Briggs, pers.
comm., Kozak et al. 1969). Area of bark surface was
calculated at 0.5-m intervals to account for changes in
diameter and furrow depth.

Spider abundance and bark surface area

Bark surface area encompassing the lower two-thirds
of'the tree bole was calculated for representative young,
mature, and old-growth Douglas-firs. The upper one-
third of the tree bole was not included in the analyses
because pronounced taper and the presence of limbs
introduces additional and less predictable error into
bark area calculations (D. Briggs, pers. comm.). We
calculated the number of medium (6—11 mm) spiders
occurring on a bole (daily and weekly) based on their
abundances in the crawl traps. We used spiders of this
size because their abundance was correlated most pos-
itively and significantly with creeper abundance. We
assumed that spider abundance did not vary with height
on a bole. We have no quantitative estimate of spider
distribution and abundance with tree height so the de-
gree to which this assumption is violated is unknown.
The abundance of spiders (6—11 mm) per tree size was
used only for considering the potential energy to be
derived by creepers from foraging on trees of various
sizes.

RESULTS

The probability of incurring Type I errors in-
creases when numerous simple correlations are
computed. We attempted to lessen the chance of
incurring those errors by focusing only on those
correlations significant at the P < 0.01 level.

Weekly arthropod abundance and biomass (N
= 13) were significantly correlated (r = 0.84, P
< 0.01) from the crawl traps only. Of the cor-
relations between bird and arthropod abun-
dances (Table 1), creeper abundance was signif-
icantly and positively correlated with the
abundance of medium (6—-11 mm) spiders mea-
sured in the crawl traps only. Brown Creeper
abundance was correlated positively with very
large (= 100 cm dbh) Douglas-fir trees (r, = 0.73).
No significant correlations were found between
the abundance of creepers and any other tree
species.

The correlation between tree diameter and bark
furrow depth was highly significant (r = 0.92, P
< 0.0001). Bark furrow depth was correlated sig-
nificantly with the abundances of small (r, = 0.35,
P < 0.01), medium (r, = 0.77, P < 0.001), and
large spiders (r; = 0.66, P < 0.001), and soft-
bodied large arthropods (r, = 0.49, P < 0.001).

Because of the low sample size (N = 6), we
have only a qualitative assessment of prey cap-
ture by Brown Creepers. Spiders were present in
the digestive contents of all six creepers and one
creeper also contained numerous spider eggs.
Unidentified larvae and pupae of the order Lep-
idoptera were found in three creepers, and soft-
bodied adult arthropods of the orders Diptera
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TABLE 1. SPEARMAN COEFFICIENTS OF RANK—ORDER
CORRELATION MEASURING THE DEGREE OF ASSOCIA-
TION BETWEEN BROWN CREEPER (BIRDS/40 HA) AND AR-
THROPOD ABUNDANCE. ARTHROPODS WERE SAMPLED
FROM 9 MAY THROUGH | AUGUST 1984 IN NINE FOREST
STANDS OF THE SOUTHERN WASHINGTON (CASCADE
RANGE

Trap type
Arthropod variables Crawl Flight

Spiders

Small (1-5 mm) -0.18 0.68**

Medium (6-11 mm) 0.82%** 0.49

Large (=12 mm) 0.14 —0.27
Soft-bodied types

Small (1-5 mm) —0.63** 0.07

Medium (6-11 mm) 0.28 0.20

Large (=12 mm) -0.14 -0.39
Hard-bodied types

Small (1-5 mm) -0.25 -0.10

Medium (6-11 mm) —0.08 0.56

Large (=12 mm) —0.64** 0.48
Total arthropod abundance —0.65** 0.08

*** Significant at P < 0.01; ** P < 0.05.

(1), Neuroptera (1), Tricoptera (1), Lepidoptera
(3), Hemiptera (2), and Homoptera (1), were
found in the digestive tracts of four creepers.
Coleoptera were found in the digestive contents
of two creepers.

One Douglas-fir tree (112 ¢cm dbh and 53 m
tall) had 125 m? of bark surface area encom-
passing two-thirds of the height, a mature tree
(67 cm dbh and 44 m tall) had 61.4 m?, and a
young tree (29 cm dbh and 30 m tall) had 18 m?2.
We multiplied these areas by the average number
of spiders found daily on trees in young, mature,
and old-growth forests. We found that a creeper
would have to fly to 13 young trees (29 cm dbh)
or 3.3 mature trees (67 cm dbh), to obtain the
same number of spiders available on one old-
growth tree 112 cm dbh. Average daily spider
estimates were 0.26/m? in old-growth, 0.17/m?
in mature, and 0.14/m? in young stands.

DISCUSSION

Surveying even one substrate may require us-
ing more than one trapping technique because
of the high temporal and spatial variability as-
sociated with arthropod abundance. The two traps
we used were designed primarily to capture ar-
thropods that use different types of locomotion.
Both sampled an unknown amount of air space;
the crawl traps also sampled an unknown area
of forest floor surrounding the tree. Biomass of
arthropods captured in the flight traps was more
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variable than those captured in the crawl traps.
The flight traps often captured swarming arthro-
pods (e.g., Diptera: Chironomidae) whose weights
were slight relative to numbers. Both traps cap-
tured spiders; some of the spiders in the flight
traps may have been young that “balloon” to
colonize new substrates (R. Gara, pers. comm.).
In general, the flight traps were ineffective for
establishing relationships between creeper and
arthropod abundances.

We did no observations of capture efficiency
(i.e., the proportion of arthropods encountering
a trap and subsequently caught) for either trap.
Moeed and Meads (1983) found that for crawl
traps only a few cockroaches (Blattodea) and
ground beetles (Coleoptera) avoided capture by
climbing over the netting girdle, and some Col-
lembolla and mites (Acari) passed through the
1.5 mm mesh of the netting girdle. They ob-
served spiders residing in down-traps (designed
to capture arthropods crawling downward on tree
trunks) on three occasions and on up-traps on
one occasion but concluded that these were iso-
lated instances and likely had no effect on capture
rates for other insects.

We installed up-type (crawl) traps only and
never observed spiders residing in them. Period-
ically checking and cleaning our traps between
scheduled sampling periods was not feasible be-
cause our sites were not readily accessible.

Our study was an exploratory analysis of as-
sociations between Brown Creepers and certain
habitat characteristics, including potential food
resources. Whole prey items found in creeper
digestive tracts were never larger than our me-
dium-sized category, but arthropods with both
hard and soft body conditions were present. Al-
though not conclusive, bill morphology may not
limit creepers’ use of food items, as we had as-
sumed.

We did not compare Brown Creeper use of
prey items in comparison to the relative abun-
dance of prey, but our results suggest that spiders
may have been an important food item for creep-
ers during the 1984 breeding season. The signif-
icant relationship between creeper abundance and
very large trees may have been mediated to some
extent by the deep bark furrows on such trees.
Large trees or those with deeper furrows tend to
have high densities of spiders (New Zealand —
Moeed and Meads 1983; Europe —Nicolai 1986;
USA —this study) and large, soft-bodied arthro-
pods (this study). Spiders apparently comprise a
major food source for creepers (e.g., Martin et
al. 1951, this study), and Kuitunen and Tormala
(1983) found that 90% of the food items (by num-
ber) brought to Treecreepers (Cethia familiaris)
in Finland were spiders. Finally, spiders have a
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higher protein content than insects (Hurst and
Poe 1985), perhaps making them a premium food
item for small birds, and especially for creepers,
which expend considerable energy climbing up-
ward on tree boles (Norberg 1986).

Bark furrow depths, which are significantly
correlated with tree size, increase available for-
aging substrate without substantially increasing
the actual area over which the bird has to move
to search for prey. Based on our calculations of
bark surface area and the number of spiders (6—
11 mm) potentially occurring on trees of various
sizes, we hypothesize that creepers may be able
to increase their energy intake by foraging on one
large diameter Douglas-fir tree versus numerous
small trees.

We conducted this study during a short time
frame and our methods enabled us to conduct
only descriptive types of analyses. Arthropod
abundance and composition on tree trunks are
affected by a combination of several factors in-
cluding the microclimatic conditions produced
by bark features (Nicolai 1986), the presence of
fungi and epiphytes on bark, the proximity and
composition of surrounding vegetation (Jackson
1979), and the tree species’ relative abundance
throughout recent geological history (Southwood
1961).

More comprehensive and intensive sampling
efforts of arthropod populations are needed with-
in and among seasons and on a long term basis.
This information would be especially useful if
collected in the context of examining the effects
that habitat alterations have on food resource
availability.
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FOOD RESOURCES OF UNDERSTORY BIRDS IN CENTRAL
PANAMA: QUANTIFICATION AND EFFECTS
ON AVIAN POPULATIONS

JAMES R. KARR AND JEFFREY D. BRAWN

Abstract. Habitat associations of birds inhabiting the understory of tropical moist forests vary in
time and space. We investigated whether this variation was related to changes in resource abundance.
Foliage and litter arthropod abundances were estimated at about 60 sampling sites in central Panama
from 1983 through 1985. Bird activity was also determined with mist nets at these sites. Activity (i.e.,
capture rates) of about 20 species and five foraging guilds revealed widely varying consumer-resource
associations. Certain species were positively correlated with variation in arthropod abundances, where-
as others were less common when and where their presumed resources were comparatively abundant.
Microclimate (i.e., humidity) influenced the nature of bird-food interactions; dry sites appeared to be
unsuitable habitat for certain species despite sometimes abundant arthropods. We conclude that habitat

associations of birds in central Panama are not solely food-resource mediated.

Key Words:

Understanding the nature of consumer-food
interactions is critical to the study of tropical
avian ecology. For example, the notably high
species richness in many neotropical habitats may
stem from the variety of available food resources,
associated feeding locations, and the tendency
for many species to be omnivorous. At least 20—
35% of tropical forest species consume some
combination of fruits, insects, and nectar (Karr
1975, Karr et al. in press). Two factors make
observation of foraging behavior especially dif-
ficult for a large proportion of Neotropical forest
species. First, many species are rare, secretive,
or both (Karr 1971, Terborgh 1985). Second,
even if a species is common, its mobility can
impede observations of behavior in tropical for-
est habitats (Remsen 1985). Large frugivores, such
as parrots and toucans, and many insectivores
travel over large areas, often in mixed-species
flocks. Thus, complete description of “commu-
nity foraging space™ of birds is clearly difficult
in tropical moist forests.

These logistical problems have, understand-
ably, led to a research emphasis on long-term
studies of selected species or guilds with rela-
tively sessile and quantifiable resources or easily
observed foraging behavior. Studies of nectari-
vores (Wolf et al. 1976, Feinsinger 1978, Stiles
1978), frugivores (Snow 1981, Moermond and
Denslow 1983), army ant followers (Willis and
Oniki 1978), and flycatchers (Fitzpatrick 1980,
Sherry 1984) are examples.

Problems in estimating consumer and resource
abundances in tropical moist forests exacerbate
the difficulty of studying avian foraging ecology.
Estimating avian abundances is laborious and
time consuming (e.g., mist-netting), or demands
bird identification skills that can take consider-
able time to develop in tropical forests (e.g., spot-
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mapping, Terborgh 1985). Standardized proto-
cols for estimating variation in food resources
of, say, insectivorous birds have not been estab-
lished (Wolda, this volume). Estimating arthro-
pod abundance is tractable for certain groups of
consumers (e.g., arthropods in hanging litter;
Gradwoh! and Greenberg [1982b]), but not for
others (e.g., canopy-dwelling birds). Arthropod
abundances on understory foliage and in litter
can be estimated, but the method used can
strongly affect results (Wolda and Wong 1988).
Further, the often high diversity of plant species
with specialized leaf-eating arthropods present
formidable sampling difficulties. Finally, the nat-
ural histories of many neotropical birds are so
poorly documented that even the elementary step
of choosing which resources to study may be
problematic (Remsen 1985). For example, hum-
mingbirds routinely feed on arthropods in many
neotropical habitats (Remsen et al. 1986), but
few efforts to apply foraging theory to nectari-
vores have considered the importance of arthro-
pods in their diet (Karr 1989).

Much theory in ecology proceeds from as-
sumptions about the relationships among organ-
isms and their foods. We believe that the afore-
mentioned uncertainties justify caution in
acceptance of general, often paradigmatic, state-
ments about the habitat, population, and com-
munity ecology of tropical birds (e.g., narrow
niches, the stability-diversity dogma).

The diversity of tropical birds and their re-
sources precludes detailed study of all groups, so
we adopted a compromise between the number
of species studied and the level of detail of the
study. We sought to estimate variation in re-
source availability and its influence on habitat
use by selected undergrowth birds in moist low-
land forests of central Panama. We consider two
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topics that are integral to the understanding of
relationships among birds and their food re-
sources: (1) methods used to estimate variation
in leaf litter and foliage arthropods; and (2) re-
lationships between arthropod abundances and
avian activity, including examination of the ef-
fects of variation in understory microclimate.

METHODS
SAMPLING
Birds

Bird activity was sampled with mist nests (North-
eastern Bird Banding Association ATX, 12.0 x 2.6 m,
36 mm mesh) at over 60 net sites in the undergrowth
of forest in Parque Nacional Soberania in central Pan-
ama (Karr and Freemark 1983). Nets were operated at
each site for 3-6 days in March (dry season) and July
(wet season) from 1979 through 1986. Additional sam-
ples were collected in January and May 1983. Sampling
effort included 45,008 net hours and yielded 6896 cap-
tures. We analyzed activity of the 20 most commonly
netted species and of five foraging guilds each com-
posed of 3—4 species (Table 1). Several guilds repre-
sented by only one species were not included in the
latter analysis. A total of 1754 captures (X = 88/species,
range = 36-382) are used here from data collected
during 1983-1985. Assignments of species to guilds
was based on similarities in food type and foraging
location (Karr 1971, pers. obs.; Stiles 1983a).

Activities of species and guilds were estimated as
number of captures/100 net hours. Capture rates for
each guild were based on total number of captures for
all species in the guild, not the average of individual
species capture rates. We assumed that capture rates
estimated intensity of activity at our sample sites (Karr
and Freemark 1983). Nets were open all day, except
during heavy rains, so variation in activity as a function
of time of day was not a concern. Nets used in this
way assessed changes in avian activity in a mosaic of
habitats and thus reflected a dynamic habitat selection
process (see Karr and Freemark 1983:1489).

The objective of evaluating associations between
measures of bird activity and resource availability pre-
sents a problem of selecting the appropriate sampling
method to detect ecological relationships. General in-
dexes of food availability can indicate broad connec-
tions between birds and resources (Martin and Karr
1986b), but stronger inferences are likely with direct
measures of food resources (Blake and Hoppes 1986).
Moreover, direct estimates of resource abundance are
most useful when derived from samples that coincide
in space and time with the collection of bird data.

Accordingly, we sampled bird activity and resources
thought or known to be consumed by birds at the same
sites and in the same months. All resource sampling
was done within a 10- x 25-m quadrat adjacent to
each net site. The choice of quadrat size was somewhat
arbitrary but reflected our goal of sampling a reason-
ably sized area associated with each mist net. The cen-
ter line of each quadrat’s long axis ran perpendicularly
from the center of each net. Quadrats were successively
alternated from the right to the left sides of nets along
a line of net sites. Three general categories of resources
were sampled: leaf-litter arthropods, undergrowth-fo-

TABLE 1. WEIGHTS, FORAGING-GUILD ASSIGN-
MENTS, AND NUMBER OF CAPTURES FOR EACH OF THE
20 MosT FREQUENTLY CAPTURED SPECIES, PARQUE NA-
CIONAL SOBERANIA, PANAMA, JANUARY 1983 TO MARCH
1985

Number

of  Weight Foraging
Species captures  (g) guild®

Geotrygon montana (dove) 47 128 GRFR
Phaethornis longuemareus

(hermit) 105 6 NI
Dendrocincla fuliginosa

(woodcreeper) 70 41 ANTF
Automolous ochrolaemus

(foliage-gleaner) 40 40 FGIN
Sclerurus quatemalensis

(leaftosser) 86 34 GRIN
Thamnophilus punctatus

(antshrike) 49 22  FGIN
Myrmotherula axillaris (ant-

wren) 45 8 FGIN
M. fulviventris (antwren) 41 10 FGIN
Gymnopithys leucaspis (ant-

bird) 151 30 ANTF
Hylophylax naevioides (ant-

bird) 95 17 ANTF
Phaenostictus mcleannani

(antbird) 58 51 ANTF
Formicarius analis (ant-

thrush) 40 57 GRIN
Pipra coronata (manakin) 75 10 UNFR
P. mentalis (manakin) 382 15 UNFR
Terenotriccus ervthrurus

(flycatcher) 54 7 FLIN
Myiobius sulphureipygius

(flycatcher) 44 12 FLIN
Platyrinchus coronatus

(spadebill) 91 9 FLIN
Mionectes oleaginea (fly-

catcher) 159 10 UNFR
Cyphorhinus phaeocephalus

(wren) 86 20 GRIN
Cyanocompsa cyanoides

(grosbeak) 36 32 UNOM

= Foraging guilds: GRFR = ground frugivore (1 species); NI = nectarivore
insectivore (1); FGIN = foliage-gleaning insectivore (4); GRIN = ground
insectivore (3); ANTF = ant follower (4); UNFR = undergrowth frugivore
(3); FLIN = flycatching insectivore (3); UNOM = undergrowth omnivore
(1).

liage arthropods, and undergrowth fruit. Other types
of food resources were too ephemeral (e.g., fruit fallen
to the ground) or difficult to sample efficiently (e.g.,
bark arthropods) to justify estimation of availability.
Only the arthropod data will be presented in this paper.
Foliage arthropods and birds were sampled four times
in 1983 and twice in 1984, litter arthropods were sam-
pled in these periods and during one additional period
in 1985.

Foliage arthropods

Our goal in sampling foliage arthropods was to mim-
ic the search methods of foliage-gleaning birds. There-
fore, we used an approach mentioned briefly by Janzen
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(1980a). We conducted timed visual surveys within
each sampling quadrat by counting arthropods on leaves
from 0.5 to 2.0 m high during unpatterned walks through
each quadrat. All samples were done between 07:30
and 14:00 during periods with little or no cloud cover.
A flashlight was occasionally used to aid in detection
of arthropods on the undersides of leaves. Each ar-
thropod observed was categorized according to taxo-
nomic group (Order, sometimes Family), size (<5 mm,
5-15 mm, and >15 mm), and leaf surface (upper or
lower). Taxonomic groups used for adults were: Arach-
nida, Coleoptera, Hemiptera, Homoptera, Lepidop-
tera, Diptera, Formicidae, and Orthoptera. Uncom-
mon taxa were lumped as “other.” Small numbers of
cryptic insects may have been missed despite our best
efforts. We do not include detailed analyses of arthro-
pod taxa here. As more specific data on diets of tropical
birds (e.g., Sherry 1984) become available, analysis of
patterns between individual bird species and insect
groups might be useful. We excluded ants from our
analyses because adult ants are rarely consumed by the
species commonly captured in our net samples (J. R.
Karr, pers. obs.).

During January 1983, variation among four observ-
ers in simultaneous counts varied by less than 10% for
abundances and taxonomic assignments. Consequent-
ly, we made no additional effort to evaluate variation
among observers. All observers conducting these counts
had training in insect identification.

Leaf-Litter arthropods

We followed procedures established by Willis (1976)
for sampling litter arthropods. One sample was col-
lected at each net site at randomly determined coor-
dinates within each sampling quadrat. Samples were
collected by placing a 29- x 34-cm (0.10 m?) plastic
container on the forest floor and sliding a plexiglass
sheet beneath to gather the litter. Samples were than
placed in plastic bags, arthropods immobilized with
Kahle’s Solution (Borror et al. 1976), weighed, and
sorted. Although we were unable to obtain dry weights
of our samples, other studies (S. Levings, unpubl. data)
provided estimates of moisture content of litter in wet
and dry periods. Moisture content of leaf litter in cen-
tral Panama averaged 25% in late March and 53% in
July (S. Levings, unpubl. data). All weight-based anal-
yses of litter arthropods were standardized to estimate
dry weights of litter and were expressed as number of
arthropods/100 gm of litter. Each litter arthropod was
classified according to size (2-5 mm, 5-10 mm, 10-15
mm, >15 mm) and taxonomic group (Phalangidae,
Acarina, Arachnida, Isopoda, Diplopoda, Blattaria,
Orthoptera, Isoptera, Hemiptera, Homoptera, Neu-
roptera, Coleoptera, Lepidoptera, Diptera, Formici-
dae, and other Hymenoptera, “other,” and unknown).
Cast skins and arthropods <2 mm were not counted.

ASSOCIATIONS OF BIRDS WITH ARTHROPODS
ALONG A MOISTURE GRADIENT

Microclimate in the undergrowth varied little among
net sites during the wet season, but appreciable vari-
ation among sites existed in temperature and humidity
during the dry season (Karr and Freemark 1983). Mi-
croclimate at our sample sites was influenced by local
topography, presence of nearby streams, and vegeta-
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tion structure (e.g., canopy openness). Each sample lo-
cation was assigned to one of four moisture classes (1
= driest, 4 = wettest) based on these factors, and tem-
perature and humidity data were collected with sling
psychrometers during several dry seasons (Karr and
Freemark 1983). All net sites were sampled hourly (07:
00-17:00) on the same day during both wet and dry
season sample periods.

STATISTICAL ANALYSES

Our approach in analyzing relationships between
avian activity and variation in arthropod abundances
was primarily correlative and exploratory. For tem-
poral variation, we combined (i.e., averaged) data from
all sampling sites (net locations) or those within a mois-
ture class and calculated Spearman’s rank-order cor-
relations between mean arthropod abundance (foliage
or litter) and capture rates of species or guilds. We
combined sampling sites because of uncertainties in
independence of observations among nets; thus, our
results are conservative.

RESULTS

RELATIONSHIPS AMONG ABUNDANCES OF
BIRDS AND ARTHROPODS

Variability in abundances of understory
foliage and litter arthropods

Abundances of arthropods varied consider-
ably among sampling periods (Table 2). Foliage
arthropod abundances were relatively low from
January thru July 1983, but increased sharply in
1984. Abundances of foliage arthropods in March
1984 were, on average, about 125% greater than
those observed during the previous year’s March
sample. About 45% of the 1983 to 1984 increase
was due to increased numbers of small adult Dip-
tera.

Litter arthropods displayed the same general
pattern of temporal variation in abundance as
the foliage arthropods; numbers were higher in
1984, a result consistent with another study of
litter arthropods in central Panama (Wheeler and
Levings, in press). The patterns were not always
concordant, however. For example, the peak pe-
riod in abundances of litter arthropods (July 1984)
lagged behind that of foliage arthropods (March
1984).

Arthropod abundances and capture rates of
Sfive foraging guilds

No correlations between capture rates by guild
and either foliage or litter arthropod abundances
were significant (P > 0.05; critical values = 0.83
for foliage and 0.75 for litter arthropods), but
differences among the guilds were striking (Fig.
1). Spearman rank correlations ranged from 0.61
for the ground foraging insectivores with litter
arthropods to —0.54 for flycatchers with foliage
arthropods. Ground-foraging insectivores and
flycatchers had the most positive and negative
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TABLE 2. ABUNDANCES OF UNDERSTORY FOLIAGE
AND LITTER ARTHROPODS IN CENTRAL PANAMA

Litter
Foliage (No. individuals/

(No. observed/hour) 100 g litter)
Sampling period X  (sB) X (s
January 1983 37.8 (2.3) 5.4(4.3)
March 1983 53.5(4.8) 4.6 (1.0)
May 1983 54.4 (3.1) 5.4(1.0)
July 1983 63.9 (2.8) 3.7(0.3)
March 1984 120.4 (16.1) 11.2(3.5)
July 1984 108.0 (4.9) 14.1 (2.6)
March 1985 No data 6.7 (1.2)

associations with arthropod abundances, respec-
tively.

Arthropod abundances and capture rates of the
20 most common species

The associations of individual species with ar-
thropod abundances also varied (Fig. 2). Spear-
man correlations between capture rates and fo-
liage arthropod abundances (Fig. 2A) averaged
0.02 and ranged from 0.61 for the Black-faced
Antthrush (Formicarius analis) to —0.71 for the
Sulphur-rumped Flycatcher (Myiobius sulphur-
eipygius).

Correlations of individual species capture rates
with abundances of litter arthropods (Fig. 2B)
averaged 0.18 and ranged from —0.32 for Ochre-
bellied Flycatcher (Mionectes olivaceus) to 0.77
for Formicarius analis (P < 0.05). Associations
of bird activity with litter arthropods were there-
fore generally weak, but more positive than those
with abundances of foliage arthropods. More-
over, species within guilds were more consistent
regarding litter arthropods; all correlations for
the ground insectivores were positive and all those
of the flycatchers were negative.

Associations of species capture rates and fo-
liage arthropod abundances were especially het-
erogeneous within certain foraging guilds (Fig.
3). For example, two antfollowers, Ocellated
Antbirds (Phaenostictus mcleannani) and Spot-
ted Antbirds (Hylophylax naevioides), had
Spearman correlations of 0.60 and —0.54, re-
spectively. The three-member ground-foraging
guild was the most consistent. Wald-Wolfowitz
runs test on the Spearman’s rank correlations
suggested a systematic difference betwen fly-
catchers and ground gleaners in their associations
with litter and foliage arthropods (P < 0.05).

Arthropod abundances and capture rates of
birds along a moisture gradient

In the wet season foliage arthropod abun-
dances were similar at dry and wet sampling sites,
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FIGURE 1. Correlations (Spearman’s Rho) of cap-
ture rates for five avian foraging guilds with abun-

dances of foliage and litter arthropods for 1983 to 1985
in central Panama.

Insectivores

but during dry periods moist sampling sites had
lower abundances than more xeric sampling sites.
Litter-arthropod abundances were less variable
along the moisture gradient, but tended to be
higher at comparatively wet and dry sites.

We found no consistent pattern of covariance
(Table 3) between capture rates of undergrowth
bird species and arthropod abundances along the
moisture gradient. Capture rates did not increase
or decrease systematically within any guild along
the moisture gradient. Bird-arthropod associa-
tions were somewhat more positive at relatively
mesic sampling sites (e.g., Moisture class 2 for
litter arthropods). Moreover, at the most xeric
sites, capture rates of all guilds were negatively
associated with abundances of foliage arthropods
(Table 3). Correlations of capture rates with
abundances of litter arthropods were more pos-
itive, especially for ground insectivores. Activi-
ties of flycatchers and foliage gleaners were neg-
atively associated with foliage-arthropod
abundances at all moisture conditions. The as-
sociation of foliage gleaners with foliage arthro-
pods at the driest sites was distinctly negative.

DISCUSSION

The clear differences in arthropod abundances
between 1983 and 1984 coincided with an ex-
tremely dry dry season, possibly caused by the
severe El Nifio in 1983 (Brawn and Karr, unpubl.
data). The dry season in 1983 was the longest
and driest recorded in central Panama since 1929.
Only 26 mm of rain were recorded at nearby
Barro Colorado Island from January to March
(40-year mean + 1 sp = 122 + 96 mm [Karr
and Freemark 1983]). During early 1983 many
trees and shrubs exhibited signs of moisture stress
(e.g., wilting, excessive leaf abscission [J. Karr,
pers. obs.]). Moreover, rarity of intermittent dry-
season rains in 1983 delayed development of new
leaves, flowers, and fruits of many tree species
in central Panama (D. Windsor, pers. commun.);
thus, phenological differences in availability of
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FIGURE 2. Frequency histograms of Spearman’s Rho
correlations between capture rates and abundances of
(A) foliage arthropods and (B) litter arthropods based
on the numbers of species that exhibited given levels
of correlations for the 20 most common species for
1983 to 1985 in central Panama.
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resources for insects or direct moisture effects on
insects may have indirectly influenced resource
availability for birds. The influence of the 1983
drought may have been more direct on litter ar-
thropods; observational and experimental evi-
dence indicates that numbers of litter arthropods
in central Panama are enhanced by soil moisure
(Levings and Windsor 1984).

Overall, the direction of associations between
birds and arthropods was not consistent with
the notion that birds were ‘““tracking” food re-
sources. For example, the strong positive cor-
relation of ground-foraging birds with litter ar-
thropods suggests a bird-food association, but
contrasts with the negative associations between
capture rates of foliage-gleaning birds and foliage
arthropods. Positive correlations between un-
dergrowth frugivores and both foliage and litter
arthropods are puzzling.

Karr and Freemark (1983) observed that pat-
terns of habitat selection by undergrowth birds
in central Panama are partly explained by inter-
and intraspecific variation in activities of birds

NO. 13
LITTER FOLIAGE

Frugivore —_—
Flycatching

insectivore
Foliage-gleaning

insectivore
Ground gleaning

insectivore
Antfollower -— [,

Lilia i1y
-6 3 0 3 +6

Correlation

Llatliinnlin
-6 3 0O 3 +6

Correlation

FIGURE 3. Distributions within five foraging guilds
of Spearman’s Rho correlations for capture rates and
arthropod abundances for 1983 to 1985 in central Pan-
ama.

along microclimatic gradients. Each species ex-
hibited some preference among the range of
moisture conditions and many species altered
their primary habitat association over time as
they appeared to track changing microclimate
conditions. Karr and Freemark suggested two
underlying mechanisms for nonrandom distri-
bution of activity along a moisture gradient: birds
seek micro-climatic optima for physiological
reasons, or they track food resources whose
abundances are directly related to moisture con-
ditions, or both. Our results do not show a clear
association between bird abundances and their
food resources. Therefore, as hypothesized by
Karr and Freemark (1983), physiological factors
may impede these species from exploiting some-
times abundant food resources at dry sites.
Results of correlative analyses can be dis-
cussed for their biological significance or judged
critically owing to perceived problems in ana-
lytical issues such as validity of sampling meth-
od. Certain biases are inherent in sampling with
mist nests as with any survey or census method
(Karr 1979, 1981). However, mist nets minimize
problems associated with detecting species that
are difficult to observe or that vocalize rarely,
problems that introduce unknown biases into
more conventional census procedures.
Variations in foraging activity and mobility
among species and even among sex and age classes
of the same species (Karr 1971, 1979, 1981) yield
capture rate variation among species. High cap-
ture rates of very mobile species such as Red-
capped Manakin (Pipra mentalis) do not nec-
essarily reflect higher densities than those of
seldom-captured species such as Spotted Ant-
birds. High recapture rates in our study (consis-
tently 50-70% of captures), however, suggest that
birds do not learn to avoid nets. In addition, we
find no variation in recapture rates of sedentary
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TABLE 3. CORRELATIONS OF FORAGING GUILD CAPTURE RATES WITH ARTHROPOD ABUNDANCES AT DIFFERENT
MoIsTURE CLASSES FROM DRY (1) TO WET (4) FOR 1983 TO 1985 IN CENTRAL PANAMA
Moisture Undergrowth Ground Foliage-gleaning Flycatching
Arthropod group class frugivores insectivores insectivores insectivores Antfollowers
Litter 1 0.27 0.57 -0.57 —0.11 0.18
2 0.27 0.57 0.33 0.32 0.79
3 —-0.46 0.36 —0.18 0.21 -0.14
4 0.57 -0.17 -0.01 -0.39 -0.05
Foliage 1 —0.46 -0.14 —-0.83 -0.29 —-0.43
2 0.64 0.17 -0.49 -0.37 —-0.09
3 -0.03 -0.77 —-0.02 -0.43 0.09
4 0.71 —-0.49 -0.02 —-0.31 0.02

species in several guilds, suggesting that different
guilds do not vary systematically in their ability
to detect and avoid nets.

We also note that imprecision should not be
confused with systematic error, a distinction that
is critical when evaluating results of field studies.
Our estimates of bird activity and resource abun-
dance were derived from sampling a full range
of microclimates and vegetation structure within
a 90 ha area. In addition, counts of birds and
their presumed food were done in the same plots
over short time periods, a goal that has rarely
been attained over so many sample plots (about
60 net sites).

Our data on arthropod abundances and avian
activity are, admittedly, “‘blunt instruments” for
determining the effects of food availability on
habitat selection by insectivorous birds. All the
arthropods detected in our abundance estimates
were not potential prey items for birds; some
may be unpalatable or require excessive time or
energy for capture (Martin 1986; Wolda, this vol-
ume). Sherry (1984) demonstrated that, for fly-
catchers in Costa Rica’s moist lowland forests,
what is or is not a food item for an insectivore
is a function of a predator’s foraging technique
as well as prey distribution and body size.

Associations between capture rates of birds and
arthropod abundances vary among species and
guilds, suggesting that foraging mode may de-
termine how ‘“‘opportunistic” a given species can
be. Ground insectivores (by species and as a guild)
appear to track temporal variation in resource
availability more precisely than species in other
guilds regardless of environmental conditions. In
contrast, flycatchers seem to be less common
when and where arthropod abundances are high.
Unfortunately, we have no information about
the relationship between foliage and flying-insect
abundances. Other studies of Neotropical fly-
catchers suggest that a species’ diet can be influ-
enced by time and energetic-physiological con-
straints (Fitzpatrick 1981, Sherry 1984). Our

results support these suggestions and add that
such constraints may be more rigid in dry areas.
A study incorporating physiological and ener-
getic measurements evaluated along environ-
mental gradients would be useful in clarifying
habitat use and resource ecology of birds of trop-
ical forest undergrowth.

As empirical evidence accumulates, it secems
that the factors responsible for ecological pattern
vary among populations and communities. Ac-
cordingly, the value of pluralistic theory, though
not a new idea, is gaining acceptance (Schoener
1986a). The expectation of finding valid univari-
ate explanations is thus naive. Our results clearly
indicate that species and guilds do not respond
in concert to variation in environmental factors.
Even within a species, the influence of food avail-
ability, physiological conditions, and predation
may vary in importance with vegetation struc-
ture, macroclimate, and microclimate. The con-
cept of a “normal’ or typical bird species, pop-
ulation, or community is simply inappropriate
(Wiens and Rotenberry 1987).

We believe that pluralism is also appropriate
in the field. The complexity of tropical forest
avifaunas and their food resources invites an es-
pecially high diversity of valid approaches to un-
derstanding ecological patterns. Further, the sys-
tem being examined can influence the types of
questions that can be effectively addressed. For
example, experimental manipulations of avian
abundances or supplemental feeding experi-
ments, formidable in any habitat (Wiens et al.
1986a), would be difficult for most insectivores
in tropical forests. Similarly, supplemental feed-
ing might be possible in the case of frugivores,
but the scale of habitat use by many tropical
frugivores may make tractable manipulations in-
appropriate for evaluating bird-food associations
in the real world.

Two final points are important—one specific
to our study and one a general observation. First,
the methods and results described here consid-
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ered general patterns, but also served to identify
specific aspects of the foraging ecologies of cer-
tain species and guilds that merit more detailed
examination (e.g., more detailed analysis of the
insect taxa consumed by specific bird species, the
comparative stability of fruit vs. insects as food
resources, or the mechanisms of omnivory that
allow survival through crunch periods). Second,
tropical species have long been considered to be
ecological specialists (Klopfer and MacArthur
1961). Many species are habitat or food spe-
cialists, but many also repeatedly exhibit an abil-
ity to alter their behavior (foraging and habitat
selection) in response to changing environmental
conditions. An exploration of the temporal re-
liability of resources and the evolution of plas-

NO. 13

ticity to exploit a broader range of resources,
although a difficult task, could help clarify the
role of food resource availability in governing
the ecology of species and the development of
assemblages of species.
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SPATIAL VARIATION OF INVERTEBRATE ABUNDANCE
WITHIN THE CANOPIES OF TWO AUSTRALIAN

EUCALYPT FORESTS

J. D. MAJER, H. F. RECHER, W. S. PERRIMAN, AND N. ACHUTHAN

Abstract. We compared branch-clipping and pyrethrin-knockdown methods for estimating relative
abundances of arboreal invertebrate taxa in two Australian eucalypt forests, one at Karragullen in
Western Australia, the other at Scheyville in New South Wales. Branch clipping was designed to sample
sessile invertebrates and galls. The pyrethrin method sampled mainly mobile invertebrates and those
associated with bark and branches. Invertebrates were sampled in subcanopy (1-7 m) and the canopy
(7.1-20 m) layers. Both methods indicated higher levels of invertebrates at Scheyville than at Kar-
ragullen. Adjusted for exceptionally abundant taxa, both techniques showed invertebrates to be more
abundant in the upper canopy of all tree species and, within a particular forest, most abundant on
marri (Eucalyptus calophylla) and narrow-leaved ironbark (E. crebra). Differences between tree species
were more pronounced with branch-clipping than with pyrethrin data; however, branch-clipping data
were insufficient for computing variances. Pyrethrin data showed that within-tree variation was gen-
erally greater than that between trees. Variances were generally greater for invertebrates from the
subcanopy. In both forests, tree species with the highest invertebrate abundance had the highest
variances in counts of invertebrates. Each method has its limitations. We recommend using both

together to measure relative abundances of invertebrates in forest ecosystems.

Key Words:

INTRODUCTION

Understanding processes that govern the dy-
namics of bird communities requires informa-
tion on the abundance and variability of food
resources. For many reasons well known to avian
ecologists, estimates of the absolute abundances
of invertebrates available to birds are seldom
available. However, indices of invertebrate
abundance can be used to interpret seasonal pat-
terns of avian abundance (e.g., Bell and Ford,
this volume; Recher et al., 1983), year-to-year
variation in numbers (e.g., Bell and Ford, this
volume), and the timing of reproductive activi-
ties (e.g., Nix 1976, Recher et al. 1983). In these
instances, avifauna respond to large changes in
the abundance of invertebrate prey. Indices of
invertebrate abundance are less useful for inter-
preting differences in population densities and
community composition between habitats or dif-
ferences between species in the use of particular
substrates. Understanding the reasons why birds
select particular substrates, and explaining small
differences in species abundance or community
composition, require precise measures of the
abundances of individual prey items on specific
substrates.

Before such measurements can be obtained,
we need sampling procedures with predictable
levels of variance. Two inherent sources of error
confound all invertebrate sampling procedures:
variation in the application of the procedure it-
self, and spatial and temporal variation in the
distribution and abundance of the invertebrates
being studied. Sources of error due to temporal
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variations in invertebrate numbers can be con-
trolled by taking samples on consecutive days,
sampling at the same time of day, and restricting
samples to specific weather conditions (i.c., tem-
perature, cloud cover, wind speed, incidence of
rain). Assuming that sampling procedures can be
standardized, the major sources of error in in-
vertebrate samples result from variation in spa-
tial patterns of distribution and abundance of
invertebrates and also the substrates on which
they occur.

Our objectives in this study were (1) to ex-
amine the patchiness of invertebrate abundance
within and between tree species in forests at two
localities, and (2) to compare two different meth-
ods for measuring the relative abundances of var-
ious invertebrate taxa in tree canopies.

METHODS
STUDY SITES

Sampling was done during February 1987 at Schey-
ville, New South Wales (56°05'S, 150°51'E), where we
sampled invertebrates on narrow-leaved ironbark (Eu-
calyptus crebra) and grey box (E. mollucana), and dur-
ing April 1987 at Karragullen, Western Australia
(32°04'S, 116°07’E), where we sampled jarrah (£. mar-
ginata) and marri (E. calophylia). The forest at Schey-
ville was dominated by narrow-leaved ironbark (51%
of trees, 42% of tree foliage) and grey box (40% of trees,
51% of tree foliage) with smaller numbers of forest red
gum (E. tereticornis) (7% of trees) and thin-leaved
stringybark (E. eugenoides) (<1% of trees). Canopy
cover was 40-45%, with the canopy averaging 15-18
m in height. Individual trees emerged above the canopy
to 25 m (Recher and Gebski, this volume). The under-
story consisted of eucalypt saplings; grasses and forbs
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comprised the ground cover. At Karragullen, jarrah
(92% of trees and foliage) dominated the forest; marri
comprised only 8% of all trees. Canopy cover was 60%,
and mean canopy height was 15-18 m, with individual
trees to 30 m. Karragullen had a more diverse under-
story than the forest at Scheyville, with a dense sub-
canopy of eucalypt saplings, sheoak (Allocasuarina
[fraserana), and banksia (Banksia grandis). The site had
a rich ground vegetation.

Climate at the Karragullen site is Mediterrancan—
cool, wet winters and hot, dry summers. Mean annual
rainfall is 1241 mm with most rain falling between
May and October. At Scheyville, although spring (Au-
gust—-October) tends to be drier than other seasons, rain
falls fairly evenly throughout the year. Mean annual
rainfall is 874 mm, summers are warm and winters are
cool with occasional frosts.

INVERTEBRATE SAMPLING PROCEDURES

Two methods were used to sample invertebrates:
branch clipping and chemical (pyrethrin) knockdown.
The efficiency of these methods for sampling canopy
arthropods is reviewed by Cooper and Whitmore (this
volume). Majer and Recher (1988) described both
methods and compared their effectiveness and costs
(in time) for sampling invertebrate communities in eu-
calypt forests. In brief, branch clipping sampled sessile
foliage invertebrates, which could be expressed as sam-
ple weight or numbers/leafarea. Pyrethrin knockdowns
sampled mobile invertebrates on leaves and bark, with
abundances expressed per unit area of canopy.

For each procedure 10 trees of each species were
sampled at each of two height ranges—the subcanopy
layer (1-7 m) and the canopy (7.1-20 m). Flowering
trees were avoided. Mature trees (>15 m in height)
were selected for sampling canopy vegetation. These
were reached with a trailer unit with an extendable arm
and bucket capable of lifting two people to a height of
13 m. Ten samples were taken from each tree. We
sometimes had difficulty taking 10 samples from sap-
lings; in such cases we sampled from a monospecific
cluster of trees. A ladder was used to place nets in the
subcanopy.

Pyrethrin-knockdown samples

Cotton, funnel-shaped nets with a surface area of 0.5
m? were used to collect pyrethrin samples. Each net
was fitted with a sleeve that held a 100-ml plastic tube.
Nets were held about 60-70 cm below the vegetation.
A swivel-and-line arrangement allowed movement in
the wind but kept nets from slipping vertically. Within
agiven tree (or cluster of saplings), nets were suspended
at different heights according to the distribution of suit-
able branches for attachment, so that no nets over-
lapped. As nearly as possible, net positions were se-
lected to equalize the amount of foliage (determined
by visual inspection) in the column directly above the
nets. The height of each net was recorded. Nets were
positioned the afternoon prior to spraying, to allow
disturbed invertebrates to return, although we detected
no case (e.g., insects flying away) of disturbance during
this process.

The morning (07:00-10:00) of the following day, the
canopy to a height of 7 m above each net was sprayed
with 0.2% synthetic pyrethrin pesticide, synergized with
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piperonyl butoxide, using a motorized-knapsack mist-
blower. Two liters of diluted (10:1) pesticide were used
per tree, and trees were left for 30 min to allow silk-
attached invertebrates to drop into nets. The canopy
was then shaken to dislodge remaining invertebrates,
and specimens were brushed into the collecting tubes
and preserved with 70% ethanol.

We sampled five trees (50 nets) each morning for 10
days (10 high and 10 low trees of each of two species
= 400 nets) to sample each height range at each site.
The canopy was sampled first, then the subcanopy lay-
er. Spraying was done only when it was dry and caim.
In the event of poor weather, nets were left in place
and we sprayed on the first suitable morning (usually
the next day).

Branch clipping

At the same time that nets were hung, 10 small
branches (<10 mm in diameter) were clipped from the
outer foliage of each tree. Samples weighed from 25 to
125 g and contained at least 40 leaves. Branches with
numerous seed capsules were avoided. Samples were
inserted into a plastic bag prior to clipping; bags were
sealed and frozen until processed. We never saw in-
vertebrates leaving samples before bagging. In the lab-
oratory, bags were weighed and samples vigorously
shaken prior to removal. Invertebrates dislodged by
shaking were identified and counted. Forty leaves were
taken randomly from each sample and inspected on
both surfaces for sessile invertebrates and those in webs
or cocoons; these were identified and counted. Each
40-leaf sample was weighed to the nearest 0.1 g. Mean
leaf area of each tree species at each height range at
each site was estimated from the mean of a randomly
selected subsample of 150-200 leaves, using a Li-Cor ®
portable area meter.

DATA SUMMARY AND ANALYSIS
Pyrethrin samples

The objective of the analysis was to compare mean
levels of each taxon in each stratum and tree species,
with an assessment of the relative variability of taxon
counts attributable to “between-tree” and “within-tree”
(between-net) variation. The experimental design in-
volved selection of a random sample of 10 trees (ex-
perimental units) from each stratum and subsample of
10 nets/tree. Means and variances of the numbers of
each invertebrate taxon in each stratum of each tree,
and on all 10 trees of a given species and stratum, were
computed using the SPSS computer package. Three
independent comparisons were made for each individ-
ual taxon: (1) between strata for each tree species; (2)
between jarrah and marri for each stratum; and (3)
between grey box and narrow-leaved ironbark for each
stratum. Analyses were restricted to common inver-
tebrate taxa—those occurring in >80% of samples.

To compare between strata for each tree species, we
denoted by Y;; the observed value of each taxon (in-
vertebrate count per net) for the k™ net from the j* tree
in the i* stratum and assumed the following nested
design model for Y.

Y =m + S, + t; + ny,

where i = 1 (lower) or 2 (upper) for comparisons (1);
j=1,2,...10 (trees); and k = 1, 2, . .. 10 (nets).
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MEANS AND STANDARD DEVIATIONS OF THE NUMBERS OF INVERTEBRATES SAMPLED PER TREE BY THE

PYRETHRIN METHOD FOR BOTH CANOPIES AND SUBCANOPIES OF JARRAH (Eucalyptus marginata) AND MARRI (E.
calophylla) v WESTERN AUSTRALIA. THE NUMBER OF INVERTEBRATES PER TREE Was BASED oN 10 0.5-m? NETS

WITHIN EACH TREE

Jarrah Marri
Canopy Subcanopy Canopy Subcanopy

Taxon X sD X sD X sD X sp
Arachnida Pseudoscorpionida 1.8 4.7 0.0 0.0 0.3 0.7 0.0 0.0
Acarina 7.5 5.1 11.9 9.9 7.7 5.7 10.2 139
Araneae 26.1 10.5 26.1 13.4 31.7 10.7 18.7 9.4
Crustacea Isopoda 1.0 3.2 0.3 0.5 0.1 0.3 0.4 0.7
Collembola 3.0 33 324 37.1 1.2 1.0 109.6 94.6
Insecta Thysanura 4.3 5.6 1.3 1.6 5.2 11.3 0.8 1.2
Odonata 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Blattodea 4.9 5.0 0.8 0.6 7.6 9.4 1.2 1.0
Mantodea 0.6 1.6 0.1 0.3 0.2 0.4 0.0 0.0
Dermaptera 1.1 0.9 1.5 2.6 2.8 2.6 0.2 0.4
Orthoptera 0.0 0.0 0.2 0.4 0.1 0.3 0.2 0.4
Phasmatodea 0.0 0.0 0.1 0.3 0.1 0.3 0.1 0.3
Embioptera 0.5 0.9 0.3 0.7 0.0 0.0 0.3 0.7
Psocoptera 13.3 10.2 3.7 2.2 14.7 8.5 8.4 8.8
Hemiptera (psyllids) 8.0 6.7 4.5 4.4 4.1 2.3 4.9 4.8
(others) 16.1 8.3 5.5 6.0 15.5 4.8 10.2 115
Thysanoptera 5.1 2.3 35 3.7 16.1 9.6 4.6 5.5
Neuroptera (adults) 0.2 0.4 0.1 0.3 0.1 0.3 0.0 0.0
(larvae) 0.0 0.0 0.1 0.3 0.0 0.0 0.0 0.0
Coleoptera (adults) 404 10.3 18.2 10.8 48.0 28.5 20.5 15.5
(larvae) 2.1 0.7 1.7 1.5 4.7 4.2 1.5 1.8
Diptera (adults) 12.0 6.9 11.0 6.9 13.9 7.7 12.1 6.4
(larvae) 32 2.0 6.1 3.7 04 0.8 1.3 1.5
Lepidoptera (adults) 0.7 1.0 1.4 1.6 1.4 2.6 0.5 0.9
(larvae) 1.4 1.2 1.7 3.7 3.2 4.8 1.3 1.2
Hymenoptera (ants) 447  40.5 6.2 7.9 25.3 28.4 4.8 5.1
(others) 44.3 16.7 20.4 11.3 48.6 21.8 20.4 109
Totals (excluding ants) 197.6  50.9 1529 727 227.7 723 227.4 125.5

Algebraically, the model states that the observed in-
vertebrate count Y, was equal to the overall mean
(m), plus the deviation (S,) of the i*" stratum mean (m
+ §;) from the overall mean, plus a random deviation
(ty) representing global variation between trees, plus an
independent random deviation (n;, ) representing local
(within-tree) variation between nets. Additionally, t;
and n,, were assumed to be independently distributed
with zero means and variances o2, and o2, respectively.
Thus the model implies that the Y, (invertebrate counts
per net) were distributed about a mean of m + S; with
total variance 62, = 6% + ¢?,. The analysis of variance
(ANOVA) for this model gave estimates of m + S; as
the stratum means, with assessment of the statistical
significance of the difference between stratum means,
along with estimates of the components of variance 42,
and ¢?, that show relative variability “between-trees”
and “within-trees,” respectively.

A similar nested-design model was used for Y, to
compare between trees in each stratum:

Yy =m + T, + t; + ny

where i = 1 (jarrah) or 2 (marri) for comparison (2),
ori= 1 (grey box) or 2 (narrow-leaved ironbark) for
comparison (3), and T; = deviation of the i species

mean from the overall mean m. The t; and n;;, have
the same interpretation as in comparison (1).

Branch-clipping samples

Because counts of invertebrates were so low in the
branch-clipping samples, we could not analyze the data
statistically. Instead we computed the number of in-
vertebrates/g of sample (bag contents) and the number/
cm? of leaf area for each tree species and stratum. In
the latter case, numbers were halved to allow for in-
vertebrates on upper and lower leaf surfaces.

RESULTS
TOTAL INVERTEBRATES IN PYRETHRIN SAMPLES

Twenty-seven taxa were sampled at both sites,
but counts of invertebrates were generally much
higher at Scheyville than at Karragullen (Tables
1 and 2). The most abundant taxa on trees at
Karragullen were Araneae (spiders), Psocoptera
(booklice), Hemiptera (sucking bugs other than
psyllids), Coleoptera (adult beetles), Diptera
(adult flies), and Hymenoptera (ants). At Schey-
ville, the most abundant taxa were Acarina
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TABLE 2. MEANS AND STANDARD DEVIATIONS OF THE NUMBERS OF INVERTEBRATES SAMPLED PER TREE BY THE
PYRETHRIN METHOD FOR BoTH CANOPIES AND SUBCANOPIES OF GREY Box (Eucalyptus mollucana) AND
NARROW-LEAVED IRONBARK (E. crebra) IN NEw SOUTH WALES. THE NUMBER OF INVERTEBRATES PER TREE WAS

BASED ON 10 0.5-m2 NETS WITHIN EACH TREE

Grey box Narrow-leaved ironbark
Canopy Subcanopy Canopy Subcanopy
Taxon X sD X sD X sD X sD
Arachnida  Pseudoscorpionida 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Acarina 24.6 26.1 23.0 16.1 18.0 14.9 31.0 16.9
Araneae 65.8 29.6 68.8 30.0 70.7 394 119.7 36.8
Crustacea Isopoda 0.0 0.0 0.0 0.0 0.1 0.3 0.0 0.0
Collembola 0.2 0.6 1.5 2.4 0.0 0.0 1.1 1.3
Insecta Thysanura 0.2 0.6 0.0 0.0 0.2 0.4 0.1 0.3
Odonata 0.0 0.0 0.3 0.5 0.1 0.3 0.2 0.4
Blattodea 10.5 6.5 17.4 11.6 0.3 0.5 1.3 1.7
Mantodea 0.0 0.0 0.0 0.0 0.2 0.4 0.3 1.0
Dermaptera 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Orthoptera 0.4 0.5 1.6 1.6 0.4 0.7 1.5 1.7
Phasmatodea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Embioptera 0.3 0.7 0.0 0.0 0.1 0.3 0.1 0.3
Psocoptera 0.8 1.9 3.4 2.3 1.3 1.6 43 6.9
Hemiptera (psyllids) 1646 1114 67.8 37.0 637.0 587.7 306.0 295.2
(others) 56.1 32.4 40.3 8.0 37.9 28.0 29.7 11.6
Thysanoptera 13.7 11.8 l16.1 11.2 25.1 22.0 26.5 314
Neuroptera (adults) 1.6 1.3 1.6 2.6 33 2.9 3.4 4.3
(larvae) 2.6 4.3 1.9 33 0.8 1.9 1.3 2.3
Coleoptera (adults) 83.2 27.4 77.8 40.5 70.2 20.0 94.5 39.2
(larvae) 13.7 11.9 14.3 10.8 8.9 6.2 17.7 13.8
Diptera (adults) 233 11.5 15.8 6.8 25.2 229 26.4 15.7
(larvae) 26.9 17.3 15.5 12.5 18.8 18.8 12.2 9.5
Lepidoptera (adults) 7.3 4.9 5.7 4.1 2.1 1.5 5.1 5.5
(larvae) 8.0 4.6 7.4 4.8 9.5 5.7 5.5 2.5
Hymenoptera (ants) 168.1 176.8 105.8 98.7 218.6 253.8 206.8 136.3
(others) 81.4 48.3 51.2 33.2 117.4 88.7 61.8 43.6
Totals (excluding ants) 585.3 173.5 4314 151.7 1047.6  730.7 749.7 441.8

(mites), Araneae, Blattodea (cockroaches), He-
miptera (psyllids and other families), Coleoptera
(adults and larvae), Diptera (adults and larvae),
and Hymenoptera (ants and wasps).

The invertebrate count was higher on marri
than on jarrah (excluding ants), regardless of stra-
tum (Table 1) and higher on narrow-leaved iron-
bark than on grey box (Table 2). Counts were
higher in the upper than the lower strata of jar-
rah, grey box, and narrow-leaved ironbark. This
was also the case for marri, if the high count of
Collembola (springtails) for the lower stratum
was taken into account (Table 1).

STATISTICAL ANALYSIS OF PYRETHRIN DATA
Influence of tree species and stratum

Mean counts of invertebrates differed signifi-
cantly between tree species and strata [P < 0.05,
F statistics from ANOVA of comparisons (1),
(2), and (3)]. More taxa were more abundant on

either the upper or lower stratum of marri than
on the corresponding stratum of jarrah. How-
ever, only counts of insect larvae were signifi-
cantly different, with more larvae found on the
lower stratum of the jarrah than of marri [P <
0.05, F statistics from ANOVA of comparison
2]

At Scheyville, spiders were significantly more
abundant on narrow-leaved ironbark (lower stra-
tum), as were psyllids (both strata) and total in-
vertebrates (lower stratum). Other sucking bugs
were significantly more abundant on the lower
stratum of grey box than of narrow-leaved iron-
bark [P < 0.05, F statistics from ANOVA of
comparison (3)].

Many taxa were significantly more abundant
in samples from upper than lower strata (e.g.,
spiders on marri; booklice on jarrah, other suck-
ing bugs on jarrah; psyllids on grey box; beetles,
ants, and other hymenopterans on jarrah and
marri). Only two taxa had significantly higher



INVERTEBRATES IN AUSTRALIAN FORESTS—Majer et al. 69

counts on lower foliage—spiders on narrow-
leaved ironbark and booklice on grey box [P <
0.05, F statistics from ANOVA of comparison

31
Variability within and between trees

Values pooled across tree species for a partic-
ular forest showed that variability within trees
(¢2,) was generally greater than that between trees
(62). The average percentage contribution of
within-tree variance (¢2,) to total variance (¢2,)
was 80% (range 65-96%) at Karragullen and 66%
(range 35-100%) at Scheyville. Little difference
was evident in within-tree variability for the tree
species in a particular forest (percentage contri-
bution averaged 80% and 77% for jarrah and
marri, respectively). Again the lower within-tree
variability at Scheyville was evident (percentage
contribution 66% and 67% for grey box and nar-
row-leaved ironbark, respectively).

The coefficient of variation (CV = ¢2,,/X) of
each tree species and stratum revealed some in-
teresting trends. At Karragullen, the CV was
greatest for each invertebrate group on the lower
stratum of the tree (mean = 1.09 and 1.65 for
upper and lower strata, respectively). It was also
greatest on the lower stratum for six of the nine
groups tested at Scheyville (mean = 1.24 and
1.40 for upper and lower strata, respectively).

Mean CV on marri (1.36) was slightly higher
than on jarrah (1.18), with six of the nine com-
mon invertebrate groups exhibiting the highest
CV on marri. At Scheyville, invertebrates gen-
erally had a higher CV on narrow-leaved iron-
bark (1.59) than on grey box (1.05), with seven
of the invertebrate groups having the highest CV
on narrow-leaved ironbark. Thus, in both forests
the trees with the highest invertebrate abundance
also had the greatest variability in counts of in-
vertebrates. Note that CVs in the two forests
were similar. Thus, invertebrates in the two for-
ests generally exhibited the same degree of patch-
iness, although individual taxa exhibited differ-
ences between forests.

TOTAL INVERTEBRATES IN BRANCH-CLIPPING
SAMPLES

This method detected only 12 taxa at Karra-
gullen and 17 at Scheyville, compared with the
27 taxa obtained in the pyrethrin samples at both
locations. The most abundant invertebrates in
branch-clipping samples at Karragullen were spi-
ders, psyllids, other sucking bugs, adult beetles
and ants. At Scheyville, the most abundant were
spiders, psyllids, other sucking bugs, adult bee-
tles, moth larvae, and ants (Tables 3 and 4).

As with the pyrethrin samples, many more
invertebrates were detected per cm? of foliage at

Scheyville than at Karragullen (Tables 3 and 4).
This was also true on a per g basis, except for
grey box. The trends between tree species and
strata at Scheyville were similar for both the
branch-clipping and pyrethrin samples. How-
ever, in this case, the numbers of invertebrates
per g of foliage were between 5 and 10 times
greater on narrow-leaved ironbark than on grey
box, depending on which stratum was consid-
ered. This compares with a differential of only
1.7-1.8 times for the pyrethrin method (Table
2). Similarly, the differential in number of in-
vertebrates per cm? of foliage was also more pro-
nounced by the leaf-clipping method, with about
five times the number being observed on narrow-
leaved ironbark than on grey box foliage.

Invertebrates were more abundant per g and
per cm? of leaf area in the upper than the lower
stratum of grey box and per cm? in the upper
than the lower stratum of ironbark (Tables 3 and
4).

The data from tree species at Karragullen did
not give the same trends as observed by the pyre-
thrin procedure. More individuals from branch
clipping were found on the upper than the lower
stratum by a factor of 3.5-5.0, using the leaf-area
measure. Similarly, 1.7 times more invertebrates
on a per g basis were on the upper than the lower
stratum of jarrah. Slightly fewer invertebrates
were on the upper than the lower stratum of
marri, and this seemed to be associated with the
high count of spiders on the lower stratum.

The between-tree species trends for branch clips
were most at variance with results obtained from
pyrethrin samples. No differences were observed
between the lower stratum of marri and jarrah
on a per g basis. Twice as many invertebrates
were observed on the upper stratum of jarrah
than on marri. This differential was exaggerated
with the leaf-area measure, with 7-10 times more
invertebrates observed on jarrah than marri, de-
pending on stratum. This compares with 1.1-1.4
times more invertebrates on marri than on jarrah
by the pyrethrin method.

DISCUSSION

The two methods produced similar results: both
yielded more invertebrates in Scheyville than in
Karragullen. We do not know whether this was
due to a real difference in invertebrate abundance
or to different seasonal patterns of abundance
between the forests, although preliminary anal-
yses suggest that invertebrates were more abun-
dant in all seasons at Scheyville. At Scheyville,
both techniques indicated similar differences in
invertebrate abundance between tree species.
However, the excess of invertebrates on narrow-
leaved ironbark vs. grey box was exaggerated by
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branch clipping. The two techniques at first
seemed to produce conflicting trends between tree
species at Karragullen. Although more inverte-
brates were obtained from pyrethrin samples of
marri than of jarrah, the reverse was true of
branch clipping. This reversal was exaggerated
when comparing the number of invertebrates per
cm? of leaf area. However, Table 3 shows that
the preponderance of invertebrates on jarrah was
tied up with numbers of sucking bugs (excluding
psyllids) and certain other small, unidentified in-
vertebrates. The trend between tree species is
reversed if these categories are deleted.

Branch clipping produced fewer invertebrates
from a narrower range of taxa than the pyrethrin
method (cf. Majer and Recher 1988). However,
branch clipping gave a good representation of
sessile invertebrates such as web-spinning and
leaf-rolling spiders, moth larvae, psyllids, and
certain other families of sucking bugs that remain
attached to leaves. Suitability of this technique
for sampling sessile invertebrates has also been
pointed out by Cooper and Whitmore (this vol-
ume). Some of these invertebrates were obtained
only by branch clipping. However, the clipping
method was less efficient at obtaining rare or
mobile invertebrates.

We conclude that branch clipping was more
susceptible to “noise’ caused by the abundance
of one or a few types of invertebrates, perhaps
because some of the most abundant sessile in-
vertebrates are colonial (e.g., psyllids) and their
distribution may be patchy. Because it samples
sessile fauna less effectively, the pyrethrin meth-
od is less vulnerable to this problem. Pyrethrin
sampling gives larger samples of a wider range
of invertebrates. Variations in the distribution
of individual taxa may therefore cancel out, pro-
ducing a “more uniform” sample. However, the
pyrethrin technique did have limitations, be-
cause some invertebrates flew away at the time

NO. 13

of spraying and some remained attached to trees.
In addition, wind may have blown dying organ-
isms away from collection nets. This problem
may be mitigated by keeping the drop distance
from 0.5-1.0 m.

The greater variance in numbers of inverte-
brates within trees than between trees was due
in part to differences in the volume of foliage
above each net, despite our efforts to standardize
canopy volumes. Differences in the amount of
foliage sampled may be relatively high for nets
hung within the same tree or cluster of saplings,
but this effect tends to even out between trees.
A way to compensate for this would be to use
more, smaller nets but that would increase main-
tenance time.

Sampling of two tree species at a site required
three persons for two weeks. The clipping and
pyrethrin methods could be done concurrently.
At Scheyville, the laboratory phase took one per-
son two weeks to sort the clip samples and four
weeks to sort the pyrethrin samples. Because of
the smaller samples, lab work at Karragullen re-
quired one and three weeks, respectively. Field
time did not change appreciably when branch
clipping was omitted, although the time needed
to process samples decreased markedly.

Because both techniques underestimate the true
abundance of canopy invertebrates, we recom-
mend using them together and interpreting re-
sults with an understanding of each method’s
limitations.
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QUANTIFYING ABUNDANCE OF FRUITS FOR

BIRDS IN TROPICAL HABITATS

JoHN G. BLAKE, BETTE A. LOISELLE, TIMOTHY C. MOERMOND,

DoucGLAs J. LEVEY, AND JULIE S. DENSLOW

Abstract. Inherent biases in different sampling techniques influence our interpretations of fruit-
frugivore interactions. We review three general methods for sampling fruits: phenological studies based
on repeated sampling of individual plants, fruit fall traps, and area-based sampling techniques. Phe-
nological studies provide the least amount of quantitative information on fruit abundance. Fruit fall
traps sample an unknown area, do not adequately sample all types of fruits dispersed by birds, and
measure a residual quantity (that which is not eaten). Area-based samples frequently will be the best
approach for many bird studies. Unripe fruits are used by birds under certain circumstances and
provide information on future availability of ripe fruit. Therefore, both ripe and unripe fruits should

be included in samples of fruit abundance, but as separate categories.

Key Words:

INTRODUCTION

Approximately one-third of the resident bird
species in many neotropical forests are frugivo-
rous (Terborgh 1980a, Stiles 1985b, Blake et al.
in press, Karr et al. in press); the percentage of
species that at least occasionally eat fruit is much
larger. An estimated 50-90% of trees in neo-
tropical forests and up to 98% of neotropical
understory shrubs produce fruits whose seeds are
dispersed by animals (Howe and Smallwood
1982), including birds (Gentry 1982, Stiles
1985Db).

The method by which fruit abundance is es-
timated is critical to assessment of fruit as a re-
source for birds. In this paper we critique three
commonly used techniques of quantifying fruit
abundance, reviewing those as they might be or
have been applied to bird studies. First, we con-
sider studies that determined phenological pat-
terns of plant species, which provide a general
description of the seasonal availability of fruit.
Second, we review use of traps to collect fallen
fruits; such data have been used to estimate fruit
abundance, seasonality, and diversity. Third, we
discuss use of actual or estimated counts of fruits,
fruiting plants, and species over a predetermined
area. These three general methods are not nec-
essarily mutually exclusive. For example, a phe-
nological study can be area-based, and fruit
abundance can be assessed on the basis of actual
numbers, biomass, energy content, or some other
factor (e.g., nutrient content).

METHODS USED TO COUNT FRUITS
PHENOLOGICAL STUDIES

The classic method of documenting phenolog-
ical patterns is to record flowering and fruiting
activity of plants over time (e.g., Frankie et al.
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1974). Phenological patterns may be determined
from collections made for taxonomic studies (e.g.,
Croat 1969, 1975), but more detailed informa-
tion is obtained when reproductive aciivities of
a series of individually marked plants are re-
corded at some repeated interval (Table 1). (Use
of marked plants reduces such observer errors as
overlooking unfamiliar or cryptic fruits.) Pres-
ence or absence of fruits (and flowers) or a simple
index or estimate of abundance (e.g., ““none, few,
many”’; Frankie et al. 1974) is noted. When con-
ducted over a number of years, a general under-
standing of seasonal phenological patterns
emerges. Those results, however, provide little
quantitative, comparative data and are of limited
value in studies on influences of fruit abundance
on bird populations.

Phenological studies also may be designed to
determine fruit production of a selected, small
set of species (Table 1). For example, Howe and
Vande Kerckhove (1979) analyzed fecundity and
seed dispersal in 65 Casearia corymbosa (Fla-
courtiaceae). Total fruit counts were made over
a 2-day span to determine crop sizes; fruits on
17 trees were counted daily to determine rates
of fruit removal. Intermediate between com-
munity- and species-oriented studies are those
that follow fruit production in a group of plant
species that are important to a particular bird
species (Worthington 1982, Wheelwright 1983)
or to the frugivore community (Wheelwright
1986a). For example, Worthington (1982) sam-
pled plant species that were known to produce
fruit eaten by two species of manakins (Golden-
collared, Manacus vitellinus; Red-capped, Pipra
mentalis). Crop sizes were counted at biweekly
intervals and were used, in combination with
data on relative abundance of plant species, to
provide an estimate of total fruit production. Be-
cause she worked on a small (18 ha) island, Wor-
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TABLE 1. SELECTED STUDIES DESCRIBING PHENOLOGICAL PATTERNS OF TROPICAL PLANTS
Study length
{months) No. species No. plants Census interval Count type* Reference
Community-oriented studies
24 185 468 Im index Frankie et al. 1974
14 113 1137 Im index Frankie et al. 1974
36 154 ? 6 wk index Opler et al. 1980
36 95 ? Im index Opler et al. 1980
36 Sl= 145 Im index Van Schaik 1986
108 44 61 2 wk p/a Medway 1972
13 ? ? ? p/a® Charles-Dominique et al. 1981
21 ? ? 2 wk p/a® Sabatier 1985
120 2 104 2 wk p/a Milton et al. 1982
24 13 109 ? p/a Gautier-Hion et al. 1981
Species-oriented studies
12 21 210 2 wk count Worthington 1982
84 16 265 2 wke index Wheelwright 1986
12 3 77 —d count Murray 1987
48 1 30-60 — count Fleming 1981
4 1 S —e count Bronstein & Hoffman 1987
2 1 65 —f count Howe & Vande Kerckhove 1979

= Count types: index = relative index of abundance, e.g., “many,” “few”; p/a = presence/absence; count = direct count of fruits.

» Also weighed fruits fallen on trail.

c Counts conducted on biweekly intervals June 1980 to July 1981 and during 1-3 months in 1979, 1982-1985.

4 Censused on 2 sequential days, 1-3 times/month,
< Censused once prior to fruit maturation.
fCensused on 2 sequential days; fruits counted daily on 17 trees.

thington was able to define community bound-
aries.

Wheelwright (1986a) investigated phenologi-
cal patterns of 16 common Lauraceae species.
He indexed fruit abundance by estimating per-
centage of canopy area in fruit, but did not obtain
an actual count or estimate of fruit production.
His research demonstrated the need for long-
term studies; even 7 years were too few to rep-
resent adequately supra-annual cycles of fruit
production displayed by those plants.

Finally, we include under phenological studies
those that census fruiting and flowering trees along
some set trail or series of trails. (When conducted
systematically [i.e., with a set length and width
of the sample area] such counts overlap with
area-based sampling techniques described later.)
Sabatier (1985) and Charles-Dominique et al.
(1981), for example, collected and weighed all
fallen fruits found along a series of trails. Such a
technique is biased since many fruits likely were
consumed and others rotted before they were
tabulated. Information on general trends in fruit
production may be achieved but information on
total fruit production will be less reliable. Ad-
ditional problems associated with sampling fal-
len fruits and sampling along trails are discussed
in the following sections that deal with fruit fall
traps and sample plots.

" Phenological studies may be useful if the re-
searcher can characterize the diet of the focal bird
species (e.g., manakins, Worthington 1982;

quetzals, Wheelwright 1983) and thus is able to
identify the most important plant species. How-
ever, some fruits may be important to birds only
in some seasons or years (Loiselle and Blake, this
volume), and it may be difficult to determine
priori what fruit species should be sampled.

Considerations

Frankie et al. (1974) recommended a mini-
mum of five individuals/species for tropical phe-
nological studies while Wheelwright (1986a) sug-
gested at least 10 individuals/species. However,
the rarity of many species may make it difficult
to obtain a representative sample, particularly
since individuals of many species may show
marked variation in phenology (e.g., Wheel-
wright 1986a). Similarly, unless the researcher
knows the relative abundance of species, it will
be difhicult to estimate community-wide fruit
abundance from phenological data.

Researchers should be cautious when using re-
sults of phenological studies to interpret results
of bird studies conducted in different years. Al-
though phenological patterns may be similar
among years, marked annual variation in com-
munity-wide fruit production still may occur
(Leighton and Leighton 1983, Wheelwright
1986a, Loiselle 1987).

Fruit FALL TRAPS

Fruit fall traps have been used to estimate can-
opy fruit production in a variety of lowland trop-
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TABLE 2. SeLECTED STUDIES USING FRUIT FALL TRAPS TO ESTIMATE FRUIT PRODUCTION
Study Total
length Count Trap size  sample % of study
(months) Study area interval No. traps (m?) (m?) area Reference
Community-oriented studies
12 +100 ha 2 wk 150 0.08 12 0.0012 Terborgh 1983
18 +100 ha 2 wk 100 0.07 7 0.0007 Janson et al. 1986
12 83 ha 1 wk 312 0.08 26.0 0.0031 Foster 1982a
12 83 ha 2 wk 120 0.08 10.0 0.0012 Foster 1982a
12 10 ha 1 wk 100 0.08 8.3 0.008 Leigh & Windsor 1982
12 10 ha 1 wk 150 0.08 12.5 0.012 Leigh & Windsor 1982
72 10 ha 1 wk 200 0.08 16.7 0.017 Leigh & Windsor 1982
16 10 ha 1 wk 75 2.31 173 0.17 Smythe et al. 1982
Species-oriented studies
6 19 trees 1 wk 9+4 1.0 9 x4 =10 Howe 1980
4 17 trees 1 wk 5-18 1.0 5-18 6-23 Howe & Vande Kerckhove 1981
2 7 trees 1-3d 42 1.0 4 ? Howe 1977
3 0.135 ha* 2d 135 0.20 26.5 1.96 Coates-Estrada & Estrada 1986

* Traps were supplemented with belt transects in litter.
* Crown area of one tree.

ical areas (Table 2). In general, 75 to 200 traps
of from 0.08 m? to 2 m? collecting capacity each
are placed throughout the habitats or under spe-
cific trees being studied (Table 2). All collected
fruits are separated by species and usually weighed
to obtain biomass estimates (Smythe et al. 1982,
Terborgh 1983). Alternatively, seeds may be
counted and then converted to estimates of fruit
number and biomass (Foster 1982a, Janson et
al. 1986).

Studies using fruit traps vary in focus from a
single tree to entire communities. Most studies
directed at birds have used fruit traps to estimate
production by, or fruit removal from, a single
tree or species (Table 2). Some have used traps
to examine seasonal and annual patterns of fruit
production over considerably larger areas (Table
2), often for studies on mammalian frugivores
(e.g., Smythe et al. 1982, Terborgh 1983).

Considerations

Once traps are in place, collection of fruits
requires little time and fruits are easily counted.
Further, if traps are checked frequently, biomass
estimates of fresh material can be calculated
(Terborgh 1983). Problems associated with sam-
pling different forest strata in tall lowland rain
forest make fruit traps useful in some instances.
For example, although the canopy is an area of
high fruit production in tropical forests (e.g.,
Foster 1982a), the great height of lowland forest
trees makes estimation of canopy fruit produc-
tion time consuming and difficult. Direct counts
of fruit from the ground are frequently impos-
sible; even if one ascends into the canopy only
a few trees can be surveyed effectively (Loiselle,
pers. obs.). Highland forests often have compar-
atively lower canopies than lowland forests, but

even here direct enumeration of canopy fruits is
difficult. Trees often are shrouded in clouds and
the lush growth of epiphytes obscures much of
the canopy.

As Terborgh and others have pointed out, fruit
fall traps measure “a residual quantity: total fruit
production minus amount eaten by arboreal fru-
givores, including insects” (Terborgh 1983). Fur-
ther, not all fruiting plants are equally well sam-
pled by fruit fall traps, as we discuss below. Thus,
fruit fall data are, at best, an indirect measure of
fruit abundance, not an estimate of what is di-
rectly available to arboreal frugivores. How pat-
terns of fruit fall reflect patterns of absolute fruit
abundance remain undetermined. If, for exam-
ple, ripe fruits remain on the plant for a long
time, they may all be eaten and never recorded
in traps, even though they might be an important
resource. Similarly, if trees ripen few fruits every
day, all fruits may be removed quickly (Howe
1984, Catterall 1985), again preventing collec-
tion of fruits in traps. Further, fruit traps can
overestimate seasonal variation in fruit produc-
tion because a larger proportion of ripe fruit is
eaten when fruits are scarce than when fruit is
abundant (see Terborgh 1983).

A major problem with fruit fall traps is that
the area being sampled is usually unknown. Con-
tributions may come from plants not located di-
rectly over a particular trap (e.g., Foster 1982a),
whose input is difficult or impossible to assess.
Similarly, total area of the traps usually is a small
fraction of the study area (Table 2). Unless the
number of traps is large, estimates of community
fruit production can be heavily biased by fruiting
of a few individuals. If one uses the data (e.g.,
biomass or number of fruits/trap or total trap
area) to extrapolate fruit production to a much
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larger total area (e.g., fruit production in kg/ha),
substantial errors may occur. Moreover, extrap-
olated estimates of fruit production will be in-
accurate if changes in sampling area occur and
are not accounted for. For example, Van Schaik
(1986) found that trap area decreased by about
10% in 2 years (about 8% in 1 year) as traps
sagged under the weight of water and litter.

Fruit fall traps do not provide comparable es-
timates of fruit abundance for all types of fruiting
plants; understory plants, especially small-seed-
ed shrubs and herbs, are under-represented. In
neotropical sites, where up to 98% of understory
plants produce animal-dispersed fruits, fruit
abundance in the understory may be an impor-
tant component of community-wide fruit pro-
duction, particularly for birds that rarely ascend
into the canopy. Fruit traps are more likely to
sample large-seeded, capsulate, and dry arillate
fruits. Small, juicy berries decay rapidly and may
become unrecognizable between visits to traps.
In such cases, fruits must be identified from seeds
remaining in traps and number of fruits must
then be estimated from seed counts. Frequent
checking also may be necessary if fruits or seeds
are removed from the traps by understory fru-
givores and granivores.

Some fruits, particularly those produced by
epiphytes, may not fall to the ground and thus
will not be sampled in traps. In highland wet
forests, fruit fall traps will provide poor estimates
of community-wide fruit production because
many fruits of both trees and epiphytes will be-
come lodged in thick vegetation. Underestima-
tion of epiphytic fruits may be a particular prob-
lem because epiphytes are important in highland
forests (Loiselle 1987; F. G. Stiles, pers. comm.).

Ifthe objective is to estimate community-wide
fruit production, placement of traps is important.
Most tropical forests support a large variety of
fruiting trees, but each trap will sample fruit from
only one or two. Consequently, a commensu-
rately large number of randomly placed traps is
needed to adequately sample a majority of species.
Alternatively, one may place traps on the basis
of some stratified design (e.g., based on habitat
or tree distribution patterns). If placed in suffi-
cient density, however, use of traps may become
time consuming, costly, and unsightly.

Habitats differ in fruit abundance and phe-
nology (Frankie et al. 1974, Opler et al. 1980,
Loiselle 1987); thus, extrapolation to a com-
munity level may not be warranted unless all
habitats are sampled. Unfortunately, habitats
such as treefall gaps and early second-growth,
which often are rich in fruits (Martin 1985a, Lo-
iselle 1987, Levey 1988), are difficult to sample
with traps because of the low, dense vegetation.
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Most studies using fruit fall data disregard
aborted fruits (which generally are not a resource
to frugivores, but are common in traps [Foster
1982a)). Fruit abortion can be high in tropical
trees (Stephenson 1981) and the contribution of
aborted fruits to fruit abundance measures de-
rived from traps should be discounted.

Studies directed at fruit production by a single
tree (Coates-Estrada and Estrada 1986) or species
(Howe 1977, 1980; Howe and Vande Kerckhove
1981) suffer from fewer of the sampling problems
mentioned above (e.g., area being sampled, input
from other species). Placement of traps, number
of traps, area sampled, and sampling frequency
all can be more specifically tailored to the ques-
tion being addressed, resulting in less sampling
error. However, fruit fall data still represent what
is not eaten (except perhaps for capsulate fruits).
Without information on rates of fruit removal
by frugivores, the total of, temporal variation in,
and spatial variation among trees in fruit pro-
duction may be harder to estimate.

AREA-BASED SAMPLES

Area-based surveys of tropical fruit produc-
tion have been employed by a number of re-
searchers, primarily to sample understory fruits.
Methods include those that sample fruits along
long transects, often following trails through a
study area (e.g., Wong 1986); and those that rely
on circular plots or quadrats situated throughout
the area (e.g., Denslow et al. 1986, Loiselle 1987).

Several researchers have sampled fruits along
linear transects. In one of the earliest studies that
simultaneously monitored fruit production and
bird abundance, Davis (1945) made observa-
tions at monthly intervals on the presence of fruit
growing on trees located within 3 m of a set trail
(Table 3), but did not count fruits. Hilty (1980)
indexed fruiting activity (0, 10, 50 or 100% of
crown area in fruit) of all plants (>3 m tall) with-
in 3 m of a 1000 m trail. He combined this index
with an estimate of total crown surface to provide
an index of total fruit production. Similarly, Wong
(1986) counted all ripe and unripe fruits (or es-
timated if > 1000 fruits) produced by understory
fruits along narrow paths that provided access to
mist nets (Table 3).

Location or placement of sample plots varies
with study objectives. We have used quadrats
placed parallel to mist nets to estimate local fruit
production in connection with bird studies (Lo-
iselle 1987, Levey 1988) and circular plots (Den-
slow et al. 1986) to sample fruits over a wider
area (Table 3). Our studies have focused on
understory shrubs, treelets, lianas, and epiphytes
(< 10-20 m above ground) and have not included
estimates of canopy fruit production. Leighton
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TABLE 3. SELECTED STUDIES USING AREA-BASED SAMPLES TO ESTIMATE FRUIT ABUNDANCE

1Setr:lg(i¥1 Study area Sample area Total sample % of study
(months) (ha) Count interval Sample no. (m?) (ha) area Count type* Reference
12 ? Im 100 12 0.12 ? index Levey 1988
12 2.5 I'm 50 12 0.06 2.4 index Levey 1988
5 46 1 wk 6 1 ha 6 13 p/a Gautier-Hion et al. 1981
5 43 1 wk 6 1 ha 6 14 p/a Gautier-Hion et al. 1981
24 300 Im 30 5000 15 5 count Leighton & Leighton 1983
12 300 Im 25 2500 6.25 2.1 count Leighton & Leighton 1983
17 ? Im 50 100 0.5 ? index Denslow et al. 1986
14 16 lm — - 1.320 4.1 count  Wong 1986
15 4.8 5-6 wk 60 25 0.15 3.1 count Loiselle 1987
15 4.8 5-6 wk 60 25 0.15 3.1 count Loiselle 1987
11 4.8 5-6 wk 60 25 0.15 31 count Loiselle 1987
4 8.6 5-6 wk 108 25 0.27 3.1 count Loiselle 1987
15 ? 2 wk 1¢ 3000 0.3 ? index Hilty 1980
16 40 Im 14 3100 0.31 0.77 p/a Davis 1945
16 40 Im 1e 2200 0.22 0.56 p/a Davis 1945

* Count type; see Table 1.

® 6.6 km of transects, 2 m wide.
¢ 1 km of transect, 3 m wide.
41021 m transect, 3 m wide.

¢ 750 m transect, 3 m wide.

and Leighton (1983) used much larger quadrats
to sample fruits produced by lianas, epiphytes,
and trees (>4 cm diameter) in Borneo (Table 3),
where fruiting plants are less abundant than in
the neotropics. Gautier-Hion et al. (1981) divid-
ed their area into subplots that were sampled on
the basis of use by monkey troops (see also Es-
trada and Coates-Estrada [1986]); unused plots
were not sampled while frequently used plots
could be sampled every week. A similar, focal
animal approach, could be adapted for bird stud-
ies.

Considerations

Once quadrats are delineated, it is easy to count
fruiting individuals and fruit crops on a regular
basis. Quadrat samples (and fruit traps) have the
advantage that both spatial and temporal vari-
ation in fruit production can be analyzed statis-
tically. Direct comparisons among studies are
facilitated as well, although such comparisons
necessarily assume that similar foliage strata and
life forms were sampled. As with fruit traps, care
must be taken in placement of quadrats or tran-
sects. Trailside studies are convenient, but
understory fruit production is likely to be over-
estimated if transects are placed along well es-
tablished trails because of the greater light avail-
ability along such trails. Since trails are not ran-
domly distributed, sampling along trails may not
produce an accurate assessment of community-
wide fruit abundance.

Quadrat size and number will depend on the
objectives and scale of study. Estimation of can-

opy fruits will require larger sample areas than
those needed to estimate fruit production of
understory shrubs and treelets. For accurate es-
timates of both canopy and understory fruits, the
best area-based method will probably include
some combination of large and small quadrats.

DISCUSSION

Quantifying fruits as a resource is not simply
a matter of sampling technique, because various
attributes influence whether a particular type of
fruit is suitable for a particular species or type
of bird (Denslow and Moermond 1985, Martin
1985b, Moermond and Denslow 1985). Ideally,
a fruit that is never used by a particular bird
species should not be included in estimates of
fruit available for that bird. From a practical
standpoint, this frequently is impossible to
achieve, as diets of many neotropical birds are
poorly known.

WHAT TO COUNT
Fruit quality

One of the first decisions is whether or not to
count unripe as well as ripe fruit. Birds prefer
ripe fruits (Moermond et al. 1986), but do feed
on unripe fruits, especially during times of fruit
scarcity (Foster 1977, pers. obs.). Counts of ripe
fruits alone may underestimate fruit production
if fruits are removed rapidly as they ripen (Howe
1984, Catterall 1985). Unripe fruits may provide
an estimate of future availability of fruits, par-
ticularly for species that ripen fruits relatively
synchronously (Bronstein and Hoffman 1987).
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In addition to ripeness, other factors relating
to fruit quality may influence fruit selection by
frugivores, including flavor (Sorensen 1981), lip-
id content (Leighton and Leighton 1983), and
sugar content of fruit (Levey 1987a).

Structural attributes

Fruit selection may be limited by a variety of
structural characteristics that interact with mor-
phological capabilities of frugivores to determine
the bounds of their diet (Janson 1983, Gautier-
Hion et al. 1985). Some fruits, especially those
enclosed in capsules, are available to few birds
(e.g., Leighton and Leighton 1983, Pratt and Stiles
1985) and are unavailable to other species.

Size of fruit also may limit types of fruit that
can be consumed (Moermond and Denslow 1985,
Wheelwright 1985). This is particularly true for
species that swallow fruits whole (e.g., Pipridae);
birds that can bite off pieces of fruit (e.g., many
Thraupinae) are less limited by fruit size (see also
Leighton and Leighton 1983, Foster 1987).

Location of fruits on a plant (e.g., close to a
perch, on the tip of a slender twig) can influence
choice (Denslow and Moermond 1982, Moer-
mond and Denslow 1983). Accessibility will in-
fluence the type of foraging maneuver needed to
obtain it and morphological constraints may de-
termine which fruits are accessible to a particular
specics of bird (Moermond et al. 1986).

The many factors that govern fruit selection
will determine its perceived abundance. Ideally,
fruit abundance should be weighted by its im-
portance to frugivores. This may be possible if
a specific species is being studied, but is difficult
for community studies. Information is available
on nutrient content of some tropical fruits, but
we know too little about the diets of most fru-
givores, particularly temporal and spatial vari-
ation, to determine which fruits to sample. Sim-
ilarly, too few tropical fruits have been analyzed
for energy and nutrient content for complete
community analyses. Particularly for commu-
nity studies, it seems best to sample as thor-
oughly as possible all fruits that are likely to be
eaten by birds. Over time, as more information
on diets of specific species becomes available,
analyses of bird-fruit interactions may be more
precisely addressed.

SAMPLING TECHNIQUE

When sampling fruits, one must decide wheth-
er to count all fruits or simply to use an index
of relative abundance. We favor direct counts
because they likely are more relevant to under-
standing bird populations. Relative indices of
fruit abundance are less likely to be useful for
comparative analyses. Quantitative samples of
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fruit abundance allow one to make direct, sta-
tistical comparisons among studics and to make
direct correlations with bird populations, either
in terms of fruit numbers, biomass, or nutrient
content. Direct counts of fruits allow later con-
version to a relative scale, but the reverse is not
true.

Direct counting of large numbers (i.¢., > 1000)
of fruits can be time consuming and often diffi-
cult. When direct counts are not possible, one
can count a subsample of fruits (e.g., on one in-
fructescence or branch) and then use those data
to estimate total fruit abundance (e.g., Worthing-
ton 1982). One must recognize, of course, that
such estimates always will involve some level of
error, often of unknown magnitude. However,
the increase in sample size allowed by the time
saved in counting may be substantial. “Knowing
that a particular fig bore 32,489 fruits in 1987 is
not as valuable as knowing that 10 of 100 trees
produced about 20,000 fruits each and the rest
produced none’ (N. T. Wheelwright, pers.
comm.).

Fruit abundance can either be represented in
terms of numbers of fruits or in terms of biomass.
The latter requires information on weights (in-
cluding pulp and seed weights) of all species of
fruits. Once such data are available, conversion
to biomass is easy if quantitative estimates of
fruit abundance (numbers) also are available. In
her study on reproductive ecology and food se-
lection by two species of manakins, Worthington
(1982) measured fresh and dry weight of fruit
pulp (minus seeds) and then converted counts of
fruit to biomass. Studies that include seed pred-
ators (e.g., parrots, many finches and sparrows,
pigeons, cracids) would need to modify biomass
measures accordingly.

Problems may arise on how to count some
fruits, particularly some unripe ones. For ex-
ample, for arillate fruits enclosed in capsules (e.g.,
Guttiferae, Malvaceae, Monimiaceae), does one
count the capsule as a single unripe fruit or as
some number of unripe fruits, dependent on the
average number of arillate fruits per capsule? We
favor the latter as birds consume fruits separately
once they are exposed. Aggregate, spike-like fruits
such as Piper typically are eaten piccemeal and
one could estimate the average number of ““bites”
available per fruit. Birds vary in amount taken
atone time, however, and we favor counting each
spike as a single fruit.

WHEN TO SAMPLE

If parallels are to be drawn between fruit and
frugivore cycles of abundance, it is necessary that
populations be sampled simultaneously. Some
studies of birds, for example, have relied on pat-
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terns of fruit abundance documented by other
researchers at other sites in other years. Because
site-to-site and year-to-year variation can be ap-
preciable, this practice may lead to invalid con-
clusions.

ACKNOWLEDGMENTS

This paper benefitted greatly from the comments of
S. Hermann, J. Jehl, T. Martin, K. Smith, J. Verner,
and N. Wheelwright. Our work at La Selva Biological
Station has benefitted from interactions with many

people: D. Brenes, D. A. Clark, D. B. Clark, A. Gomez,
R. Marquis, and O. Vargas know the fruits of La Selva
particularly well and helped us on numerous occasions.
We are grateful to Sr. J. A. Leon for his help in ar-
ranging permits, and the Servicio de Parques Naciona-
les de Costa Rica, especially Srs. F. Cortes S. and J.
Dobles Z., for permission to work in Parque Nacional
Braulio Carrillo. Financial support has been provided
by: National Geographic Society; Jessie Smith Noyes
Foundation; University of Wisconsin, Department of
Zoology; Douroucouli Foundation; and National Sci-
ence Foundation.



Studies in Avian Biology No. 13:80-90, 1990.

Quantification of Diets

APPROACHES TO AVIAN DIET ANALYSIS

KENNETH V. ROSENBERG AND ROBERT J. COOPER

Abstract. Direct examination of diets is greatly under-represented in studies of avian biology. Much
of our knowledge of food habits of North American birds is still based on the early survey work by
“‘economic ornithologists.”” Here, we review approaches and techniques of sampling and analysis. For
species that cannot be captured alive, collection of stomach or esophageal samples is necessary.
Potential biases associated with post-mortem digestion, time spent in nets or traps, and differential
passage of food through various parts of the gut are discussed. For species that can be captured alive,
flushing the digestive tract or forcing regurgitation with warm water is recommended over use of
emetics. Fecal samples and pellets, although more difficult to analyze, also provide accurate estimates
of diet. Diets of nestling birds may be sampled with neck ligatures, observed or photographed directly
at nests, or examined through the transparent skin of the neck. Aids for the identification of fragmented
food samples are discussed, including the use of reference collections, collaboration with specialists,
and the conversion of arthropod fragment sizes to total prey length, weight, and energy content. Diet
data may be presented as percent occurrence, frequency, volume, or weight, each with its own merits
and biases. We recommend presenting at least two kinds of results, as well as the raw data, on a per-
stomach basis whenever possible. Finally, we describe two under-used sources of diet information:
the U.S. Biological Survey stomach analysis card file at Patuxent Wildlife Research Center and the

unanalyzed stomach contents collection at Louisiana State University Museum of Natural Science.

Key Words:

Detailed knowledge of diets is critical to many
studies of avian biology and ecology. However,
direct measures of diets are rarely attempted.
The common use of indirect inferences about
diets, based on morphology (e.g., bill shape), be-
havior, or general food availability, has been
questioned in several empirical studies (e.g., Ro-
tenberry 1980a, Rosenberg et al. 1982). The ex-
tent to which variation in foraging behavior re-
sults in differences in diet (cf. MacArthur 1958,
Cody 1974) also remains largely untested. Most
recent, frequently cited studies of avian foraging
guilds or communities (e.g., Rabenold 1978,
Eckhardt 1979, Holmes et al. 1979b, Noon 1981a,
Sabo and Holmes 1983, Mountainspring and
Scott 1985, Remsen 1985) provide no quanti-
tative measure of local diets, although most make
conclusions regarding resource partitioning, op-
timal foraging, or interspecific competition (for
exceptions, see Rotenberry 1980a, Rosenberg et
al. 1982, Robinson and Holmes 1982, Sherry
1984). Because we lack clear understanding of
the connections between foraging site-selection,
food availability, and diet, any assumptions made
without further empirical study may be unwar-
ranted.

In a recent symposium on neotropical mi-
grants (Keast and Morton 1980), 15 papers spe-
cifically discuss foraging ecology; yet, in only three
were diets of individual species described to any
extent, and only one study (Morton 1980) pro-
vided quantitative data on local diets. In this
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volume, only one paper (Cooper et al.) specifi-
cally addresses the determination of avian diets
or provides diet data relevant to the study. In a
sample of roughly 200 papers on avian food hab-
its compiled from major ornithological journals
since 1960, 68 (34%) concern only waterbirds,
70 (35%) are on raptors, and 13 (7%) deal with
gamebirds. Finally, of the 50 papers (25% of to-
tal) concerning nongame landbirds, 30 were sin-
gle-species studies, most from single localities,
leaving only a handful that may be useful to com-
munity ecologists, ecomorphologists, or other
comparative biologists. To date, the only source
of diet information for most North American
bird species remains the survey data of F. E. L.
Beal and W. L. McAtee, summarized in Bent’s
Life history series, and Martin et al. (1951a).
Wheelright’s (1986) analysis of the American
Robin (Turdus migratorius), is the only modern
study of geographic or seasonal variation in diet
in any North American bird.

Why, then, are avian diets so neglected? We
think the reasons are more methodological than
philosophical: (1) the variety of alternative ap-
proaches and options is not generally appreci-
ated; (2) researchers fear the detail and lack the
technical expertise required by the fragmented
nature of most diet samples; and (3) data on diets
are initially collected, but samples are either not
analyzed or the results are not subsequently pub-
lished. We know the latter to be true in several
studies cited above. To the extent that reasons
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(1) and (2) are true, we offer this review in the
hope of alleviating such fears and stimulating
further study.

Our goal is not to provide a handbook of tech-
niques, but rather to lead the reader to appro-
priate references and provide examples in which
each technique has either succeeded or failed.
Our biases reflect our own work (primarily with
stomach analysis) on temperate and neotropical
insectivorous birds, although we have attempted
to broaden the scope of our review.

SAMPLING TECHNIQUES

The first major review of avian dietary as-
sessment by Hartley (1948) still applies to most
modern studies. Hyslop’s (1980) review of meth-
ods for analyzing stomach contents of fishes dis-
cusses many topics relevant to avian studies and
may serve as a basic reference in any dietary
investigation. Duffy and Jackson (1986) offer the
most recent discussion of sampling and analyt-
ical considerations for studies of seabird diets,
and most of their discussion applies equally well
to terrestrial birds. Ford et al. (1982) review
modern, nondestructive methods of sampling gut
contents. Other useful discussions of general
sampling considerations may be found in New-
ton (1967), Swanson and Bartonek (1970), and
Rundle (1982).

Stomach contents

The most common method of avian diet sam-
pling is direct examination of gut contents. Its
primary advantages are (1) adequate samples can
usually be obtained relatively easily, and (2) the
full contents of a bird’s gut are obtained. Dis-
advantages include the need to kill birds, and the
many biases associated with stomach fullness,
differential digestion rates, identification of frag-
mented food items, and presentation of results.
These biases, however, are common to all tech-
niques involving gut samples, whether or not the
bird is sacrificed.

The techniques used to obtain and analyze gut
contents today are similar to those first devised
by early researchers attempting to determine the
economic importance of North American birds
(e.g., MacAtee 1912, 1933). The first consider-
ation is the method and design of specimen col-
lecting. Ideally, only actively foraging individu-
als will be sampled, controlling for habitat
heterogeneity, season, time of day, and the like.
These factors are most easily controlled by shoot-
ing, and many species (e.g., in the forest canopy
or very open habitats) can be sampled only in
this way. Duffy and Jackson (1986) criticized the
random shooting of birds at sea that may be
travelling long distances between foraging sites
and thus may have empty or mostly digested gut

contents. This problem applies to any species
that forages only intermittently at specific sites,
including some blackbirds (Gartshore et al. 1979)
and shorebirds (Rundle 1982), but probably not
to most small landbirds that feed more or less
continuously.

Mist-netting or trapping may introduce addi-
tional biases. For example, birds caught in nets
may not be assignable to a specific habitat or
foraging zone (i.e., they may be transients in the
area of capture), and age and sex classes may not
be sampled equivalently. In addition, birds held
alive in nets or holding cages for varying periods
of time continue to digest their food and may
increase the bias associated with differential di-
gestibility of food items (discussed below).

Sample sizes necessary for any particular study
may be difficult to determine a priori, because
they depend to a large extent on the variability
in diet among individuals. Assessing the ade-
quacy of collected samples is discussed by Sherry
(1984), based on the methods of Hurtubia (1973).
In general, a cumulative plot of diet composition
may be constructed by adding the diets of suc-
cessive individuals until an asymptote is at-
tained. This point represents the number of
stomachs beyond which little additional infor-
mation about diet composition is obtained. In
several studies, 10 or fewer stomachs were ad-
equate for assessing species-specific diets at par-
ticular sites within a collecting period (Wiens and
Rotenberry 1979; Rosenberg et al. 1982; Sherry
1984; Rosenberg and Cooper, unpubl. data).
Larger samples may be necessary for studies of
individual, temporal, or geographical variation
in diet within species. Sample sizes also influence
later statistical procedures, as discussed by Duffy
and Jackson (1986); for example, parametric tests
usually require larger samples than do nonpara-
metric tests.

Differential digestion rates of dietary items im-
pose the largest potential bias in any study of gut
contents and may influence every phase of the
study. Koersveld (1950) showed that post-mor-
tem digestion may occur in birds. However, the
disappearance of food in birds left at 21°C for 3
days hardly approximates potential problems en-
countered under normal field conditions. Some
researchers have injected formalin (usually 1.0
ccat 10% strength) into the stomach immediately
upon death to stop digestion. Dillery (1965) com-
pared 80 stomachs of Savannah Sparrows (Pas-
serculus sandwichensis) injected with formalin
with 47 (presumably) uninjected samples from
the U.S. Fish and Wildlife Service files. More
individual arthropods were identifiable in the in-
jected stomachs (13.75/bird vs. 5.13). In addi-
tion, soft-bodied Homoptera (e.g., aphids) were
under-represented in the uninjected samples (9%
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vs. 30% of all items), whereas larval Lepidoptera
were over-represented (13% vs. 4%).

Sherry (1984) found an average of 15-30 iden-
tifiable arthropods/stomach in a variety of neo-
tropical flycatchers (Tyrannidae). Although these
stomachs were not injected with formalin, they
were removed immediately and placed in 70%
ethanol. An average of 10-13 arthropods/stom-
ach was identified in two species of flycatcher
(Empidonax spp.) in Louisiana (Rosenberg and
E. Robinson, unpubl. data). No attempt was made
to stop post-mortem digestion; specimens were
usually frozen within 1-2 hours after collection
and stomachs were removed to 70% ethanol at
the time of specimen preparation. Under similar
conditions (but without freezing), an average of
11-14 arthropods/stomach was identifiable in two
species of antbird (Myrmotherula spp.), and 8-
14/stomach in two woodcreepers (Xiphorhyn-
chus spp.; Rosenberg and A. Chapman, unpubl.
data). Clearly, the necessity for and consequences
of not injecting bird stomachs with formalin re-
quires further study.

Differential digestion rates can also bias a sam-
ple before a bird is collected. Experiments with
bird digestion (Stevenson 1933) showed that wild
birds varied greatly in the fullness of their stom-
achs, and that juveniles of several species con-
tained more food than adults. Stevenson (1933)
also determined the time of passage through a
bird’s gut to average 2.5 hr for a variety of foods
including insects, seeds, and fruit pulp. Other
studies report much shorter digestion times, with
an extreme rate of disappearance of 5 min in the
Savannah Sparrow (Dillery 1965). Swanson and
Bartonek (1970) found that soft-bodied insects
may be gone from gizzards within 5 min, whereas
hard seeds may persist for several days. These
conflicting results are discussed by Custer and
Pitelka (1974), who also provide correction fac-
tors for differential digestion rates in the Snow
Bunting (Plectrophenax nivalis). Similar correc-
tions were made by Coleman (1974) after deter-
mining what percentage of various foods per-
sisted in European Starling (Sturnus vulgaris)
gizzards after 2 hr. A method for determining
correction factors for insectivorous birds is given
by Mook and Marshall (1965). Following those
methods, Cooper (unpubl. data) found that sec-
ond and third instar gypsy moth (Lymantria dis-
par) larvae were completely digested in less than
half the time it took birds to digest fourth and
fifth instars. In addition, specialized seed dis-
persers were shown to have higher gut-passage
rates than nonfrugivores of equal body weight
(Herrera 1984b). In short, the potential biases
associated with rates of digestion are poorly
understood and point to a continued need for
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innovative experimentation with live birds (see
also Gartshore et al. 1979, Rundle 1982).

The extent to which stomachs from mist-net-
ted birds may differ from those of shot individ-
uals was addressed for two groups of neotropical
species (Rosenberg and A. Chapman, unpubl.
data). Among two species of antwren (Myrmoth-
erula spp.) and two woodcreepers (Xiphorhyn-
chus spp.), the number of identifiable arthropods
in shot vs. netted samples was similar (12 vs. 9
and 10 vs. 9, respectively), as was the total num-
ber of arthropod orders represented. In the ant-
wrens, more beetles and fewer orthopterans were
evident in shot samples of M. leucophthalma,
whereas the opposite was true in M. haemato-
nota. In the woodcreepers, beetles and orthop-
terans were more prevalent in the netted samples
of both species, spiders were proportionally more
evident in shot X. spixii but not in X. guttatus,
and Lepidopteran larvae were much more com-
mon in shot individuals of both. Thus, these pre-
liminary results do not clearly indicate a consis-
tent bias in netted vs. shot samples, and any
potential biases can be lessened by minimizing
the time that a bird remains alive in the net.

In species with a well-developed crop, the crop
contents are thought to be the most unbiased
representation of a bird’s diet (Hartley 1948). In
larger birds, esophageal contents can be com-
pared with stomach contents (e.g., Goss-Custard
1969, Swanson and Bartonek 1970), with the
former usually considered preferable. Rundle
(1982) argued strongly in favor of esophageal
analysis for studies of shorebird diets, providing
examples of marked differences from analyses of
gizzard contents alone. Although in most small
passerines the esophagus is usually empty and
cannot be used to calibrate stomach contents
(Custer and Pitelka 1974), careful attention to
collecting only actively feeding birds may ensure
full gullets. For example, Gartshore et al. (1979)
found that most foods persisted for up to 20 min
in the gullets of Red-winged Blackbirds (Agelaius
phoeniceus) feeding under natural conditions. In
addition, the gullets of many granivorous species
often contain large samples of seeds recently eat-
en (Newton 1967, Payne 1980, Zann et al. 1974).

In most studies, gut contents are preserved in
either formalin or alcohol. In general, formalin
is better for preserving flesh (including the stom-
ach itself), but may disolve bone or distort insect
or vegetation parts (Duffy and Jackson 1986).
Ethyl alcohol (70 to 95%) is preferred by ento-
mologists (Borror et al. 1981) and is probably
adequate for most studies of insectivorous birds.
Well-preserved gut contents may be stored for
long periods. Giuntoli and Mewaldt (1978) suc-
cessfully examined stomachs of Clark’s Nut-
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crackers (Nucifraga columbiana) after storage in
formalin for up to 15 years. Thus, samples may
be accumulated and stored at central deposito-
ries, as discussed below.

Forced regurgitation and flushing

In many cases collecting birds for stomach
analysis may be undesirable because of harm to
local populations, ethical considerations, or in-
ability to obtain permits. Several approaches al-
low partial sampling of gut contents via regur-
gitation or otherwise flushing the digestive tract
of live birds. These vary in efficiency and in their
effects on individual birds. The various biases
associated with differential digestion and sam-
pling concerns, discussed for stomach contents,
are equally applicable to any technique involving
partially digested or fragmented food samples.

The most common method of forced regur-
gitation uses chemical emetics. Antimony po-
tassium tartrate (tartar emetic) seems to be the
most widely used (Prys-Jones et al. 1974, Zach
and Falls 1976a, Robinson and Holmes 1982,
Gavett and Wakeley 1986), performing best in
comparative trials (Lederer and Crane 1978).
Dosages vary but are usually administered orally
via a syringe and flexible plastic tubing coated
with vaseline. Tomback (1975) found thata 1.5%
tartar emetic solution rather than a 1% solution
shortened the response period of several species
from about 25 min to an average of 10 min,
without harming the birds. Other researchers
(Prys-Jones et al. 1974, Zach and Falls 1976a,
Robinson and Holmes 1982) observed that most
insectivores regurgitated samples within 2-3 min
using 1% solution. Prys-Jones et al. (1974) found
that only 50-64% of the granivores fed tartar
emetic regurgitated samples, hypothesizing that
more muscular gizzards act as a barrier to re-
gurgitation.

Biases associated with emetics have been ex-
amined in several studies. Using captive Oven-
birds (Seiurus aurocapillus), Zach and Falls
(1976a) found that the action of tartar emetic
was independent of the type of prey eaten. Al-
though regurgitation occurred in almost all birds
tested, it was not always complete. Thus, no
qualitative bias was found, but the material re-
gurgitated did not reflect the quantity of food in
the stomach. Gavett and Wakeley (1986) tested
the efficiency of emetics in House Sparrows (Pas-
ser domesticus) by collecting stomachs from a
subset of the sampled birds. An average of 58%
of the total contents of each stomach was ob-
tained by regurgitation. Although food categories
were missing from individual stomachs, the
overall emetic sample gave an accurate repre-
sentation of the total diet in this species.

Mortality caused by emetics can be high and
may depend on the species involved, dosage, and
stressful effects such as handling. Zach and Falls
(1976a) observed 50% mortality in newly caught
Ovenbirds fed emetics, and 12.5% mortality in
individuals already acclimated to captivity. Suc-
cessive applications of emetic within a relatively
short time invariably resulted in death. Lederer
and Crane (1978) observed 20% mortality in wild-
caught House Sparrows. Although Prys-Jones et
al. (1974) found no difference in survival be-
tween treated and control House Sparrows, in-
dividuals that regurgitated were more likely to
be sighted later than those that did not regurgi-
tate. Emetics also were tried unsuccessfully on
Australian honeyeaters (Ford et al. 1982) and
various seed-eating species (Zann et al. 1984); in
these studies no gut samples were obtained and
mortality was often high.

Forced regurgitation also has been used with-
out emetics. Lukewarm water is pumped directly
into the stomach using a syringe and thin plastic
tube until the stomach and esophageal contents
are regurgitated. Brensing (1977) sampled over
2100 migrant passerines of 35 species and re-
ported no loss of weight in birds recaptured after
sampling. This technique was also used success-
fully on 157 Australian passerines (Ford et al.
1982) and on many species of small passerines
on migration along the Louisiana Gulf Coast
(Franz Bairlein, pers. comm.), with virtually no
mortality. Ford et al. (1982) successfully ob-
tained some gut contents from all individuals
sampled (13 needed to be flushed twice) and re-
ported equal rates of recapture or resighting of
flushed and nonflushed birds.

A variation is flushing the entire digestive tract
with warm saline solution (Moody 1970), which
was used by Laursen (1978) to study migrant
passerines in Europe. Of 396 birds sampled, 14
(3.6%) died during flushing; comparison of the
remaining stomach contents with the flushed
samples in these individualsindicated an average
efficiency of 52%. Jordano and Herrera (1981)
used this technique to document the frugivorous
diet of the Blackcap (Sy/via atricapillus) in Spain.
The use of stomach pumps is recommended by
Duffy and Jackson (1986) for studies of seabirds
and is discussed in relation to dietary studies of
fish by Hyslop (1980). Apparently, the efficiency
of this technique decreases with the size of the
animal sampled. Overall, stomach pumping and
flushing hold great promise for many studies and
would seem highly preferable to the use of emet-
ics.

Several similar techniques were developed
specifically for use on seed-eating birds. Payne
(1980) inserted a plastic tube into the crops of
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Red-billed Firefinches (Lagonosticta senegala)
and sucked small seeds into the tube, rather than
flushing them out with water. He also found that
the crop contents of nestlings could be observed
directly through the translucent skin of the neck.
Newton (1967) successfully used this technique
for nestlings and some adults of several British
finch species and was able to distinguish some
invertebrate foods as well as seeds. Alternatively,
the crop can be manipulated to facilitate seed
removal (Zann et al. 1984). Samples obtained in
this way compared well with total crop contents
of collected birds and had no noticeable effect
on mortality or recapture rates.

Fecal samples

Fecal samples may be collected from any
species that can be captured alive, and such sam-
pling can be integrated easily into any study that
uses mist nets. Furthermore, droppings may be
collected year-round from birds of any age or
any reproductive state, and repeated sampling
from known individuals is possible (see Ralph
et al. 1985, for details). This or similar tech-
niques have been used successfully in studies of
flycatchers (Davies 1977b), wagtails (Davies
1976, 1977a), aerial insectivores (Bryant 1973,
Waugh 1979, Waugh and Hails 1983), magpies
(Tatner 1983), dippers (Ormerod 1985), and
Hawaiian passerines (Ralph et al. 1985). Large
numbers of samples also can be obtained at com-
munal roosts, at feeding sites, and under nests.

A drawback of fecal analysis is the necessarily
fragmented and highly digested state of the sam-
ples. For this reason, biases related to differential
digestibility and rates of passage may be more
serious than for stomach or crop samples. Never-
theless, a close correspondence between fecal and
stomach samples has been shown, and the range
of food items encountered by Ralph et al. (1985)
did not reflect a bias against small or soft-bodied
prey items.

Ligatures

Food brought by adults to nestlings can be
assessed by placing constrictive ligatures around
the nestlings’ necks to prevent their swallowing.
Ligatures can be made of copper wire (Johnson
etal. 1980, Johnson and Best 1982), plastic-coat-
ed wire (Owen 1956), metal bands (Kluyver
1961), pipe cleaners (Orians 1966, Willson 1966,
Moore 1983), or thread (Pinkowski 1978, Bryant
and Westerterp 1983). Detailed diagrams and
description of ligature application appear in
Johnson et al. (1980).

An advantage of ligatures is that arthropod
prey are usually kept intact, so that problems of
extreme fragmentation and differential digest-
ibility associated with other methods are mini-
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mized. Also, repeated samples can be obtained
from individual nestlings.

Ligatures also have problems. Few data are
collected per unit time compared with stomach
contents analysis. If coupled with direct obser-
vation the technique becomes more costly. Al-
though nestlings are disturbed temporarily, feed-
ing behavior and even survival can be affected.
Orians (1966) and Willson (1966) found that pipe
cleaners caused some mortality of nestling Yel-
low-headed Blackbirds (Xanthocephalus xantho-
cephalus) less than 3 days old. Johnson et al.
(1980), however, successfully used light wire lig-
atures on nestling Gray Catbirds (Dumatella car-
olinensis) as young as 2 hours old. Young Black-
capped Chickadees (Parus atricapillus) would not
gape for food when wearing metal collars (Kluy-
ver 1961). Handling older nestlings may cause
them to leave the nest prematurely (Johnson and
Best 1982). If feeding behavior is affected differ-
entially among species, then between-species
comparisons may be biased (Orians and Horn
1969). Another problem is that adult birds may
remove prey from the nestlings’ mouths and eat
it (Robertson 1973). Disgorging of food can be
a problem as well (Orians 1966, Johnson et al.
1980). Also, the technique can be biased against
smaller food items, which may slip past the lig-
atures (Orians 1966, Walsh 1978).

Many biases associated with ligatures were
quantitatively assessed by Johnson et al. (1980),
who found that ligatured nestling catbirds gaped
less intensely, gasped and disgorged food more
often, and were fed less often than nestlings with-
out ligatures. More food was removed by parents
ofligatured nestlings than by those of unligatured
nestlings. Johnson et al. also observed that, be-
cause of disgorging of food and weaker gaping,
the average volume of food collected per liga-
tured nestling was much less than that delivered
per unligatured nestling. Larger food items were
disgorged more readily, so estimates of prey size
eaten were also biased. Only dietary composition
(taxonomic) was unaffected, although given the
above problems, that should also be examined
more thoroughly. They recommended directly
observing collared nestlings from a blind and
immediately collecting prey after each parental
visit.

Moore (1983) examined some of the same
sources of error in a study of nestling European
Starlings, and concluded that the procedure
yielded reliable estimates of diet. Also, Knapton
(1980) compared the food removed from liga-
tured, nestling Brown-headed Cowbirds (Mol-
othrus ater) with the food delivered by adult Clay-
colored Sparrows (Spizella pallida), which were
recorded on film, and found little difference. Per-
haps these biases are species-specific. Neverthe-
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less, we recommend that ligatures not be used
alone, and that possible biases be assessed and
corrected by simultaneously using direct obser-
vation, photography, or video recording.

Pellets

Raptors periodically regurgitate pellets of non-
digestible matter (hair, bone, feathers, sclero-
tized insect parts), which can be collected at nest
or roost sites and frozen for analysis at a later
date (Errington 1930, 1932). After drying, pellets
are picked apart and sorted by hand, until all
identifiable prey parts are accounted for. Pellets
may be soaked in water (Short and Drew 1962,
but see Holt et al. 1987) or boiled in NaOH
solution (Schueler 1972, Longland 1985) to fa-
cilitate separation of bone from other matter.

Major advantages of this method are simplic-
ity and accuracy without handling or otherwise
disturbing birds. Pellet analysis has been facili-
tated by published dichotomous keys to skulls,
dentition (e.g., Driver 1949), and hair (e.g., Ma-
thiak 1938, Williams 1938) of mammalian prey
commonly found in pellets. Techniques for dif-
ferentiating pellets of some species have also been
developed (Holt et al. 1987), although more work
is needed in this area. Some potential biases are
associated with this method, however. First, dif-
ferent raptors eat and digest bone to different
degrees. Owls swallow entire many small- and
medium-sized prey. Larger prey are torn apart
and consumed. Hawks often pluck feathers and
fur away before tearing off and swallowing small
parts of their prey. They also digest bone more
readily than owls do (Craighead and Craighead
1956). Thus, a greater amount of bone is found
in owl than in hawk pellets, making dietary com-
parisons between these groups difficult. For ex-
ample, Craighead and Craighead (1956) found
that approximately 69% of the rodents fed to a
captive Northern Harrier (Circus cyaneus) were
evident in pellets, whereas nearly 100% were
found in Short-eared Owl (A4sio flammeus) pel-
lets.

Second, a single prey item, especially if large,
may be represented in more than one pellet and
may be egested at more than one location (Craig-
head and Craighead 1956, Smith and Richmond
1972, Lowe 1980). Short and Drew (1962) found
that 100 g or more of mice consumed overnight
often produced two or more pellets. Leg bands
and stained bones of rodents fed to captive Tawny
Owls (Strix aluco) were retained for up to two
days (Lowe 1980). Smith and Richmond (1972)
induced pellet egestion by allowing a captive
Common Barn Owl (Tyto alba) to see a live ro-
dent. They determined that pellets are not egest-
ed at a fixed interval after taking a meal; rather,
the interval depends in part upon the quantity

of food consumed, time of feeding, and avail-
ability of a subsequent meal. Individual pellets
should, therefore, not be treated as the sampling
unit. Instead, all pellets collected in a particular
location or several locations for a particular bird
during a specified time interval should be the
sampling unit (e.g., Marti 1974, Lowe 1980).

Third, remains of some animals survive the
pellet-forming process better than others. In a
study of captive Short-eared Owls, Short and
Drew (1962) found that Microtus formed pellets
that held together better than Peromyscus; only
25% of Peromyscus found in pellets had the prop-
er proportions of skulls, innominates, and man-
dibles present. Lowe (1980) was unable to ac-
count for 21% of the rodents fed to Tawny Owls.
The percentage varied with season and age of
prey. The problem is likely to be more acute for
falcons and accipiters, which often eat large per-
centages of arthropods (e.g., Smith et al. 1972)
and birds (e.g., Cavé 1968).

Little research has been done comparing pellet
analysis and other methods of diet analysis of
non-captive raptors. Smith et al. (1972) found
that not all prey fed to nestling kestrels was rep-
resented in pellets. Collopy (1983), who com-
pared pellet analysis and remains in nests with
direct observation of prey brought to Golden Ea-
gle (Aquila chrysaetos) nestlings, found little dif-
ference between the two methods in estimated
prey species composition, either by percent fre-
quency or percent biomass. However, collections
of pellets and remains consistently underesti-
mated daily capture rates. He suggested, and we
agree, that direct observation, which is costly and
potentially disruptive to nesting birds, be used
periodically to correct for prey biomass unac-
counted for in collections.

The fact that pellets of different raptor species
are not equally satisfactory for analysis does not
alter the fact that they provide useful data. Anal-
ysis of a sufficient number of pellets will probably
show feeding trends with less expense and dis-
turbance to birds than any other method.

Direct observation

We can study the diets of many species by
direct observation to obtain information on con-
sumption rates, food handling, and diet selectiv-
ity not detectable from gut contents alone. These
studies are easiest for frugivores and nectari-
vores, for which we can identify the species of
food plant, or at least describe the size, shape,
and color of the fruit or flowers (e.g., Leck 1971,
Snow 1981, Moermond and Denslow 1985, Stiles
1985c). Direct observations may not elucidate
the proportions of animal foods in the diets of
these species, however. For example, the high
frequency of arthropods evident in the stomachs
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of most hummingbirds (Remsen et al. 1986) was
not apparent from observations of visitation to
various flowers.

Price (1987) observed the seeds eaten by Dar-
win’s Finches (Geospiza spp.) and successfully
related diet selection to individual morphology
and varying ecological conditions. Newton (1967)
reported that the foods of cardueline finches that
fed above the ground on the seedheads of various
plants could be easily quantified, whereas direct
observation of the seeds eaten by ground-for-
agers was not possible.

For insectivorous birds, identification of prey
items in the field is much more difficult. Whereas
large or common prey may be easy to distinguish,
many inconspicuous foods will be overlooked,
and such observations by themselves may be
highly biased (e.g., Rundle 1982). For example,
using direct observation, Cooper (unpubl.) con-
cluded that Scarlet Tanagers (Piranga olivacea)
preyed almost exclusively on larval and adult
Lepidoptera, but stomach contents showed that
Lepidoptera comprised only 20-40% of the diet
of adult birds. Robinson and Holmes (1982) sup-
plemented gut samples (using emetics) with di-
rect observations of prey captures for 11 species
of forest insectivores. Prey were identifiable in
from 1.1% (Least Flycatcher, Empidonax min-
imus) to 37.9% (Solitary Vireo, Vireo solitarius)
of the observed foraging maneuvers. Prey size
often may be estimated, even when prey type is
unknown, by comparison with bill or head length,
although this method has several biases (Bryan
1985, Goss-Custard et al. 1987).

Observations also may be made at nests to
determine nestling diets, feeding rates, and other
aspects of parental behavior. This technique is
most often used for large species such as raptors
(e.g., Collopy 1983) but has also been used suc-
cessfully for passerines (Tinbergen 1960, Sealy
1980, Biermann and Sealy 1982). These obser-
vations are often greatly facilitated by the use of
blinds, high-powered telescopes, or photogra-
phy.

Photography

Various photographic devices have been used
to record prey brought to nests. A major advan-
tage is that film can be reviewed later, often
allowing identification of prey type and size.
Probably the most popular apparatus is the 8-
or 16-mm movie camera fitted to a nestbox
(Royama 1959). Upon entering the nestbox, adult
birds trip a switch and a single-frame picture is
taken of the bird’s head and bill contents. Often
a watch and metric ruler are fastened next to the
entrance hole, so that the time of feeding and
prey size can be determined (Royama 1970,
Dabhlsten and Copper 1979, Minot 1981). A ma-
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jor advantage is that an observer need not be
present, because movie cameras may be operated
automatically by a car battery. Because cameras
are expensive, the number of nests to be pho-
tographed will usually exceed the number of
cameras available. This problem can be circum-
vented by designing nestboxes so that the camera
can be fitted to each one (Royama 1970), or by
moving nests to a special box fitted with a camera
(Dahlsten and Copper 1979).

Video recorders and 35-mm cameras fitted with
telephoto lenses have been used to record prey
brought to nestlings of open-nesting species.
Knapton (1980) and Meunier and Bedard (1984)
placed a stick next to the nest where the adults
perched to feed young and were easily photo-
graphed. A disadvantage of hand-operated cam-
eras is that an observer must be present, usually
in a nearby blind, and must also be a skilled
photographer. Video recorders will probably be
used with increasing frequency in diet studies,
because they record continuously.

DIET ANALYSIS

Diet analysis generally consists of (1) sorting
and identifying food items and (2) presenting the
results in terms of occurrence, frequency, volu-
metric, or gravimetric measures (reviewed by
Hartley 1948, Hyslop 1980, and Duffy and Jack-
son 1986). Most researchers recognize the need
for presenting diet data in more than one form
to minimize biased interpretations (e.g., Otvos
and Stark 1985).

Sorting and identification

Little literature exists for sorting and identi-
fying fragmented gut contents, and methods are
rarely published in enough detail to be useful to
others (but see Calver and Wooller 1982). In
general, contents are examined under a dissecting
microscope, preferably one with variable power
(up to 30 x) and fitted with an ocular micrometer.
The procedure is more or less a game of matching
similar parts and determining the minimum
number of prey ingested by counting heads, man-
dibles, wings, legs, or other parts of known num-
ber in the intact state. Seeds are often encoun-
tered whole; however, other vegetative matter
(e.g., fruit pulp) usually occurs in a form that
prevents the enumeration of individual foods.
The amount of grit present in a sample may be
determined by ‘“‘ashing” the contents at ex-
tremely high temperature (540°F), after identi-
fication and weighing (Shoemaker and Rogers
1980).

The ability to detect the full range of dietary
items present rests on learning the specific parts,
however tiny, that survive digestion. We believe
such clues exist for virtually every type of solid
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food a bird may eat. Ralph et al. (1985) and
Tatner (1983) listed commonly encountered
fragments representing a variety of arthropod
taxa, accompanied by photographs or sketches
of the most distinctive parts. Diagnostic struc-
tures, at least to the familial level, appear to be
remarkably invariate across diverse geographic
regions. Accordingly, we found these lists from
Hawaiian Islands and Great Britain valuable in
identifying stomach samples from the south-
eastern United States and Amazonian rainfor-
ests.

The identification of arthropods and seeds is
greatly facilitated by a reference collection of in-
tact food items and of fragmented parts (e.g.,
mandibles, spider fangs) taken from known, in-
tact specimens and mounted on clear microscope
slides for easy comparison. Such reference col-
lections permit determination of original size or
weight of ingested foods from identified frag-
ments. Calver and Wooller (1982) provided de-
tailed equations for estimating total length from
the size of diagnostic parts (e.g., head width, ely-
tra length) for various families of Diptera, Co-
leoptera, and Hymenoptera.

Collaboration with entomologists or botanists
is also recommended, although even experts may
not be familiar with fragmented specimens. In
addition, a technician without formal entomo-
logical or botanical background may be easily
trained to recognize and sort diagnostic parts in
fragmented samples (Ralph et al. 1985, Rosen-
berg pers. obs.). A primer on entomological terms
commonly encountered in analysis of bird diets
is offered by Calver and Wooller (1982).

In most studies, arthropod remains are iden-
tified only to family (sometimes only to order).
Levels of prey identification affect the subse-
quent categories used in dietary comparisons, as
discussed by Greene and Jaksic (1983) and Coo-
per et al. (this volume). In general, more inclusive
categories tend to overemphasize the similarities
among samples and underestimate diet diversi-
ties. Rotenberry (1980a) used the criterion that
any taxonomic category represented in at least
5% of his samples would be included in further
analyses, with rare taxa not meeting this criterion
lumped into the next-most-inclusive category.
Prey categories may be combined on the basis
of ecological characteristics (e.g., phytophagous
or predaceous; Robinson and Holmes 1982), or
according to their modes of escape (e.g., flying,
Jumping, hiding), activity patterns and typical
locations (Cooper et al., this volume), or, in the
terminology of early diet researchers (e.g.,
MacAtee 1912), “harmful” vs. “beneficial.”
Sherry (1984) combined all morphologically
identical specimens in his diet samples into
“morphospecies” that were assumed to be en-

countered in patches by the foraging birds.
Knowledge of the natural history of the arthro-
pod (and plant) foods, as well as of the birds, will
aid in the meaningful assighment of diet cate-
gories.

Percent occurrence

Occurrence usually refers to the number of
samples in which a particular food type appears,
although it is sometimes used as a synonym of
frequency. Percent occurrence is the simplest and
crudest measure of diet. Its primary advantage
is that virtually all food types can be counted,
even ifindividual items ingested cannot be quan-
tified. For example, the presence of certain fruits
or wing scales of adult lepidopterans may be de-
tected by a distinctive color, and their occurrence
is therefore easily determined. Hyslop (1980)
discussed the application of subjective domi-
nance rankings that allow the addition of relative
importance values to occurrence measures. In
general, species-level comparisons using percent
occurrence tend to emphasize similarities among
samples, whereas frequency and volume esti-
mates tend to emphasize differences (Hartley
1948).

Frequency

Frequency is usually applied to the enumera-
tion of individual food items. Ideally, the original
diet can be “‘reconstructed” from these identified
parts; however, some food types, such as fruit or
green vegetation, do not occur in a form that can
be counted. Individual samples are often pooled
to create a single sample for a particular species,
season, or geographic region. In these, the dif-
ferences between frequency and occurrence mea-
sures depend on the patchiness of the foods en-
countered in nature and, therefore, in the
individual diets (Hartley 1948). If the individual
samples are considered separately, however, the
average frequency per sample with its associated
variance would reflect this patchiness. Sherry
(1984) discussed the determination of patchiness
of food items and its use as an independent char-
acteristic of a species’ diet and contrasted the use
of pooled vs. individual samples in dietary anal-
yses. In general, we recommend the use of per-
sample measures to express frequencies or vol-
ume estimates.

The biases associated with differential diges-
tion or passage through the gut are reflected in
the differences between frequency and bulk (e.g.,
volumetric) estimates of diet (Hartley 1948, Hys-
lop 1980). In general, frequency measures tend
to exaggerate the importance of small items and
those whose parts persist longest in the digestive
tract (MacAtee 1912). For example, a stomach
that contains 20 small ants and one large cicada
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would indicate a diet of mostly ants in a fre-
quency analysis but mostly cicadas in a volu-
metric analysis. The ants may better reflect the
foraging effort and time of the bird, but the cicada
may represent the bulk of the energy gained from
that collection of food. Correction factors have
been applied by Custer and Pitelka (1974) and
others to account for these different rates of pas-
sage.

Percent volume and weight

The volume of a food type may be estimated
as it appears in the sample and then expressed
as a percentage of the total volume of the con-
tents or the capacity of the stomach. This pro-
cedure allows almost all food types to be con-
sidered, including those that cannot be
enumerated individually. Therefore, this may be
the only way to describe diets of largely vege-
tarian species. In contrast with frequency mea-
sures, volumetric estimates tend to give greater
importance to large, mostly undigested food items
(Hartley 1948, Duffy and Jackson 1986). MacAtee
(1912) considered this the best method to rep-
resent the ‘“‘economic importance” of a bird
species (i.e., its potential impact on the range of
prey it consumed). He also noted that large sam-
ples minimized the potential bias of essentially
ignoring the tiny, long-persisting fragments that
would be counted in a frequency analysis.

Volumes also can be estimated by reconstruct-
ing the original diet based on the frequency and
size of various food types (Martin et al. 1946,
Hartley 1948). In this way, all food items are
counted, but the largest items (at the time of
ingestion) are given greatest importance. The de-
termination of original volumes depends on the
use of a reference collection of whole specimens
or on various correction factors, as discussed by
Hyslop (1980) and Calver and Wooller (1982).

Estimates of weight or biomass may be derived
in the same ways as for volumes; however, these
are often more tedious and time-consuming
(Hartley 1948, Duffy and Jackson 1986). The use
of wet- vs. dry-weight measures is discussed by
Hyslop (1980). Dry weights of arthropods may
be estimated from specimens of known or esti-
mated length, using regression equations in Rog-
ers et al. (1976, 1977) and Beaver and Baldwin
(1975). Knowledge of original weights is neces-
sary for calorimetric determinations. Estimates
of the energy content of various foods are found
in Golley (1961), Thompson and Grant (1968),
Bryant (1973), Ricklefs (1974a), Norberg (1978),
and Bell (this volume). Using these estimates,
Calver and Wooller (1982) derived a general
equation for determining energy content directly
from prey length. Rosenberg et al. (1982) used a
similar procedure to estimate the dietary require-
ments of a bird assemblage preying on cicadas.
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These measures should be used with caution,
however, because of the potential to overesti-
mate the nutritional value of large or long-per-
sisting food types (Hyslop 1980).

DiIET INFORMATION SOURCES

Here, we describe two important sources of
raw data on the diets of North American and
many Neotropical species. The first is the large
collection of stomach samples compiled by the
U.S. Biological Survey, representing over 250,000
individual birds of over 400 species (see MacAtee
1933). Stomach contents were meticulously
identified by expert entomologists and botanists
(often to species level). These data appear in var-
ious forms in numerous publications by W. L.
MacAtee, F. E. Beal, and others and were sum-
marized for most species by Martinetal. (1951a).
The raw data are stored on cards filed at the
Patuxent Wildlife Research Center of the U.S.
Fish and Wildlife Service in Laurel, Maryland.
Each card represents a single stomach sample
and contains information on the bird’s sex, lo-
cation, habitat, time of day, and date of collec-
tion. Contents are listed individually, along with
the relative volumes of each food type in relation
to the total volume of the contents, and the rel-
ative volumes of total plant and animal matter.

This tremendous source of information has
barely been exploited by modern ornithologists.
Wheelright (1986b) used these data to describe
seasonal and geographic variation in the Amer-
ican Robin and urged their wider application.
Although the samples for most species are from
wide geographic regions and dispersed over many
years of collection, precluding many community-
level analyses, their potential for studies of eco-
morphology, predator—prey relationships, plant—
animal interactions, and seasonal variation is
great. For example, Hespenheide (1971) reana-
lyzed the published data for several flycatcher
species to test the theoretical relationships be-
tween predator and prey sizes.

The second source is the collection of unana-
lyzed stomach contents at the Louisiana State
University Museum of Natural Science
(LSUMNYS). In most cases these are whole stom-
achs, taken from birds during routine specimen
preparation, and preserved in 70% ethanol. All
samples are labeled to correspond with skin or
skeleton specimens deposited at LSUMZ and ac-
companied by complete data on location, habi-
tat, age, sex, reproductive condition, fat, and molt.
The ability to measure the morphological fea-
tures of birds from which diet samples were taken
should aid in studies of ecomorphology and in-
dividual variation (e.g., Herrera 1978b).

This collection has a strong Neotropical rep-
resentation, including over 2500 samples from
ca. 700 species, mostly from the Andes and low-
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Method

Advantages

Disadvantages

Example of use

Direct examination
of collected birds

Chemical emetics

Stomach pumping

Fecal samples

Ligatures

Pellets

Direct observation
(adult birds)

Direct observation
(nestlings)

Photography

Whole stomachs collected; if
shot, then exact bird de-
sired can be obtained.

Birds not killed directly.

Birds not killed.

Birds disturbed minimaily;
samples easily obtained.

Arthropod prey usually in-
tact; can be effective when
combined with direct ob-
servation.

Birds not disturbed; samples
easily obtained; keys to
mammal skulls and hair
available.

Birds not disturbed; foraging
behaviors that resulted in
prey capture are observed.

Birds not disturbed; can be ef-
fective when used in con-
junction with ligatures.

Birds not disturbed; automat-
ic movie cameras provide
many samples for little ef-

Birds are killed; multiple sam-
ples from one bird impossi-
ble.

Mortality may still be substan-
tial; multiple samples from
one bird often results in mor-

tality; birds must be captured;

partial samples obtained; un-
suitable for some species.

Birds must be captured; partial
samples obtained.

Birds usually must be captured;
samples highly fragmented;
samples must be treated be-
fore analysis.

Restricted to nestlings; feeding
behavior and survival can be

affected; estimates of prey size

can be biased.

Restricted to pellet-forming
species; may be biased by
prey type, size.

Difficult for insectivorous birds;
observations biased towards
large, conspicuous prey.

Time consuming, labor inten-
sive; biased as above.

Restricted to nestlings; Equip-
ment relatively expensive;
hand operated cameras time

Rotenberry (1980a),
Sherry (1984)

Zach and Falls
(1976a), Robinson
and Holmes
(1982), Gavett
and Wakely
(1986)

Moody (1970),
Brensing (1977)

Ralph et al. (1985)

Johnson et al. (1980)

Errington (1930)

Robinson and
Holmes (1982),
Price (1987)

Tinbergen (1960),
Johnson et al.
(1980)

Royama (1959,
1970), Dahlston
and Copper (1979)

fort.

consuming, labor intensive.

land rainforests of Peru and Bolivia. These in-
clude many poorly known species for which little
basic natural history information exists. Sample
sizes for some species are large enough to permit
geographic and guild-level analyses. The
LSUMNS collection also contains about 1500
stomach samples from common birds in Loui-
siana, as well as smaller collections from other
regions. Research use of any materials is wel-
comed; inquiries should be directed to: Curator
of Birds, Museum of Natural Science, Louisiana
State University.

RECOMMENDATIONS AND CONCLUSIONS

With the broad range of techniques now avail-
able (Table 1), direct examination of avian diets
is possible in nearly any study. For many species
that cannot be captured alive, collection of stom-
ach or esophageal contents remains the only
means of diet assessment. When collection is
necessary, care is needed to maximize sampling
efficiency, taking only actively foraging individ-
uals from known habitats or foraging sites, and
ensuring adequate sample sizes. When capture is

possible, we recommend the use of flushing tech-
niques to force regurgitation of gut contents,
avoiding emetics. Fecal samples are probably the
easiest to obtain but present added difficulties in
analysis and interpretation. When other tech-
niques are unavailable, routine collection of fecal
samples will give an adequate representation of
many species’ diets. For any species that regu-
larly regurgitates pellets, large samples of prey
remains can be collected and may give an ac-
curate estimate of diet.

For studies of the diet of nestling birds, several
additional techniques are available, including
ligatures, photography, and direct observation of
the nest. Direct observation of foraging birds may
be a sufficient means of assessing diet in some
species, particularly in specialized nectarivores
or frugivores. Observations of foods eaten can
supplement any of the techniques discussed and
may aid in the minimization of certain biases
associated with highly digested gut contents.

Biases caused by differential rates of passage
and digestibility remain poorly documented and
understood. Continued experimentation with live
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birds is needed to determine the advisability or
consequences of various collecting, preserving,
and analytical procedures. We also urge the pub-
lication of additional lists, descriptions, sketches,
or photographs that can aid in the identification
of fragmented diet samples. Expanded use of ref-
erence collections with additional calculations of
prey length and weight from fragment size is also
recommended.

Each of the several methods of presenting diet
data has its advantages and drawbacks. There-
fore, more than one method should be presented
whenever possible, including at least one that
represents occurrence and one that represents
frequency or relative volume. Although pooling
results may be desirable in cases with small sam-
ple sizes or when only population averages are
needed, we recommend the use of per-sample
measures with their associated variances to char-
acterize species’ diets.

We urge that gut contents be routinely pre-
served from specimens collected for any reason;
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with limitations placed on present and future
collection of birds, the maximization of infor-
mation from each specimen is highly desirable.
We also urge the expanded application of diet
analysis techniques to a wide range of ecological
pursuits. Our knowledge of avian food habits lags
far behind our knowledge of habitat use, foraging
behavior, and morphology. In most cases, gath-
ering diet data by any means available is pref-
erable to ignorance. We think that many of the
biases and difficulties will be alleviated when
more careful attention is paid to sampling design,
prey identification, and overall foraging ecology.
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DIETS OF UNDERSTORY FRUIT-EATING BIRDS IN
COSTA RICA: SEASONALITY AND RESOURCE

ABUNDANCE

BETTE A. LOISELLE AND JOHN G. BLAKE

Abstract. Diets of understory fruit-eating birds were examined in five habitats in northeastern Costa
Rica. Diets were quantified by analyzing seeds contained in fecal samples collected from mist-netted
birds. We show that neotropical understory frugivores partition fruit resources. Six frugivore guilds
were identified by Bray-Curtis ordination. Number of species per guild varied from one to seven. Not
all guilds were present at each site (young and old second-growth, and primary forest at 50-m, 500-
m, and 1000-m elevations). Guild composition was influenced by morphology, fruit display and type,
feeding method, and foraging height. Birds differed in preference or avoidance of fruit species; pref-
erences varied seasonally, annually, and among habitats. Birds were more selective in areas with high

fruit abundance (second-growth) than in areas with low fruit abundance (forest).

Key Words:

Plants that produce fleshy fruits and birds that
consume fruits are important components of
many tropical habitats. From 63 to 77% of
understory shrubs and trees produce bird-dis-
persed fruits in Costa Rican evergreen forests
(Stiles 1985a) and fruit-eating birds often con-
stitute a large proportion of tropical avifaunas
(Stiles 1985a, Blake et al. in press, Karr et al. in
press). The few specific studies have revealed that
those birds feed on a wide variety of fruits (Snow
1962a, 1962b, Jenkins 1969, Snow and Snow
1971, Worthington 1982). Even so, diets of most
understory fruit-eating birds in neotropical hab-
itats are largely unknown.

Many studies of fruit-frugivore interactions
have documented what bird species consume fruit
and disperse seeds of' a particular species or group
of plants. A diverse assemblage of bird species
visit trees with abundant fruit crops (e.g., Eisen-
mann 1961, Willis 1966, Leck 1973, Kantak
1979, Howe 1981). From such studies, some re-
searchers (e.g., McKey 1975, Howe and Esta-
brook 1977) have proposed a specialist-gener-
alist dichotomy, with small understory frugivores
feeding opportunistically and large, canopy fru-
givores specializing on a limited subset of fruits.
However, understory birds also can be highly
selective in their choice of fruits (Moermond and
Denslow 1985).

Here we present data on the diets of understory
frugivores to examine how feeding preferences
of birds for common fruiting plants vary in re-
lation to fruit abundance and seasonality. Diet
information was obtained from birds in five Cos-
ta Rican sites that represent different succession-
al and forest elevational stages. We examine
whether understory frugivores are generalists or
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opportunists, as proposed by previous authors,
or selective as suggested by aviary work. Because
community-wide fruit production varies among
sites, we examine whether and how habitat in-
fluences foraging patterns. In habitats with low
fruit abundance, understory frugivores likely
compete for fruits and partition fruit resources.
In areas with high fruit abundance, such as young
second-growth, competition for fruits is less. In-
stead, plants may compete for dispersers. Birds
should be more selective in areas with high than
low fruit abundance, and if a given fruit species
is equally attractive to birds, then feeding pref-
erence and diet should overlap broadly.

METHODS
STUDY AREA

The study area was on the Caribbean slope of the
Cordillera Central in northeast Costa Rica. Lowland
sites were in 5-10 year second-growth, 25-35 year sec-
ond-growth, and primary (undisturbed) forest at the
Estacidon Biologica La Selva (10°25'N, 84°01'W). We
also sampled diets of fruit-eating birds in primary for-
est at 500-m (10°20’'N, 84°04'W) and at 1000-m
(10°16'N, 84°05'W) in Parque Nacional Braulio Car-
rillo, about 15 km and 20 km south of La Selva, re-
spectively.

La Selva receives about 4000 mm rain annually
(Hartshorn 1983; Organization for Tropical Studies,
unpubl. data). The main dry season lasts from January
or February to March or April with a shorter, less
pronounced dry season in September and October. Cli-
matological data are not avaiiable for the 500-m and
1000-m sites, but annual rainfall probably exceeds 4500
mm at both. During this study, rainfall generally was
below the 20-year average and the dry season effec-
tively lasted from January through April. Further de-
scriptions of those sites are in Frankie et al. (1974),
Hartshorn (1983), and Pringle et al. (1984).



92 STUDIES IN AVIAN BIOLOGY

DATA COLLECTION

Our diet analyses were based primarily on seeds and
pulp from feces or regurgitated material (hereafter re-
ferred to as “fecal samples™) from mist-netted birds.
We collected data from January 1985 through April
1986 and from December to mid-April 1987. Samples
were collected every 5-6 weeks at each site. Total sam-
pling effort was less at higher sites due to a variety of
logistical and weather-related problems. We had not
analysed all 1987 data when this paper was written and
here include 1987 data from only the youngest site.

We placed all mist-netted birds (except humming-
birds and raptors) in plastic containers lined with filter
paper for 5 to 15 min. More than 80% of the birds
produced samples; only a few species (e.g., hole nesters
such as Wedge-billed Woodcreeper [scientific names
of all birds are in Appendix 1]) regularly failed to def-
ecate in containers. We collected 4037 fecal samples;
57% contained fruit pulp, seeds, or both. Using a dis-
secting microscope, we separated seeds from fecal sam-
ples and identified them to species through comparison
with a reference collection at La Selva. Some seeds
were lumped by genera in our analyses because species
could not be distinguished (e.g., Anthurium, Sabicea,
Clusia, Ficus).

We estimated understory fruit abundance (see also
Loiselle [1987]) by counting all fruiting individuals and
ripe and unripe fruits in belt transects that paralleled
each side of each mist net (50 m?/net). Fruits were
sampled at 20 mist nets (1000 m? total sampling area)
in each highland area, at 30 mist nets (1500 m? total
sampling area) in each second-growth site, and at 54
mist nets (2700 m? total sampling area) in primary
forest at La Selva.

DATA ANALYSIS

We used data from all five sites to describe frugivore
assemblages in the following analyses. However, be-
cause of smaller sample sizes, we did not include our
highland sites (500 and 1000-m) in analyses of seasonal
or annual variation in fruit use.

Accumulation curves

We plotted cumulative number of fruit species in the
diet against sample effort (i.e., number of fecal samples)
to construct fruit species accumulation curves. We in-
cluded all samples (i.e., those containing only insect
parts as well as those containing fruit) in the analyses.
We fitted accumulation curves to three regression func-
tions: linear (nontransformed), exponential (species/
log sample number), and power (log species/log sample
number). We used accumulation curves to evaluate
sample sizes needed to describe diets of birds and to
compare slopes of fruit species accumulation among
some bird species.

Multivariate analyses

The original data matrix for each site consisted of
the number of times a given fruit species occurred (i.e.,
at least one seed) in fecal samples for each bird species
(bird-species by fruit-species matrix). We simplified
the data matrix by combining fruits into 9 to 15 cat-
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egories defined by fruit presentation, location, and type,
and by seed number and size (Appendix 2). Some species
or genera (e.g., Phytolacca rivinoides and Passiflora sp.)
did not readily fit into any category and were treated
as separate groups. Furthermore, because species com-
position and representation of fruiting plants in birds’
diets varied among habitats, assignment of fruit vari-
ables differed among sites. For example, some fruit
variables (e.g., aggregate fruits such as Piper) were ap-
propriate at one site only, while others (e.g., fruits of
aroids and bromeliads) were lumped or divided de-
pending on sample sizes at each site (Appendix 2). This
simplification was necessary because of the relative
rarity of many fruit species in bird diets. We further
simplified the data matrix by excluding birds that rarely
ate fruit or that were under-represented among fecal
samples.

We relativized the data by rows (birds) (Greig-Smith
1983:248), so that use of a fruit was expressed as a
proportion of total fruit used by that species. This
“standardization by the norm” eliminates problems
arising from unequal sample sizes. This core set of
frugivores was ordinated in fruit-species space for each
site using a Euclidean distance measure and Bray-Cur-
tis ordination with variance-regression criterion for axis
orientation (Beals 1984). Use of a standardized dis-
tance with Bray-Curtis construction of axes eliminates
the effects of ecologically ambiguous “joint nonuse” of
resources that are emphasized by covariance or cor-
relation values used in construction of principal com-
ponent axes (E. W. Beals, pers. comm.). Fruit variables
were correlated with ordination axes. All multivariate
analyses were run on PC-ORD (McCune 1987).

Seasonal and annual use of fruit

We divided our samples into four or five (young
second-growth) seasons on the basis of rainfall totals
to allow evaluation of both seasonal and annual vari-
ation in use of fruit by birds. Abundance of ripe fruit
at each lowland site was totalled by season for domi-
nant understory fruiting plants. We used an index de-
veloped by Jacobs (1974) to evaluate use of a fruiting
species in relation to its availability (feeding prefer-
ence):

__ -9
(r+p— 2rp)

where Dy, is an index of fruit use, r is proportion of
that fruit species in the diet, and p is proportion of ripe
fruit (available) in the habitat accounted for by that
species. We followed Morrison (1982) who categorized
this index, which ranges from —1 to +1, as follows:
D, of 0 to = 0.15 = no preference, £0.16 to 0.40 =
slight preference or avoidance, = 0.41 to 0.80 = mod-
erate preference or avoidance, and + 0.81 to 1.00 =
strong preference or avoidance. Fruit use was evaluated
by comparing observed number of fecal samples that
contained that fruit species to that expected from avail-
ability of ripe fruit (x? analysis, Zar 1984:40-42). We
further analysed seasonal and annual use of fruit species
by comparing number of occurrences of a particular
fruit in the diet in relation to all other fruit species in
the diet (x? analysis).

I
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TABLE 1. NuUMBER OF SAMPLES CONTAINING FRUIT,
NUMBER OF BIRD SPECIES REPRESENTED IN THOSE SAM-
PLES, AND NUMBER OF FRUIT SPECIES CONTAINED IN
THOSE SAMPLES FOR EACH OF FIVE CosTA RICAN SITES.
NUMBER OF FRUIT SPECIES WAS UNDERESTIMATED BE-
CAUSE SPECIES OF SOME GENERA WERE LUMPED (SEE
TexT). DATA FROM YOUNG SECOND-GROWTH WERE
COLLECTED FROM 1985-1987; DATA FROM ALL OTHER
SiTES WERE COLLECTED FROM 1985-1986

Number of Number of Number of

fecal samples bird fruit
Site with fruit species species

Second-growth:

young (5-7 year) 1119 57 81

old (25-35 year) 339 27 69
Primary forest:

lowland 366 21 55

500 m 219 21 55

1000 m 252 22 70

Use of fruit by common fruit-eating birds

We supplemented ordination and feeding preference
data by examining diets of some key frugivores in each
lowland habitat. We used Kendall’s coeflicient of con-
cordance (Zar 1984:352-359) to test whether relative
use of common fruiting plants found in fecal samples
was similar among those birds. We further compared
feeding preferences of individual species to those of
the entire assemblage.

SAMPLING Bi1As

Our index of feeding preference may have overes-
timated importance of small-seeded fruits. Passage of
seeds from such fruits is spread over a longer period
than seeds from few- or one-seeded fruits (Levey 1986,
1987b). Nonetheless, within a fruit species or group of
small-seeded fruits, seasonal and annual comparisons
of this index are valid. Moreover, small-seeded species
were not favored by all birds, indicating that potential
biases from differences in seed passage time did not
affect qualitative interpretations.

Birds that mandibulate fruits (““mashers”) often drop
seeds (Moermond and Denslow 1985, Levey 1987b).
Consequently, large-seeded fruits may be underesti-
mated; we have, however, recorded a wide array of
seeds, varying in length from 0.3 mm to about 12 mm,
in their diets.

RESULTS
DIET BREADTH

We recorded 226 fruit species in samples from
80 bird species at all five sites combined. Fru-
givores were most abundant and diverse in the
young second-growth site, even after accounting
for differences in sample effort (Table 1; Blake
et al., in press). By contrast, average number of
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FIGURE 1. Fruit species accumulation curves for
representative birds from old second-growth and forest
habitats in Costa Rica. PIME = Red-capped Manakin,
HYMU = Wood Thrush, and MACA = White-col-
lared Manakin. Arrows along the ordinate axis point
to data from a new season for MACA in old second-
growth and PIME in forest.

fruit species in diets of birds overall (total num-
ber of fruit species/total number of bird species;
Table 1) was lower there than at older sites. Av-
erage diversity of fruits in diets was greatest for
birds of forest at 1000 m. General trends found
in number of frugivores and average dietary di-
versity among sites were paralleled by trends in
abundance and diversity of fruiting plants at each
site. Fruit abundance was significantly higher
during all seasons in the youngest site than in
either of the older lowland sites (Loiselle 1987,
see also Levey 1988). Total species richness of
fruiting plants, however, was greater in old sec-
ond-growth and primary forest sites than in the
youngest site (Loiselle 1987).

Fruit species still were being added to diets of
birds even after 100 fecal samples had been ex-
amined (Fig. 1). All three models used to fit ac-
cumulation curves produced highly significant (P
< 0.001) results. The exponential (semi-log)
function provided the best fit in only a few cases
and few species reached an asymptote with re-
spect to diet diversity. Linear and power func-
tions provided the best fit in an equal number
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Axis 3 (a)YSG

~~

Axis1

FIGURE 2. Ordination of fruit-eating birds in fruit-
species space from (a) young second-growth (YSG) and
(b) old second-growth (OSG). Birds are plotted ac-
cording to their factor scores along first three ordina-
tion axes (see Table 2). For young second-growth, Group
A = Orange-billed and Black-striped sparrows, and
Red-throated Ant-Tanager; Group B = Grey-cheeked,
Swainson’s, and Wood thrushes, Red-capped and
White-collared manakins, Grey-capped Flycatcher, and
Grey Catbird; Group C = Ochre-bellied Flycatcher;
Group D = Clay-colored and Pale-vented robins; Group
F = Scarlet-rumped and Crimson-collared tanagers,
and Buff-throated Saltator. For old second-growth,
Group A = Red-throated Ant-Tanager and Orange-
billed Sparrow; Group B = Dusky-faced Tanager,
White-collared and Red-capped manakins, and Swain-
son’s and Wood thrushes; Group C = Ochre-bellied
Flycatcher. <17 refers to White-ruffed Manakin (OSG),
a bird not readily classified into any group.

of cases. An apparently continuous increase in
diet breadth was due partially to differences in
plant phenologies; new species were added to the
diet as they became available seasonally (Fig. 1).
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(a)50m

(b)500m

Axis 1

FIGURE 3. Ordination of fruit-eating birds in fruit
species space from forest at (a) La Selva, 50-m, (b) 500-
m, and (c) 1000-m. Birds are plotted according to their
factor scores along the first three ordination axes (see
Table 3). For 50-m, Group A = Olive and Tawny-
crested tanagers, and White-ruffed Manakin; Group B
= Red-capped Manakin and Wood Thrush; Group C
= Ochre-bellied Flycatcher; Group D = Pale-vented
Robin. For 500-m, Group A = Orange-billed Sparrow,
White-ruffed Manakin, and Tawny-created and Olive
tanagers; Group B = Red-capped Manakin, Black-faced
Solitaire, and Catharus and Wood thrushes; Group C
= Ochre-bellied Flycatcher; Group E = Tawny-capped
Euphonia. For 1000-m, Group B = Slaty-backed
Nightingale-Thrush, Swainson’s Thrush, White-
crowned Manakin, and Black-faced Solitaire; Group C
= Olive-striped Flycatcher; Group D = Pale-vented
Robin; Group E = Tawny-capped Euphonia. “1” refers
to Swainson’s Thrush (50-m) or Common Bush-Tan-
ager (1000-m), birds not readily classified into any
group.

Despite the continued addition of fruit species
with increased sample effort, consistency of guild
composition among sites (discussed below) sug-
gests that our sample sizes were adequate to de-
scribe the frugivorous bird assemblages through
ordination techniques.

If frugivores feed opportunistically, diet di-
versity should increase more rapidly (i.e., have
a higher slope) in habitats that support a wider
diversity of fruits (e.g., primary forest understory
vs. young second-growth). To test that predic-
tion, we compared slopes of fruit species accu-
mulation curves for four frugivore species that
were common in two or three lowland sites (Or-
ange-billed Sparrow, Ochre-bellied Flycatcher,
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TABLE 2. CORRELATION (PEARSON’S 1) OF FRUIT VARIABLES WITH MAJOR AXES GENERATED BY BRAY-CURTIS
ORDINATION OF THE FRUIT-EATING BIRD ASSEMBLAGE IN SECOND-GROWTH HABITATS IN CosTA Rica (SEE TEXT).
ONLY VARIABLES WITH SIGNIFICANT CORRELATIONS (P < 0.05) ARE SHOWN. DESCRIPTION OF FRUIT VARIABLES

IN APPENDIX 2

Young second-growth

Old second-growth

Variable Axis 1 Axis 2 Axis 3 Variable Axis | Axis 2 Axis 3
ARILAT 0.900 ARIL 0.961
ATTARIL 0.905 LGSDUN 0.940
TERMUN -0.673 HENOSS 0.740
AXIL —0.802 CLIBES
AGGREG 0.944 WITAST
FICUS 0.708 TERMUN
TREEI 0.857 FICUS 0.847 0.838
TREES 0.673 0.796
PASSIF 0.554 —0.838

Red-capped Manakin, and White-collared Man-
akin) using equal sample sizes for slope com-
parisons. Only data for Orange-billed Sparrows
supported the hypothesis: fruits were added in
the diet at a more rapid rate (higher slope) in
older than in younger second-growth (t = 4.2, P
< 0.001). Ochre-bellied Flycatchers actually ac-
cumulated fruit species faster in young habitats
(t = 3.6, P < 0.001).

ORDINATION OF FRUIT-EATING
BIRD ASSEMBLAGES

Primary factors separating bird species by diet
varied among sites (Tables 2, 3), but a series of
distinct groups could be identified (Figs. 2, 3).
Interpretation of different groups was based on
correlations of fruit variables with major ordi-
nation axes for each site. Not all groups were
represented at each site and some species fit into
different groups at different sites.

Two groups (A and B) were composed of species
that fed on different sets of understory fruits.
Group A included specics i:at fed on small-seed-
ed axillary or cauliforous fruits. Group B species
preferred understory plants with berries dis-
played on terminal infructescences or with rel-
atively large seeds. Group B was represented by
2 to 7 species at each site, whereas Group A
included 2 to 3 species. Group A was not rep-
resented among birds at the highest (1000-m) site
(Fig. 3¢).

Two groups (C and E) were each represented
by a single species. Group C species fed princi-
pally on arillate fruits and were present at all
sites. The Tawny-capped Euphonia fed heavily
on fruits of the epiphytic genus Anthurium and
formed a separate guild (E) at 500 m and 1000
m (Figs. 3b, ¢). Unlike its lowland counterparts,

this euphonia characteristically fed in the under-
story, most likely because Anthurium is more
abundant in the understory of highland forests
than in lowland forest (Loiselle 1987).

Guild D was composed of birds that fed pri-
marily at subcanopy or canopy levels. It was
represented by a single species in lowland and
1000-m forest and was not among common fruit-
eating birds captured in the understory of forest
at 500 m or in old second-growth.

A final frugivore guild (F) was present only in
young second-growth and consisted of two tan-
agers and a saltator (Fig. 2a). These three species
ate a variety of fruits, including Piper fruits,
whereas most other species only fed rarely on
Piper or not at all. Since those three species man-
dibulate fruits, as do members of Group A, their
separation into a distinct subset of frugivores, as
well as the close alignment along the major axis
with fruit-eaters that swallow fruits whole, argues
that seed passage rates did not overtly bias the
data.

Some species, most notably Swainson’s Thrush,
did not fit well or consistently into any guild.
Swainson’s Thrushes primarily are passage mi-
grants through Costa Rica, rarely wintering at La
Selva. Their diet thus was restricted to those fruits
available during the short time they were present.
Similarly, White-ruffed Manakins are altitudinal
migrants that descend for two to four months
each year to lowland sites at La Selva, where they
prefer primary forest. They were present for only
a short time in our old second-growth site during
January and February 1986 and fed almost ex-
clusively on two species of fruits.

Our sample sizes for most Tangara species in
forest at 1000 m were too small (N < 5) to war-
rant inclusion into an ordination now. We be-
lieve that, once included, they will form a new
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CORRELATION (PEARSON’S r) OF FRUIT VARIABLES WITH MAJOR AXES GENERATED BY BRAY-CURTIS ORDINATION OF THE FRUIT-EATING BIRD ASSEMBLAGE

IN CosTA RicAN FOREST HABITATS (SEE TEXT). VARIABLES ARE SIGNIFICANT AT P < 0.05 UNLESS INDICATED BY AN ASTERISK INDICATING P < 0.10. FRUIT VARIABLES

ARE DESCRIBED IN APPENDIX 2.

TABLE 3.

1000-m forest

Axis 1

500-m forest

Axis 1

Lowland {orest

Axis 1

Axis 3

Axis 2

Variable

Axis 3
ARIL

Axis 2

Variable

Axis 3
ARIL

0.980

Axis 2

Variable

ARIL

0.881
—0.860
-0.770

TERMUN
OSSAEA
TREE

0.937

0.755

LGSDUN
EPISHB

0.848

LGSDUN
TERMUN
HENOSS
AXIL

0.803

—0.678*
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0.955
0.789

0.754

BROMEL
ANTHUR
UNKI112

—0.608*

—0.862
-0.710
0.908

HENOSS
AXIL
PHYRIV

0.870

—0.834
-0.710

TREEI
TREES

0.981

0.988

ANTBRO
TREE

0.898

0.898
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FIGURE 4. Seasonal availability of ripe fruits for
common fruiting plants at each of our three lowland
sites. YSG = young second-growth, OSG = old second-
growth, and FOREST = lowland forest. Percent of ripe
fruits represents the number of ripe fruits of a species
in one season divided by the total number of ripe fruits
of that species over all seasons. D5, ES, LS5, D6, and
D7 = dry season (January through April) 1985, early
wet season (May through August) 1985, late wet season
(September through November) 1985, dry season 1986
and 1987, respectively. Ps = Piper sancti-felicis; Pas =
Passiflora auriculata; Pp = Psychotria pittieri; Pb =
Psychotria brachiata; Cd = Clidemia dentata, Ma =
Miconia affinis; Cs = Conostegia subcrustulata; Pg =
Psychotria grandis; Si = Siparuna sp.; Pr = Psychotria
racemosa; Le = Leandra sp.;, Wa = Witheringia as-
terotricha; Mat = Miconia “attenuate”; Mc = Miconia
centrodesma; Po = Psychotria officinalis; Ms = Mi-
conia simplex; Om = Ossaea macrophylla; Ht = Hen-
rietella tuberculosa; Cdn = Clidemia densiflora.

subset of frugivores with the Common Bush-
Tanager at that site (Fig. 3c). Those tanagers fed
primarily in upper levels of forest at 1000 m on
fruits of the epiphytic shrubs Cavendishia (Eri-
caceae), Blakea (Melastomataceae), and Topo-
bea (Melastomataceae), as well as other berries
in the family Melastomataceae.

SELECTION OF FRUITS
Overall feeding preferences

Preference for or avoidance of fruits by fru-
givores was examined for seven common plants
at each lowland site (Table 4). Overall indices
(absolute values) of fruit use were higher (Mann
Whitney U-test; U = 84, P < 0.01) in young
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FIGURE 5. Percent occurrence of common fruiting
plants in the diets of birds in young second-growth
over five seasons. Percent occurrence may exceed 100%
because fecal samples often contained more than one
seed type. Dry 85 = dry season 1985, EW = early wet
season, LW = late wet season, Dry 86 = dry season
1986, Dry 87 = dry season 1987. Pa = Piper auritum.
Other abbreviations in Figure 4.

second-growth than in older sites (Table 4), as
would be expected if plants in young second-
growth habitats compete more heavily for dis-
persers. Birds foraging in young second-growth
strongly avoided Psychotria pittieri. This small
shrub (usually <1.5 m tall) produces large crops
of “styrofoam” textured fruits, which are low in
sugar content (3.4%, from Denslow and Moer-
mond 1982) and consist mostly of epicarp and
seeds. With the exception of a moderate avoid-
ance of Psychotria brachiata, birds showed a
moderate preference for all other fruits tested in
the young second-growth.

Birds showed a strong or moderate avoidance
of fruits of two or three plant species in lowland
forest and old second-growth sites, respectively.
Frugivores displayed a moderate preference for
Siparuna spp. in our old second-growth site (Ta-
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FIGURE 6. Percent occurrence of common fruiting

plants in the diets of birds in old second-growth and
over four seasons. Percent occurrence may exceed 100%
because fecal samples often contained more than one
seed type. Can = canopy fruits; Und = understory
fruits; Cp = Clidemia purpureo-violacea. Other abbre-
viations in Figure 4.

ble 4); other common fruits were eaten roughly
in proportion to their availability. In lowland
forest, Ossaea produces unusually large crops for
an understory treelet and fruits ripen quickly.
Thus, even though eaten by many birds, the in-
dex of fruit use was negative because of the high
availability of Ossaea over a short period.

Fruit use by common birds

We compared fruit use by three or four com-
mon frugivores at each of our lowland sites (Ta-
ble 5). Relative use of (or preference for) different
fruits by those common frugivores was similar
in young second-growth (Kendall’s coefficient of
concordance, W = 0.54, df = 7, P < 0.05) and
in lowland forest (W = 0.72, df = 6, P < 0.05),
but not in old second-growth (W = 0.32, df = 6,
P > 0.25). When use of Conostegia subcrustulata
was excluded, no significant association of fruit
use by common fruit-eating birds existed in young
second-growth (W = 0.34, df = 6, P > 0.20).

Forest birds generally had similar preference
indices for fruits, although some differences were
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FIGURE 7. Percent occurrence of common fruiting  site (Fig. 4) and was represented in over 40% of

plants in the diets of birds in lowland forest and over
four seasons. Percent occurrence may exceed 100% be-
cause fecal samples often contained more than one seed
type. Abbreviations are in Figures 4, 5, and 6.

noted. Fruit preferences varied more among
species in young and old second-growth, as might
be expected if fruits were competing for birds at
those sites. Red-capped Manakins, for example,
avoided Clidemia dentata, whereas other species
showed weak to strong preferences for it. Scarlet-
rumped Tanagers, unlike most other species, pre-
ferred Piper and Passiflora fruits.

SEASONAL AND ANNUAL VARIATION IN
Fruit Use

We analysed seasonal and annual variation in
use of fruits produced by seven common fruiting
plants at each lowland site. Those plants ac-
counted for 79 to 84% of the total ripe fruit avail-
able in the understory (known bird-dispersed
plants only) at those sites (Fig. 4).

Seasonal variation

Continuously-fruiting species were more com-
mon in the youngest site than in the other two
lowland sites, and fruit use by birds was influ-
enced by those phenological patterns. Thus, pref-
erence or avoidance of common fruits in young
second-growth reflected choice of fruits rather
than changes in plant phenologies. Conostegia

fecal samples during all seasons (Fig. 5). In fact,
all common fruiting plants, with the exception
of Micornia affinis in late wet season 1985, ap-
peared in diets of birds during each season in
young second-growth. Miconia affinis, a fruit rel-
atively rich in sugar content (15.8%, Moermond
and Denslow 1983), was unusual in its highly
aseasonal production of fruits in young second-
growth. When it was available, birds preferred
Miconia and ate fewer other, generally favored
fruits.

Only four species occurred in diets of birds in
old second-growth during each season (Fig. 6).
Miconia affinis was recorded as present in diets
of some species, even though we did not record
ripe fruits during all seasons (Fig. 4). We often
observed birds feeding on unripe or partially ripe
berries of that fruit. At the forest site, Henrietella
tuberculosa and Psychotria officinalis occurred in
diets of birds during all seasons (Fig. 7), even
though our samples failed to detect fruiting of
the former species year-round.

Considerable seasonal variation in fruit use
occurred at all sites (Table 6), particularly among
understory fruits. Use of canopy fruits did not
vary in older forests (Table 6), suggesting that
birds did not move up into canopy habitats at
any one time of the year (see also Loiselle 1988).

Annual variation (dry season samples)

Annual variation in fruit use was pronounced
at the young second-growth site (Table 6), but
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TABLE4.

INDEX OF FrUIT USE (D;,) BY BIRDS FOR COMMON FRUITING PLANTS AT THREE COSTA RICAN LOWLAND

SiTes. D, WaAs CALCULATED BY SUMMING DATA FROM ALL SEASONS IN WHICH RIPE FRUIT WAS AVAILABLE.
SIGNIFICANCE OF INDICES WAS TESTED BY COMPARING OCCURRENCE OF THE FRUIT IN THE BIRDS’ DIETS TO THAT

EXPECTED FROM THE AVAILABILITY OF RIPE FRUIT

Fruit species Dy P

Fruit species Dy, P

Young second-growth

Conostegia subcrustulata 0.78 ok
Miconia affinis 0.57 il
Clidemia dentata 0.66 *xk
Psychotria brachiata —0.56 o
Psychotria pittieri —0.86 b
Passiflora auriculata 0.50 b
Piper sancti-felicis 0.52 okk
Old second-growth

Clidemia dentata 0.28 *
Miconia affinis —-0.42 ok
Siparuna sp. 0.53 i
Witheringia asterotricha —0.48 *hk
Leandra sp. -0.22 ns
Psychotria grandis -0.78 ek
Psychotria racemosa 0.32 ns

Lowland forest

Clidemia densiflora -0.24 *k
Henrietella tuberculosa 0.17 ns
Ossaea macrophylla —0.46 okk
Miconia simplex 0.24 ns
Psychotria officinalis -0.84 b
Miconia centrodesma -0.25 ns
Miconia “attenuate” -0.07 ns

*P < 0.05, ** P < 0.01, ***P < 0.001; ns = not significant.

less pronounced in older sites. Because sample
sizes from the young second-growth site were
larger, a statistically significant x? value was eas-
ier to obtain and annual variation in fruit use at
that site may be overestimated relative to older
lowland sites. Higher annual variation at that site
also may have been due to the inclusion of 1987
data, but this is unlikely for two reasons. First,
analysis of capture data revealed that 1985 and
1987 were more similar to each other at all sites
than to capture data during 1986 (Blake et al. in
press). Second, we have observed greater changes
in the structure of vegetation through plant mor-
tality and growth at the young site than in either
old second-growth or forest sites.

A further illustration of annual variation at the
young second-growth site is provided by com-
paring occurrence of two common fruits, Con-
ostegia subcrustulata and Psychotria pittieri, in
diets (Fig. 8). Abundance of ripe Conostegia fruits
during the dry season declined steadily from 1985
to 1987, although the proportional representa-
tion of this fruit in diets of birds did not change
among years (x> = 3.7, df = 2, P > 0.10). In
contrast, use of Psychotria pittieri, an alternative,
less preferred fruit (Table 4), increased from 1985
(x*=9.8,df=2,P < 0.01).

DISCUSSION
FRUGIVORE GUILDS

Previous studies on understory tropical bird
communities often recognized a variety of in-

sectivore guilds (e.g., foliage-gleaning, bark, and
terrestrial), but only one frugivore guild (e.g.,
Terborgh and Robinson 1986). Our results show,
however, that tropical understory frugivores par-
tition fruit resources. The nonrandomness of the
different frugivore guilds was revealed by the
consistency of guild composition among sites.
Frugivore guilds, which represented birds that
made similar foraging decisions in the field, were
separated largely because of differences in mor-
phology and foraging methods. For example, in
young second-growth, the Red-throated Ant-
Tanager, and Black-striped and Orange-billed
sparrows foraged low in the undergrowth or on
the ground and rarely ascended into taller shrubs
or treelets. All three species have relatively long-
er tarsi than other emberizids (Loiselle and Blake,
unpubl. data) and thus have greater difficulty
reaching for fruit from a perch (Moermond and
Denslow 1985). Consequently, they character-
istically fed on axillary (easily accessible) fruits
from low shrubs; terminal (less accessible) fruits
were less preferred. In contrast, Ramphocelus
tanagers and Buff-throated Saltators, with rela-
tively shorter tarsi and, thus, greater perching
and reaching ability (Moermond and Denslow
1985), foraged at all heights in young second-
growth and fed on a wider range and diversity
of fruits than the ant-tanager and sparrows.
Two guilds (C, E) represented birds that spe-
cialized on epiphytic (e.g., Anthurium sp.) or ar-
illate fruits (e.g., Clusia sp.) and consequently,
those guilds were defined largely by fruit type.
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BIRDS IN EACH OF THREE COSTA RICAN LOWLAND SITES
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INDEX OF FruIT UsE (D,,) FOR COMMON FRUITING PLANTS BY THREE OR FOUR COMMON FRUIT-EATING

Red-capped White-collared Scarlet-rumped Orange-billed Dusky-faced Olive Wood
Fruit species Manakin Manakin Tanager Sparrow Tanager Tanager Thrush
Young second-growth
Conostegia subcrustulata 0.74 0.78 0.95 0.23
Miconia affinis 0.44 0.62 0.36 0.00
Clidemia dentata —-1.00 0.20 0.90 0.93
Psychotria brachiata -1.00 0.32 —-0.49 —-1.00
Psychotria pittieri -0.97 -0.78 —-0.90 —-0.93
Passiflora auriculata ~1.00 0.00 0.88 —1.00
Piper sancti-felicis 0.11 —-0.42 0.92 —1.00
Old second-growth
Clidemia dentata —-1.00 0.41 0.90 0.99
Miconia affinis ~0.43 —-0.22 —-1.00 -1.00
Siparuna sp. 0.23 0.53 —1.00 —1.00
Witheringia asterotricha -0.70 0.06 0.62 0.27
Leandra sp. 0.42 0.23 0.56 0.56
Psychotria grandis —0.80 —0.89 —-1.00 —1.00
Psychotria racemosa 0.62 —1.00 —1.00 -1.00
Lowland forest
Clidemia densiflora -0.37 0.46 0.28
Henrietella tuberculosa 0.27 0.72 0.33
Ossaea macrophylla —-0.48 -0.18 —-0.68
Miconia simplex 0.61 0.71 0.84
Psychotria officinalis -0.59 —1.00 —0.48
Miconia centrodesma -0.05 —1.00 0.10
Miconia “attentuate” 0.50 —-1.00 0.50

Most other fruit-eating birds in our analyses often
took fruit on the wing by hovering or snatching
(see Moermond and Denslow 1985), then swal-
lowed the fruits whole. But several subgroups
were identified based largely on foraging height.
Feeding decisions, and thus guild composition,
were constrained by morphology and influenced
by feeding method, fruit type and display, and
foraging height.

Does competition explain resource partition-
ing among frugivores in Costa Rica? This would
require that fruit resources be limiting. Fruits
may be in short supply in undisturbed forest
understory (Foster 1982b), as several lines of evi-
dence suggest. First, few fruits were observed to
rot on forest understory plants, suggesting that
ripe fruits were taken relatively rapidly. Second,
birds have been observed feeding on unripe fruits
when fruits were scarce (pers. obs.; also Foster
1977). Third, abundance of frugivores was cor-
related with abundance of ripe fruits (Blake and
Loiselle, unpubl. data; Loiselle 1987; Levey
1988). Fourth, interspecific and intraspecific
aggression at and defense of fruit resources has
been observed (e.g., Lederer 1977, Martin 1982,
Willson 1986).

Ripe fruit was often four-fold more abundant
in young second-growth during our study than
in forest understory (Loiselle 1987) and may not
have been limiting during our study. We often
observed fruits rotting on plants and found no
correlation between frugivore abundance and ripe
fruits. In young second-growth, it appears that
fruits may compete for dispersers, rather than
the reverse.

Alternatively, partitioning of fruit resources
among frugivores may not reflect competition for
fruits, but rather may reflect adaptations to ex-
ploit other resources, such as insects. Snow and
Snow (1971) argued that tanagers and honey-
creepers in Trinidad, which overlapped broadly
in fruits consumed, coexisted because of their
partitioning of insect resources (also Lack 1976a
for Jamaican frugivores; but see Moermond and
Denslow 1985). Predation also may influence fruit
choice and foraging patterns of birds (Howe 1979,
Martin 1985b, Snow and Snow 1986). We are
not able to evaluate adequately the possible role
of competition in structuring frugivore guilds in
Costa Rica, but we agree with Fleming (1979)
and Willson (1986) that it likely operates in re-
source partitioning. Particular attention in future
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TABLE 6. SIGNIFICANCE VALUES FOR X2 ANALYSES
TESTING THE OCCURRENCE OF FRUITS IN DIETS OF BIRDS
RELATIVE TO OCCURRENCE OF ALL OTHER FRUIT SPE-
CIES AT THREE COSTA RICAN LOWLAND SITES. “CANOPY”
INcLUDED FrRuITS OF ALL KNOWN CANOPY AND
SUBCANOPY SPECIES RECORDED IN BIRDS’ DIETS. OTHER
“UNDERSTORY” INCLUDED ALL UNDERSTORY SPECIES
IN BIRDS DIETS EXCEPT THOSE TESTED SEPARATELY

Seasonal variation Annual variation

in fruit use in fruit use
Fruit species x? df p: x° df P
Young second-growth

Conostegia

subcrustulata 355 4 3.7 2 0.15
Miconia affinis  379.2 3  *** 194 2 **
Clidemia dentata 53.5 4 *** 126 2 **
Psychotria

brachiata 64 4 0.17 3.2 2 0.21
Psychotria

pittieri 29.9 4 wx 9.8 2 *
Passiflora

auriculata 1.3 2 **
Piper sancti-

felicis 95 3 * 33 2 0.20

0Old second-growth

Clidemia dentata 10.8 3 * 1.0 1 0.75
Miconia affinis 26.3 3 wxx 28 1 0.09
Siparuna sp. 10.1 3 * 2.2 0.14
Witheringia

asterotricha 3.6 3 0.31 3.0 1 0.08
Leandra sp. 45 1 *
“Canopy” 39 3 0.27 1.8 1 0.18
Other “Under-

story” 106 3 * 0.8 1 0.38

Lowland forest

Clidemia

densiflora 48 1 *
Henrietella

tuberculosa 24.4 3 ¥x* 0.2 1 0.68
Ossaea macro-

phylla 6.1 1 *

Miconia simplex 9.4 2 ** 70 1 **
Psychotria

officinalis 13.2 3 ** 1.7 1 0.19
Miconia

centrodesma 7.6 1 **

Miconia

“attentuate” 14 1 0.23

“Canopy” 34 3 0.33 1.6 1 0.20
Other “Under-

story” 0.8 3 * 0.1 1 0.85

2% P < 0.05 ** P < 0.01, *** P < 0.001.

studies should be given to evaluating alternative
hypotheses such as predation, mutualism, and
abiotic interactions (Wiens 1977, Brown and
Bowers 1984, Martin 1988c¢).

In contrast to tropical systems, many fewer
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frugivore guilds, usually two, have been de-
scribed in temperate forests. In Illinois, frugivore
guilds were determined largely by foraging height,
but because of annual variation and inconsisten-
cy in fruit preference by birds, no single factor
explained foraging preference by birds (Katusic-
Malmborg and Willson 1988). Sorenson (1981)
also was unable to determine reasons for differ-
ences in fruit choice among British tits and
thrushes.

SEASONAL AND ANNUAL VARIATION IN
Fruit Use

Even in the relatively aseasonal climate of At-
lantic slope Costa Rica, fruit abundance varied
seasonally (Frankie et al., 1974, Loiselle 1987)
among lowland sites. In well lighted areas, more
plants produced fruit continuously, whereas in
shaded areas, production was highly seasonal (Fig.
4). Consequently, seasonal variation in fruit use
by birds was influenced by different factors. In
young second-growth, where fruits were more
abundant and more species fruited year round,
birds were more selective (see Schoener 1971b,
Krebs et al. 1977). In contrast, although feeding
preferences were observed in lowland forest, sea-
sonal changes in fruit phenology there largely
accounted for seasonal variation in fruit use.

The nature of seasonal variation in diet also
varied among bird species. Most resident frugi-
vores ate fruit year round and changes in feeding
preference or fruit availability accounted for sea-
sonal variation. Some winter residents, such as
the Wood Thrush, ate fruit in substantial quan-
tities only during late wet and late dry seasons,
times when they were accumulating fat reserves
for migration. Wheelwright (1988) demonstrated
that even when fruit availability was held con-
stant year round, American Robins showed sea-
sonal variation in fruit use, indicating that phys-
iological needs, and not fruit availability,
influenced that seasonal variation.

In spite of large annual variation in fruit abun-
dance and availability, birds of old second-growth
and forest showed little annual variation in fruit
use. Fruit abundance changed, but phenological
patterns (what fruits were available) did not. In
contrast, birds of young second-growth showed
considerable annual variation, which we attrib-
ute to successional changes in vegetation at that
site. Our data span only two or three years and
interpretation of annual patterns is tentative at
best.

FECAL SAMPLES AS A TOOL FOR
ANALYSIS OF DIETS

Collection of fecal samples or regurgitated seeds
to analyse diets is not new, but only Wheelwright
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et al. (1984) used it to describe an assemblage of
fruit-eating birds. They used a variety of tech-
niques (fecal samples, behavioral observations
of birds at fruiting trees, seed traps) and con-
cluded that fecal samples and seed traps placed
under display or nest perches generally were the
most effective means of obtaining representative
diet samples. Clearly, a combination of obser-
vational and fecal collection techniques is needed
to describe diets in detail, but the difficulty of
observing birds in the dark understory of tropical
forests often may necessitate use of fecal samples
there. Moreover, this method is quick, is not
biased by observations at conspicuous plants
bearing large fruit crops, and, we suspect, is more
likely to include most fruits eaten by birds.
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APPENDIX I. ENGLISH AND SCIENTIFIC NAMES OF ALL
BIRD SPECIES MENTIONED IN THE TEXT

Wedge-billed Woodcreeper (Glyphorynchus spirurus),
Olive-striped Flycatcher (Mionectes olivaceus), Ochre-
bellied Flycatcher (Mionectes oleagineus), Grey-capped
Flycatcher (Myiozetetes granadensis), White-collared
Manakin (Manacus candei), White-ruffed Manakin
(Corapipo leucorrhoa), White-crowned Manakin (Pipra
pipra), Red-capped Manakin (Pipra mentalis), Black-
faced Solitaire (Myadestes melanops), Slaty-backed
Nightingale-Thrush (Catharus fuscater), Grey-cheeked
Thrush (Catharus minimus), Swainson’s Thrush (Ca-
tharus ustulatus), Wood Thrush (Hylocichla musteli-
na), Pale-vented Robin (Turdus obsoletus), Clay-col-
ored Robin (Turdus grayi), American Robin (Turdus
migratorius), Grey Catbird (Dumetella carolinensis),
Tawny-capped Euphonia (Fuphonia anneae), Olive
Tanager (Chlorothraupis carmioli), Tawny-crested
Tanager (Tachyphonus delatrii), Red-throated Ant-
Tanager (Habia fuscicauda), Crimson-collared Tana-
ger (Ramphocelus sanguinolenta), Scarlet-rumped
Tanager (Ramphocelus passerinii), Common Bush-
Tanager (Chlorospingus ophthalmicus), Dusky-faced
Tanager (Mitrospingus cassinii), Buff-throated Saltator
(Saltator maximus), Orange-billed Sparrow (Arremon
aurantiirostris), Black-striped Sparrow (Arremonops
CONIrostris)




APPENDIX II.

DESCRIPTION OF FRUIT VARIABLES USED

IN ORDINATION OF COSTA RICAN FRUIT-EATING BIRD
ASSEMBLAGES (SEE TABLES 2, 3). SEE TEXT FOR DEs-
CRIPTION ON How FRUIT VARIABLES WERE DEFINED.
SITES AT WHICH FRUIT VARIABLES WERE USED ARE
IDENTIFIED. Y = YOUNG SECOND-GROWTH, O = OLD
SECOND-GROWTH, L = LOWLAND FOREST AT LA SELVA,
M = ForesT AT 500-M, H = FoOrEST AT 1000-M

Variable

Site

Description

AGGREG
ANTHUR
ANTBRO

ARILAT

ATTARIL

ARIL

AXIL

BROMEL
CLBASP

CLIBES

EPISHB

FICUS
HELIC

O,L,M,H

Y,L, M H

< T

Includes aggregate
fruits, e.g., Cecropia,
Piper

Fruits of Anthurium

Fruits of aroids and
bromeliads

Arillate fruits with thin
layer of pulp sur-
rounding entire seed,
seed usually large,
e.g., Alchornea, Do-
liocarpus, Dieffen-
bachia

Aril attached to one
end of seed only,
e.g., Siparuna, Cala-
thea, Renealmia cer-
nua

Includes both ARILAT
and ATTARIL

Includes juicy berries
presented in axils or
along stems, e.g.,
Clidemia, Besleria,
Witheringia, Sabi-
cea, many seeded

Fruits of bromeliads

Fruits of the Composi-
tae: Clibadium as-
perum (Aubl.) DC.

A subset of AXIL
group, includes juicy
fruits of Clidemia,
Besleria, and Sabicea

Fruits of epiphytic
shrubs, e.g., Cavendi-
shia, Blakea, Topo-
bea

Fruits of Ficus

Fruits of Heliconia
species
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HENOSS

LGSDUN

MICCAN
OSSAEA
PASSIF

PHYRIV

STYROF

TERMUN

TREE!

TREES

TREE

UNK112

VINE

WITAST

O,LLM

all

O,LLM

Y, M

O,L,M

O,M,H

H

Fruits of some Melas-
tomataceae, €.g.,
Henrietella and Os-
saea

Large seeded under-
story fruit from
shrubs or small trees,
e.g., Ardisia, Neea,
Cestrum

Canopy and subcanopy
trees of Miconia

Fruits of Ossaea
species

Fruits of Passiflora
species

Fruits of Phytolacca ri-
vinoides Kunth &
Bouche

Includes a selected
group of Psychotria
fruits with a styro-
foam rather than
Jjuicy texture

Juicy berries of under-
story shrubs pre-
sented on terminal
infructescences

Single or few-seeded
subcanopy or canopy
trees, e.g., Lauraceae,
Hampea

Many-seeded subcano-
py or canopy trees,
e.g., Dendropanax,
Hieronyma, Vismia

Incudes TREEI and
TREES

An unidentified species
in the diets of birds
at 1000 m, relatively
common in some
birds

Large-seeded vines,
e.g., Cissus, Cissam-
pelos

A subset of the AXIL
group, includes juicy
fruits of Solanaceae
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DIETARY SIMILARITY AMONG INSECTIVOROUS BIRDS:
INFLUENCE OF TAXONOMIC VERSUS ECOLOGICAL
CATEGORIZATION OF PREY

ROBERT J. COOPER, PETER J. MARTINAT, AND ROBERT C. WHITMORE

Abstract. 1n a study of dietary relationships among nine species of insectivorous birds from an eastern
deciduous forest, we examined two approaches to prey categorization: (1) taxonomic, using arthropod
orders, and (2) subdivisions of orders into ecologically relevant categories. Dietary similarities (cor-
relations) were generally higher within bird species than within period of collection using both cate-
gorizations. Similarities using taxonomic categorization generally were higher but were significantly (P
< 0.01) less than those using ecological categorization. Using similarity measures and cluster analysis,
similarities within bird species and time period that were evident using ecological categorization were
not evident using taxonomic categorization. While we cannot specify strict rules concerning appropriate
method and level of taxonomic categorization in studies of this sort, we suggest that: (1) prey categories
should have sufficient observations to make analysis meaningful and to avoid large numbers of zero
counts; (2) prey categories should not be so numerous that procedures such as cluster analysis cannot
be readily interpreted; (3) large taxonomic levels (i.e., order) should be subdivided ecologically if
subgroups exhibit very different characteristics (e.g., size, location, abundance, behavior); and (4) we

encourage input from entomologists in problems of prey categorization.

Key Words:

A frequent objective of avian dietary studies
is to compare diets among species that feed in
similar ways. While some attention has been paid
to biases involved in diet analysis, little is known
about how the method of prey categorization af-
fects similarity measures. Greene and Jaksic
(1983) examined effects of prey identification level
in analyses of raptor diets. We know of no similar
studies for insectivorous birds, which eat a wide
variety of arthropods encompassing many orders
and families. Researchers may or may not be
able to identify arthropods to the species level,
especially if diets are analyzed using highly frag-
mented stomach contents.

Due to the difficulty of identification of insect
parts to species and sometimes family levels,
many researchers have compared diets of insec-
tivorous species by categorizing prey at higher
taxonomic levels. Arthropod orders are used most
often (e.g., Root 1967, Orians and Horn 1969,
Robinson and Holmes 1982). Others have used
arthropod families or have combined families in
some manner (Rotenberry 1980a, Rosenberg et
al. 1982, Sherry 1984). Because some studies have
involved a limited number of prey types, a few
researchers have been able to identify all prey
(e.g., caterpillars) to the species level (Tinbergen
1960, Royama 1970). Yet the method by which
insect prey are categorized is likely to affect both
similarity measures and conclusions drawn from
them. Here we address that problem, using di-
etary data from stomachs of nine foliage-gleaning
bird species in an eastern deciduous forest in
West Virginia.

Arthropod prey; diet analysis; dietary similarity; diets; insectivorous birds.

METHODS

Cooper (1988) described details of the study area
and methods. The study area included 400 ha in Sleepy
Creek Public Hunting and Fishing Area, an oak-hick-
ory forest located in Berkeley and Morgan counties,
West Virginia. A major feature of this study area is the
spring emergence of many larval Lepidoptera, which
feed on new foliage of deciduous trees. These cater-
pillars are a preferred food source eaten by many res-
ident and migrant birds. We collected birds with shot-
guns from 6 May to 31 July 1985, and from 13 May
to 22 July 1986 between 06:00 and 13:00, immediately
removing the proventriculus and gizzard and injecting
them with formalin to stop digestion. Stomach con-
tents were analyzed in the laboratory under a dissecting
microscope. Most prey items could be identified to
family.

Several points merit emphasis here. First, intensive
sampling of location, abundance, and behavior of can-
opy arthropods was done by Cooper (1989) simulta-
neous to collecting. Second, an extensive collection of
arthropod voucher specimens was prepared. Third, at
least one entomologist was available at all times in the
field and laboratory to provide expertise in arthropod
identification.

Our unit of measurement was a species-month, pool-
ing all diet samples for a given species in a month
(Table 1). Using the Brillouin diversity index (Pielou
1975; also see Sherry 1984), we determined that col-
lection of 3 or 4 individuals/month was adequate to
represent the monthly diet of a species. Collections
with fewer than four individuals were eliminated from
the analysis.

Relative abundances of prey were expressed as per-
cent of total number of dietary items identified. We
measured dietary similarity among monthly collec-
tions using Spearman’s rank-order correlation, which
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is commonly used as a similarity measure (Clifford and
Stephenson 1975). Overall trends of similarity were
examined using cluster analysis. Ward’s method, which
is similar to centroid linkage, was employed using
CLUSTER in the Statistical Analysis System (SAS In-
stitute 1985). These analyses used two categorization
methods. First, taxonomic categorization used orders
as categories with the exception that Lepidoptera were
divided into larvae, pupae, and adults (10 total cate-
gories). Second, ecological categorization used 15 prey
categories based on taxonomy, size, abundance, typical
location, and escape behavior of each group (Table 2).

For example, larval Lepidoptera were divided into
three categories based on size, substrates occupied, and
predator avoidance mechanisms. Smooth-bodied cat-
erpillars typically avoid predation through crypsis,
nocturnal feeding, and remaining inactive during the
day on the undersurfaces of leaves (see Heinrich 1979c,
Heinrich and Collins 1983). They were divided into
two groups based on size. A third group, “hairy cat-
erpillars,” have long, stiff setae that deter many pred-
ators; they commonly forage diurnally in exposed lo-
cations. Coleoptera were similarly divided into two
categories. One group (primarily Cerambycidae and
Elateridae) included individuals that were large (8-16
mm), diurnally active, and found on leaf topsides or
bark. The other group (primarily Alleculidae, Chrys-
omelidae, and Curculionidae) included individuals that
were small (5-8 mm), diurnally inactive, and found on
leaf undersurfaces.

In this example, we used cluster analysis to examine
dietary patterns within and between species and time.
If foliage-gleaning species were highly opportunistic,
eating the most abundant prey available at any given
time, then meaningful clusters should include many
species collected at the same time. Conversely, if each
species consistently ate unique prey items, meaningful
clusters should contain one or a few species regardless
of when they were collected.

RESULTS

On average, similarities among collections us-
ing taxonomic categorization were greater but
were less often significant (P < 0.01, Table 3)
than those using ecological categorization (Table
4). Both similarities and significance levels were
affected by number of prey categories. Within-
species comparisons were correlated more often
than within-time-period comparisons using both
categorization methods. Several discrepancies
between our intuition and results observed using
taxonomic categorization were noted. For ex-
ample, 43% of the May 1986 collections were
correlated when prey were categorized ecologi-
cally, because many species ate small (<20 mm),
smooth-bodied, recently-emerged larval Lepi-
doptera. However, only 14% of those collections
were correlated when prey were categorized tax-
onomically. Also, no within-species compari-
sons were significant for Worm-eating Warbler
(scientific names appear in Table 1) or Yellow-
billed Cuckoo when prey were categorized tax-
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TABLE 1. SUMMARIES OF MONTHLY COLLECTIONS
MADE oF NINE INSECTIVOROUS BIRD SPECIES DURING
1985-1986

No. No.
stom- 1tems
Collection achs identified

June 1985 S 93
July 1985 7 137
May 1986 5 217
June 1986 4 94
June 1985 13 282
July 1985 25 301
June 1986 4 29

Species

Yellow-billed Cuckoo
(Coccyzus americanus)

Black-capped Chickadee
(Parus atricapillus)

July 1986 6 89

Tufted Titmouse June 1985 8 78

(Parus bicolor) July 1985 37 382

May 1986 5 65

June 1986 7 47

July 1986 5 46

Blue-gray Gnatcatcher June 1985 10 105

(Polioptila caerulea) July 1985 21 257

May 1986 6 85

June 1986 8 117

July 1986 6 59

Red-eyed Vireo May 1985 9 85

(Vireo olivaceus) June 1985 12 106

July 1985 17 143

May 1986 6 81

June 1986 8 93

July 1986 5 85

Pine Warbler June 1985 § 101

(Dendroica pinus) July 1985 18 282

May 1986 5 44

June 1986 7 72

Cerulean Warbler May 1986 4 40
(Dendroica cerulea)

Worm-eating Warbler June 1985 8 94

(Helmitheros vermivora) May 1986 4 38

June 1986 5 48

Scarlet Tanager May 1985 4 29

(Piranga olivacea) June 1985 17 173

July 1985 22 182

May 1986 7 91

June 1986 9 97

July 1986 6 70

onomically. Cuckoos actually had unique diets,
because only they consumed large numbers of
gypsy moth (Lymantria dispar) larvae. Because
gypsy moth larvae were combined with other
caterpillars, this trend was hidden.

Cluster analysis using insect orders as prey cat-
egories resulted in a dendrogram showing few
clear patterns within species or time (Fig. 1). Four
major clusters were identified (scree test, Dillon
and Goldstein 1984:48-49), each of which con-
tained at least one collection from May, June,
and July. Cluster I reflected large percentages of
Homoptera in the diet and included collections
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TABLE 2. Size, SUBSTRATES USED, AND PREDATOR AVOIDANCE MECHANISMS OF ARTHROPOD CATEGORIES USED

STUDIES IN AVIAN BIOLOGY

IN EcoLoGICAL CATEGORIZATION IN THIS STUDY

NO. 13

Predator

Length avoidance
Prey category Taxon (mm) Substrate mechanism
Spiders Arachnida 2-10  Various Dropping on
thread, crawling
Large, active beetles Coleoptera
Cerambycidae 8-16  Leaf tops, bark Flying, falling
Elateridae 8-12  Leaf tops, bark Falling
Small, inactive beetles Alleculidae 5-8 Leaf undersides Falling
Chrysomelidae 5-8 Leaf undersides Falling
Curculionidae 5-8 Leaf undersides Falling
Large, predatory Hemiptera Hemiptera
Pentatomidae 8-18  Leaf tops Flying
Reduviidae 8-18  Leaf tops Falling
Small, phytophagous Hemiptera  Miridae 5-8 Leaf undersides Falling
Homoptera Homoptera
Membracidae 5-10 Twigs, branches Crypsis
Other 3-10 Foliage Jumping, flying
Adult Hymenoptera Hymenoptera
Formicidae 3-10 Various Crawling, flying
“Wasps” 3-12  Air, foliage Flying
Orthoptera Orthoptera
Tettigoniidae >10 Foliage Crypsis
Gryllidae 6-18  Foliage Crypsis
Large “flies” Mecoptera 10-20  Air, leaf tops Flying
Diptera
Asilidae 10-20  Adir, leaf tops Flying
Tipulidae 10-30  Air, foliage Flying
Small flies Other <10 Air, foliage Flying
Small, smooth-bodied Lepidoptera 8-20  Leaf undersides, Crypsis
eruciform larvae Hymenoptera rolls or ties
Large, smooth-bodied Lepidoptera >20 Leaf undersides, Crypsis
eruciform larvae Hymenoptera rolls or ties, bark
“Hairy” caterpillars Lepidoptera >8 Foliage, bark Unpalatability
Pupae Lepidoptera 5-20 Foliage, bark Crypsis
Moths Lepidoptera adults 3-20  Air, leaf undersides Flying, crypsis

from four species and all three months of study.
All five Blue-gray Gnatcatcher, four of six Red-
eyed Vireo, and two of four Pine Warbler col-
lections were included in this cluster. Cluster II
reflected diets with a large percentage of Coleop-
tera. One Worm-eating Warbler and five of six
Scarlet Tanager collections were in this cluster.
Cluster III reflected a large percentage of larval
Lepidoptera in diets. Seven species were repre-
sented in this cluster. Cluster IV reflected a mod-
erate percentage (10-20%) of “unusual” prey such
as spiders or Orthoptera, and included one rep-
resentative each of five species.

The dendrogram suggested some dietary sim-
ilarities within species, especially Blue-gray
Gnatcatcher and Scarlet Tanager, but few time
patterns, although we strongly suspected their
occurrence. For example, the large Cluster IIT in
Figure 1 contained collections with large per-

centages of Lepidoptera larvae. These included
(1) Yellow-billed Cuckoos, which ate many gyp-
sy moth larvae, (2) Tufted Titmice and Black-
capped Chickadees, both of which ate numerous
longer (>20 mm), smooth-bodied caterpillars in
June and July of both years, and (3) a variety of
other species that ate smaller, smooth-bodied
caterpillars when they were abundant in May and
June. These and other patterns might emerge if
a more meaningful method of categorization was
used.

The cluster analysis that used ecological cate-
gorization (Table 2) resulted in a more infor-
mative dendrogram (Fig. 2). Five major clusters
were identified. Cluster I again reflected a large
percentage of Homoptera in diets, including four
of five Blue-gray Gnatcatcher collections and both
1985 Pine Warbler collections from June and
July. Cluster II contained seven of nine parid



CATEGORIZATION IN DIET STUDIES—Cooper et al.

107

TABLE3. NUMBER OF COMPARISONS, NUMBER OF SIGNIFICANT (P < 0.01) COMPARISONS, AND AVERAGE SIMILARITY
IN DIET BETWEEN MONTHLY COLLECTIONS USING TAXONOMIC PREY CATEGORIZATION (ARTHROPOD ORDERS)

Collections compared Similarity* Number comparisons Number significant  Percent significant
Within species
Tufted Titmouse 0.77 £ 0.03 10 4 40
Black-capped Chickadee 0.74 = 0.04 6 3 50
Worm-eating Warbler 0.67 = 0.07 3 0 0
Blue-gray Gnatcatcher 0.65 = 0.05 10 3 30
Pine Warbler 0.64 + 0.08 6 1 17
Red-eyed Vireo 0.62 + 0.04 15 3 20
Scarlet Tanager 0.60 = 0.06 15 4 27
Yellow-billed Cuckoo 0.52 = 0.07 6 0 0
Total 0.65 = 0.02 71 18 25
Within collection periods
May 1985 0.76 = 0.00 1 0 0
June 1985 0.45 + 0.04 28 1 4
July 1985 0.39 £ 0.06 21 2 10
May 1986 0.51 £ 0.05 28 4 14
June 1986 0.41 £ 0.05 28 1 4
July 1986 0.50 = 0.07 10 0 0
Total 0.45 £ 0.02 116 8 7
All other comparisons 0.44 = 0.01 516 46 9

® Values are mean Spearman’s rank correlation coefficients among the collections of interest and reported as the mean + sE.

collections, all from June and July. Those two
species had similar diets, including medium-sized
caterpillars (20-30 mm), pupae, and spiders.
Cluster III reflected large numbers of smaller,
smooth-bodied caterpillars taken during the ear-
ly part of the breeding season. Seven species were
represented in this cluster and all collections ex-

cept one (YBC 7/85) were from May and June.
The Yellow-billed Cuckoo collection was, inci-
dentally, the last single collection to join a cluster
and probably reflected a different diet from that
in any other collection. Clusters IV and V were
both monospecific and reflected the high depen-
dency of Scarlet Tanagers on large beetles at all

TABLE4. NUMBER OF COMPARISONS, NUMBER OF SIGNIFICANT (P < 0.01) COMPARISONS, AND AVERAGE SIMILARITY
IN DIET BETWEEN MONTHLY COLLECTIONS USING ECOLOGICAL PREY CATEGORIZATION

Collections compared Similarity* Number comparisons Number significant  Percent significant
Within species
Pine Warbler 0.81 = 0.05 6 4 67
Black-capped Chickadee 0.74 + 0.04 6 5 83
Tufted Titmouse 0.70 £ 0.04 10 7 70
Blue-gray Gnatcatcher 0.68 = 0.03 10 7 70
Worm-eating Warbler 0.62 = 0.13 3 2 67
Scarlet Tanager 0.58 = 0.05 15 9 60
Red-eyed Vireo 0.54 = 0.05 15 5 33
Yellow-billed Cuckoo 0.52 = 0.09 6 3 50
Total 0.63 = 0.02 71 42 59
Within collection periods
May 1985 0.57 £ 0.00 1 0 0
June 1985 0.31 + 0.06 28 3 11
July 1985 0.36 = 0.07 21 3 14
May 1986 0.44 + 0.06 28 12 43
June 1986 0.32 + 0.06 28 5 18
July 1986 0.55 = 0.06 10 3 30
Total 0.37 = 0.03 116 26 22
All other comparisons 0.36 = 0.01 516 82 16

= Values are mean Spearman’s rank correlation coefficients among the collections of interest and reported as the mean % SE.
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FIGURE 1. Dietary relationships from taxonomic
prey categorization (orders) among nine species of in-
sectivorous birds determined by cluster analysis. Dis-
similarity measures are semipartial r? values. BCC =
Black-capped Chickadee, BGG = Blue-gray Gnat-
catcher, CER = Cerulean Warbler, PIN = Pine War-
bler, REV = Red-eyed Vireo, SCT = Scarlet Tanager,
TIT = Tufted Titmouse, WEW = Worm-eating War-
bler, YBC = Yellow-billed Cuckoo.

times and of Yellow-billed Cuckoos on gypsy
moth larvae in May and June.

DISCUSSION

If the method of prey categorization in studies
of dietary similarity affects similarity measures,
conclusions based on techniques such as cluster
analysis that use similarity measures may also
be affected. One alternative, strictly taxonomic
categorization, represents a convenient and su-
perficially logical level to categorize prey. Yet,
results were not intuitive or consistent with pat-
terns of prey abundance, location, and behavior,
or the manner in which different bird species
captured prey on the study area. Use of 15 eco-
logically relevant categories (Table 2) produced
results consistent with observations and ecolog-
ical knowledge of arthropods. The sometimes
subtle distinctions between prey categories were
determined as a result of familiarity with prey
characteristics through direct observation and
input from team entomologists.

Other researchers have used analyses similar
to those in this study and similarly derived prey
categories. Rotenberry (1980a) used 19 arthro-
pod prey categories, some of which were orders
but most of which were families or combinations
of families. Justification for level of identification
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was that the prey taxon had to occur in at least
5% of all stomachs examined. That criterion is
arbitrary and may cause potentially important
or distinguishing prey categories to be omitted
or lumped with other categories. For example,
Lepidoptera pupac seldom were eaten by most
species in this study, but the few that were eaten
by parids seem to have contributed to those
species’ clustering separately from other species
(Fig. 2). However, Rotenberry’s prey categories
probably reflected real patterns of prey abun-
dance and opportunistic predation by birds over
time in shrubsteppe habitats, as evidenced by
dependence of those species on such prey as Cur-
culionidae, Orthoptera, and larval Lepidoptera
at different times of the study.

Sherry (1984) used 15 prey taxa in his study
of neotropical flycatcher diets. The taxa were often
orders but also contained superfamilies. No jus-
tification for that categorization was given, but
subsequent descriptions of flycatcher foraging
behaviors and methods of capturing different prey
taxa indicated a knowledge of locations, escape
behaviors, and patterns of emergence and abun-
dance of arthropods under study.

Both orders and lower taxonomic categories
were used by both of the above authors and in
this study. When should one identify prey at the
ordinal level and when at a lower level of iden-
tification? While hard and fast rules do not exist,
some suggestions may be helpful. Prey levels
should be constructed to contain enough obser-
vations for a meaningful analysis, although ex-
ceptions occur (see above). Practical consider-
ations include: (1) Variables (prey categories) with
many zero counts will not be normally distrib-
uted and usually cannot be transformed to nor-
mality. Consequently, multivariate statistical
procedures such as principal components and
discriminant function analysis lose validity. (2)
Large numbers of prey categories in a procedure
such as cluster analysis produce results that are
often difficult to interpret. Thus, division of ar-
thropod orders into smaller categories may be
impractical for some relatively uncommon or-
ders.

In analyses such as those used here, where
knowledge of dietary similarity both among
species and over time is of interest, prey can
actually be identified at too low a taxonomic
level. As a simplified hypothetical example, con-
sider two predators that feed on four different
prey items that vary in abundance temporally
(Fig. 3). Suppose those prey can be divided into
two higher taxonomic levels, A and B, which can
be further divided into two finer taxonomic levels,
1 and 2. Let A and B be very different in ecology
and behavior, but let Al and A2, and Bl and
B2, be very similar. Both Al and BI are present
in period 1 but not in period 2, and A2 and B2
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FIGURE 2. Dietary relationships from ecological prey
categorization among nine species of insectivorous birds
determined by cluster analysis. Dissimilarity measures
are semipartial r2 values. Species codes as in Figure 1.

are present in period 2 but not in period 1. As-
sume that predator diets reflect prey differences
so that the diet of predator one contains 90% of
taxon A and 10% of taxon B at all times, and
the diet of predator two contains 10% of taxon
A and 90% of taxon B at all times. If prey are
categorized as A and B, then diets would be most
similar within species across time periods, which
is meaningful in terms of functional ecology of
predator and prey. If prey are categorized as Al,
A2,B1, and B2, then diets would be most similar
within time periods across species, which is
meaningful taxonomically but not ecologically,
because prey are not present during both periods.

We experimented with cluster analysis using
prey categories defined by the lowest taxonomic
level (family, genus, or species) to which prey
could be identified with confidence. Eighty-five
categories were developed. Results (not shown)
were difficult to interpret, partly because of the
large number of categories, but also because of
the hypothetical situation presented above. Bird
species with very different diets, such as Scarlet
Tanagers and Blue-gray Gnatcatchers, some-
times clustered together because a few individ-
uals occasionally ate the same prey that were not
available at other times.

Thus, an important consideration is whether
anything is really achieved by dividing a partic-
ular order into lower levels. That is, if two fam-
ilies or groups of families within an order are not
very different ecologically, then subdivision of
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FIGURE 3. Hypothetical patterns of abundance of
four prey taxa over time. See text for explanation.

the order will probably not provide much ad-
ditional information. Conversely, if several
subgroups within an order exhibit very different
characteristics, such as size, location, or behav-
ior, then additional information is likely to be
obtained by subdivision. Input from entomolo-
gists is extremely helpful in this regard.

This study demonstrates that the method of
categorization selected for diet analysis can sub-
stantially influence interpretation of results. The
problem is similar to analysis of bird-habitat re-
lationships, which can be greatly influenced by
the variables selected for inclusion in models (e.g.,
Noon 1981b, Whitmore 1981). Ideally, the prey
classification scheme should be developed in-
dependently or prior to analysis of stomach con-
tents. Also, when publishing study results, re-
searchers should explain how prey categories were
chosen. Entomological information is therefore
necessary to construct meaningful prey cate-
gories. Ornithologists undertaking studies of bird-
insect relationships should incorporate knowl-
edge of insect ecology into their study design to
assure ecologically sound conclusions.
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FORAGING AND NECTAR USE IN NECTARIVOROUS

BIRD COMMUNITIES

BRIAN G. COLLINS, JAMES GREY, AND SHAPELLE MCNEE

Abstract. Nectar-feeding birds, such as honeyeaters, sunbirds, and sugarbirds, usually occupy habitats
in which distributions of particular plant species, individual plants, and flowers are patchy. The
contribution that each plant species makes to the overall nectar pool is dependent upon plant density,
floral abundance, and amount of nectar produced per flower. Nectar availability can be variable: some
flowers contain considerable quantities of nectar, youngest flowers usually being most productive,
while others are empty. In Australian and southern African habitats, we found interspecific partitioning
of nectar resources. The largest species of nectarivore at a given site generally foraged selectively at
the most rewarding nectar sources, relying on the most productive plant species and the youngest
flowers available. Dominance hierarchies within nectarivore communities helped to sustain parti-
tioning, although incompatibilities between bill and floral morphologies sometimes prevented partic-
ular species from utilizing part of the nectar pool. Preliminary observations suggested that intraspecific

differences in use of nectar also occurred.
Key Words:

Nectarivorous birds; honeyeaters; sunbirds; sugarbirds; foraging; nectar; resource par-

titioning; community ecology; Australia; Africa.

Nectarivorous birds are abundant in many
parts of the world. The most prominent of these
are honeyeaters (Meliphagidae) of Australasia,
sunbirds (Nectariniidae) and sugarbirds (Prome-
ropidae) of Africa, and hummingbirds (Trochil-
idae) of northern and neotropical America
(Johnsgard 1983, Maclean 1985, Collins and Re-
belo 1987, Collins and Paton 1989). Evidence
concerning the extent to which these birds use
nectar is circumstantial in most cases, although
the efficiency and extent of its uptake have been
measured precisely for several species (e.g., Wolf
etal. 1972, Gill and Wolf 1978, Ford 1979, Col-
lins et al. 1984, Paton and Carpenter 1984). There
is a similar dearth of quantitative data regarding
the importance of arthropods, fruits, and other
potentially useful foods in the diets of nectari-
vores (e.g., Skead 1967, Johnsgard 1983, Ma-
clean 1985), although a few detailed investiga-
tions have confirmed that honeyeaters ingest a
variety of materials (e.g., Pyke 1980, Collins and
Briffa 1982, Paton 1986). It has been suggested
that arthropods are used primarily to provide
protein and minerals (e.g., Pyke 1980, Paton
1982). Nectar contains a variety of carbohy-
drates, as do fruits, and in most instances appears
to be the major source of energy for nectarivo-
rous birds (e.g., Hainsworth and Wolf 1976, Ba-
ker and Baker 1983, Collins and Paton 1989).

Nectarivorous bird communities in many parts
of North America and Africa are simple, often
comprising only one or two types of bird that
forage for nectar from a small number of plant
species at any given time (e.g., Carpenter 1983,
Paton and Carpenter 1984). Community orga-
nization is considerably more complex in the
neotropics, and in most Australian habitats,

where numbers of competing nectarivores and
potential nectar sources are much greater (e.g.,
Feinsinger 1976, Ford and Paton 1982, Kodric-
Brown et al. 1984, Collins and Newland 1986).
Several comprehensive studies have document-
ed the diversity of plants and birds within such
habitats, often providing considerable informa-
tion relating to nectar production and partition-
ing of nectar between different species of nectar-
ivore (e.g., Wolf et al. 1976; Feinsinger 1978,
1983; Feinsinger and Colwell 1978; Snow and
Snow 1980; Ford and Paton 1982; Collins and
Briffa 1982; Collins and Newland 1986). Never-
theless, little attention has been paid to intra-
specific variations in the use of available nectar.
Even when such differences have been discussed,
small sample sizes have usually been involved,
and comparisons limited to territorial male and
female birds (e.g., Gill and Wolf 1975b; Wolf
1975; Carpenter 1976; Gass 1978, 1979; Wolf et
al. 1976). Almost no data have been supplied for
individuals within the same species which differ
in age or position within dominance hierarchies
(e.g., Gass 1979, Craig 1985, Newland and
Wooller 1985).

Most studies of foraging activity by nectari-
vores other than territorial hummingbirds have
produced composite data derived from many ob-
servations of (often unmarked) birds, each made
over a relatively short period of time (e.g., Col-
lins and Briffa 1983, Collins and Newland 1986).
Thus, there has been a tendency for results to be
biased in favor of obvious activities, such as in-
sect hawking and foraging at exposed flowers,
and birds that are particularly mobile. The pur-
pose of this paper is to demonstrate that collec-
tion of data in this manner can conceal inter-
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and intraspecific differences in foraging behavior,
which are revealed by extended observation, and
the use of indirect evidence such as that provided
by analysis of facial and fecal smears, for indi-
vidual birds.

METHODS
STUDY AREAS

Investigations reported here were undertaken at three
different sites in southwestern Australia and southern
Africa. The African site was located at Betty’s Bay, a
narrow belt of coastal seepage fynbos (heath), approx-
imately 90 km southeast of Cape Town (B. G. Collins
1983a, b). The two Australian sites occurred within the
southwest botanical province of Western Australia. One
of these was located in sclerophyllous jarrah forest, 9
km south of Jarrahdale (Collins 1985, Collins and
Newland 1986), the other in proteaceous heathland at
Fitzgerald River, approximately 25 km northeast of
Bremer Bay (Collins et al., unpubl. ms).

The most abundant nectarivorous birds at Betty’s
Bay were Cape Sugarbirds (Promerops cafer) and Or-
ange-breasted Sunbirds (Nectarinia violacea). Little
Wattlebirds (4nthochaera chrysoptera), New Holland
Honeyeaters (Phylidonyris novaehollandiae), and
Western Spinebills (dcanthorhynchus superciliosus) were
most frequently seen at Jarrahdale. With the exception
of Little Wattlebirds, these honeyeaters were also com-
mon at Fitzgerald River, where White-cheeked Hon-
eyeaters (Phylidonyris nigra), Brown Honeyeaters
(Lichmera indistincta), and White-naped Honeyeaters
(Melithreptus lunatus) also were observed.

EXPERIMENTAL DESIGN

Data were gathered during the course of three in-
dependent projects. The most recent of these, at Jar-
rahdale and Fitzgerald River (1985-1987), involved
some measurements that were not performed at Betty’s
Bay, where experimental work was conducted in 1982.
In a few instances, the techniques used to obtain com-
parable information also were slightly different. Not-
withstanding these variations, however, two of the major
objectives of each study were to document inter- and
intraspecific differences regarding the partitioning of
available nectar by birds, and to identify possible rea-
sons for the differences.

PLANT DENSITY AND FLORAL ABUNDANCE

At each Australian study site, but not at Betty’s Bay,
plant densities and floral abundances were measured
for species that had been identified previously as major
nectar producers (Collins and Newland 1986; Collins
et al., ms). Plants that had clearly defined and separate
flowers (e.g., Grevillea wilsonii at Jarrahdale) had their
flowers counted and treated independently. On plants
with inflorescences comprising numerous flowers that
were tightly packed together (e.g., Dryandra sessilis at
Jarrahdale or Banksia nutans at Fitzgerald River), in-
florescences were considered to be the floral units. For
convenience, all such units will generally be referred
to throughout the remainder of this paper as flowers.

Overall densities of major nectar-producing plant
species were estimated, using a plotless, point-centered
quarter method with at least 100 points located on a
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rectangular grid at 10 m centers (Mueller-Dombois and
Ellenberg 1974). Only those plants that were judged
likely to flower at some time during the year in which
investigations occurred were included (for details, see
Collins and Newland 1986). Numbers of flowers pres-
ent were counted on at least 20 randomly chosen plants
for each species, during July and/or September. Rel-
ative abundances of flowers belonging to different age-
classes were scored for selected species (D. sessilis, G.
wilsonii, and Mimetes hirtus) at Jarrahdale and Betty’s
Bay (for methodology, see B. G. Collins 1983b, 1985;
Grey 1985).

NECTAR AVAILABILITY AND PRODUCTION

Fresh flowers were chosen at random for major nec-
tar-producing species on each of 2-3 successive days
in July and/or September. These were sprayed with
insecticide and “bagged” (i.e., protected from all nec-
tarivores) with perforated fibreglass mesh at dusk. In-
sect adhesive was wiped around stems supporting the
bags and flowers in order to prevent arthropods from
reaching flowers via stems (Collins and Newland 1986).
Twenty four hours later, the volumes and equivalent
sucrose concentrations of nectar in at least 10 bagged
flowers were recorded for each species, using tech-
niques described by Collins et al. (1984) and Collins
and Newland (1986). Similar measurements were made
for separate sets of 10 unbagged flowers at dawn and
dusk over the same period of time. The energy equiv-
alent of each nectar sample was estimated as outlined
by Collins and Briffa (1983), assuming that 1 mg su-
crose yields 16.74 J. Daily (24 hour) nectar productions
were calculated by subtracting mean dusk energy val-
ues for unbagged flowers from subsequent dusk values
for bagged flowers.

In separate experiments at Jarrahdale, approximate-
ly 140 flowers, on which anthesis could be induced by
a gentle touch to the style(s), were selected at random
for each of the two major nectar-producing plant species
(D. sessilis and G. wilsonii). Nectar was collected from
subsamples of at least 10 flowers at dusk on day zero,
and at dawn and dusk each subsequent day until nectar
production ceased. Energy equivalents of samples were
calculated as indicated above. Similar experiments were
conducted at Betty’s Bay, except that standing crops
of nectar were measured for unbagged M. hirtus inflo-
rescences classified as partly open (some flowers open),
and fully-open (all flowers open), rather than for inflo-
rescences whose ages were known more precisely (B.
G. Collins 1983a, b). Corresponding data were not ob-
tained for plants at Fitzgerald River.

BIRD MORPHOMETRIC, TIME BUDGET
AND ENERGY BUDGET DATA

Honeyeaters present at the Jarrahdale site were cap-
tured in mist nets during each of four successive days
in July and September. Each bird was weighed using
a top-loading electronic balance, color-banded, its bill
{exposed culmen) length measured with micrometer
calipers, then released. Nectarivores at the other sites
were treated in similar fashion, except that honeyeaters
at Fitzgerald River were not color-banded.

Time budget data were obtained throughout the day
for nectarivores at Betty’s Bay and Jarrahdale, using
cumulative digital stopwatches. In each instance,
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TABLE 1.

STUDIES IN AVIAN BIOLOGY

NO. 13

DENSITIES AND FLORAL AVAILABILITY FOR SOME ORNITHOPHILOUS PLANT SPECIES AT STUDY SITES

IN SOUTHWESTERN AUSTRALIA (PARTLY AFTER COLLINS 1985, COLLINS ET AL., UNPUBL. Ms)

Plant density

Floral abundance (flowers/plant) .
Floral density

Location and plant species {plants/ha) X SD Range N (flowers/ha)

Jarrahdale (July)

Adenanthos barbigera 553 2.2 1.1 0-10 30 1217

Calothamnus rupestris 12 0.0 0.0 0-0 30 0

Dryandra sessilis 243 6.9 4.2 0-27 30 1677

Grevillea wilsonii 314 2.2 0.9 0-11 30 691
Jarrahdale (September)

Adenanthos barbigera 553 4.2 1.8 0-17 30 2323

Calothamnus rupestris 12 115 201 0-815 30 1387

Dryandra sessilis 243 1.9 0.4 0-9 30 1191

Grevillea wilsonii 314 1.8 0.5 0-7 30 565
Fitzgerald River (July)

Banksia baueri 380 0.8 0.3 0-4 20 304

Banksia coccinea 180 0.7 0.2 0-3 20 126

Dryandra cuneata 230 4.1 1.9 0-12 20 943

Lambertia inermis 310 1.2 0.4 0-7 20 372

amounts of time allocated by a bird to foraging at
flowers, gleaning of leaves and bark, hawking, perching
(“resting’), hopping between perches and flying were
recorded (Collins and Briffa 1983, Collins and New-
land 1986). Where data were clearly associated with
particular color-banded birds, and had been gathered
over intervals of several hours, they were accumulated
for the individuals concerned. In most cases, however,
birds timed were either unbanded, or were seen only
infrequently and for short periods of time. Data for all
such birds were pooled according to species and type
of activity, thus providing an “overall” indication of
the manner in which time was allocated (Collins and
Newland 1986). Air temperatures approximately 0.5
m above ground, within vegetation visited by nectar-
ivores, were recorded each hour using shielded therm-
istors, thus making it possible to construct energy bud-
gets for the birds (see B. G. Collins 1983a, Collins and
Briffa 1983).

FORAGING PREFERENCES

Frequencies with which nectarivores visited flowers
on various plant species were recorded throughout the
day, in conjunction with collection of general time bud-
getdata at Jarrahdale and Betty’s Bay, and as a separate
exercise at Fitzgerald River (Collins 1985). In cases
where species had flowers at different ages that could
be readily distinguished (e.g., D. sessilis, G. wilsonii,
M. hirtus), visits to these flowers were scored separately
(Collins 1985, Grey 1985).

Supplementary information concerning the types of
plants visited was obtained by taking pollen smears from
foreheads and throats of birds captured in mist nets
and comparing these with type pollen smears from
flowers nearby (Wooller et al. 1983, Collins and New-
land 1986). Numbers of particular types of pollen grains
present in each pair of smears from a given bird were
summed and expressed as percentages of total grains
counted.

DOMINANCE HIERARCHIES

The outcomes of agonistic encounters between con-
specifics and different species while foraging for nectar
were recorded opportunistically at Jarrahdale and Bet-
ty’s Bay, but not at Fitzgerald River. As relatively few
encounters occurred between color-banded birds of
known age, virtually no data illustrating age-related
differences in social status were obtained.

RESULTS
PLANT DENSITY AND FLORAL ABUNDANCE

Nectar-producing species had patchy distri-
butions that tended to overlap one another with-
in all study sites except that at Betty’s Bay, where
the two principal species (Mimetes hirtus and
Erica perspicua) occurred in fairly discrete, “pure”
stands (B. G. Collins 1983b; Collins 1985; Col-
lins et al., ms). Plant densities and numbers of
flowers available per plant were not measured at
Betty’s Bay, although both parameters often dif-
fered considerably from species to species at the
other two locations (flowers per plant: Jarrahdale
[July] F = 15.5, P < 0.001, [September] F =
328.1, P < 0.001, Fitzgerald River F = 11.7, P
< 0.001). Variability in floral abundance also
was great for individual plants within a given
species. Consequently, contributions that partic-
ular species or plants made to the total floral pool
at a given site often were quite different (Table

1).
FLORAL MORPHOLOGY

All but three plant species involved in this
study had gullet-shaped flowers (Table 2). In most
cases, individual flowers were arranged in spikes,
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TABLE 2. FLORAL MORPHOLOGY FOR MAJOR PLANTS VISITED BY NECTARIVOROUS BIRDS AT STUDY SITES IN

SOUTHWESTERN AUSTRALIA AND SOUTHERN AFRICA. N
STIGMA-NECTARY DISTANCE

= 30 FOR ALL MEASUREMENTS OF FLOWER DIAMETER AND

Flower diameter

Stigma-nectary

(mm)® distance (mm) - ’
OWETS,
Location and plant species Flower shape? X sD X sD Inflorescence type inflorescence
Jarrahdale
Adenanthos barbigera gullet 1.8 0.2 28.3 2.7 solitary 1
Calothamnus rupestris semi-tube 5.1 1.9 35.5 3.1 spike 15-27
Dryandra sessilis gullet 1.1 0.3 29.8 2.9 capitulum 70-90
Grevillea wilsonii gullet 2.9 1.3 35.5 3.8 raceme 7-12
Fitzgerald River
Banksia baueri gullet 0.9 0.2 31.1 1.7 spike >5000
Banksia baxteri gullet 0.9 0.1 29.5 2.1 spike 260-280
Banksia coccinea gullet 1.0 0.2 24.6 1.9 spike 180-250
Banksia media gullet 1.1 0.2 27.8 2.2 spike >5000
Dryandra cuneata gullet 0.8 0.1 20.2 2.1 capitulum 30-50
Dryandra quercifolia gullet 0.9 0.1 29.6 2.4 capitulum 40-70
Lambertia inermis tube 4.9 1.1 31.5 33 raceme 7
Betty’s Bay
Erica perspicua tube 2.8 0.7 19.8 2.4 spike 20-30
Mimetes hirtus gullet 1.0 0.1 59.4 8.8 capitulum 8-11

» Gullet-shaped flowers are calegorized by zygomorphic perianth tubes with one or more slits; semi-tubular fowers each comprise four fused staminal
bundles which are separate from one another; the only Aowers into which at least some of the birds present would have been able to insert their bills
were those of A. barbigera, C. rupestris, G. wilsonii, L. inermis and E. perspicua.

* Diameters of individual flowers were measured 10 mm from their bases in all instances, using micrometer calipers.

capitula, or racemes, with more than 5000 small
flowers present per inflorescence for species such
as Banksia baueri and B. media. The only species
with individual flowers into which bills of at least
some nectarivores could be inserted were Ade-
nanthos barbigera, Calothamnus rupestris, Grev-
illea wilsonii, Lambertia inermis, and E. perspi-
cua. Birds visiting other species were obliged to
use nectar that accumulated between the bases
of flowers.

AVAILABILITY OF NECTAR

Daily nectar production varied from one plant
species to another at each site (Table 3, Jarrah-
dale [July] F = 37.4, P < 0.001, [September] F
=11.9, P < 0.001, Fitzgerald River F = 1482.1,
P < 0.001). Those species with inflorescences
comprising numerous, tightly packed, small
flowers usually generated the most nectar, re-
gardless of plant density. For instance, produc-
tion by Dryandra sessilis at Jarrahdale in July
and September averaged 1614.7 and 663.2 kJ/
ha, respectively, compared with 22.8 and 8.5 kJ/
ha for G. wilsonii. At Fitzgerald River, B. baueri
produced 2397.0 kJ/ha in July, as opposed to
42.8 kJ/ha by L. inermis (estimates made by
combining data in Tables 1 and 3). At each site,
amounts of nectar produced by individual flow-
ers of a given species also varied considerably.

In general, nectar availability (standing crop)

at dawn differed among plant species in much
the same way as nectar production (Table 3, Jar-
rahdale [July] F = 29.6, P < 0.001, Betty’s Bay
F = 50.96, P < 0.001), some individual flowers
containing copious amounts of nectar and others
virtually none. Nectar was lost from most flowers
during the day, although percentages of dawn
standing crops that remained at dusk often var-
ied considerably from species to species. For in-
stance, flowers of A. barbigera, G. wilsonii, and
E. perspicua appeared to retain relatively more
nectar than those of D. sessilis or M. hirtus (Table
3).

A large part of the variability in nectar avail-
ability for flowers chosen at random from species
such as D. sessilis, G. wilsonii, and M. hirtus can
be attributed to differences associated with floral
age. For instance, dawn and dusk standing crops
of nectar for all three species varied inversely
with floral age, nectar production finally ceasing
after approximately 7, 3, and 7 days, respectively
(Table 4, at dawn: D. sessilis F = 337.3, P <
0.001, G. wilsonii F= 5.9, P < 0.001, M. hirtus
F =24 P < 0.05).

MORPHOMETRIC AND TIME BUDGET DATA

At each study site, body masses and bill (ex-
posed culmen) lengths of most nectarivore species
differed from one another (Table 5, body mass:
Jarrahdale [July] F = 1050.0, P < 0.001, [Sep-
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TABLE 3.

STUDIES IN AVIAN BIOLOGY

NO. 13

NECTAR PRODUCTION, AVAILABILITY AND DEPLETION FOR PLANT SPECIES VISITED BY HONEYEATERS,

SUNBIRDS OR SUGARBIRDS (PARTLY AFTER B. G. CoLLINs 19834A; CoLLINS AND NEWLAND 1986, COLLINS ET AL.,

UNPUBL. MS)

Nectar
remain-

Nectar production (kJ/24 hour/flower) Nectar availability at dawn (kJ/flower) igg *ll(t
usl

Location and plant species X SD Range N X SD Range N (%)°
Jarrahdale (July)

Adenanthos barbigera 0.028 0.013 0.005-0.037 30 0.017 0.009 0.000-0.029 30 42.6

Calothamnus rupestris

Dryandra sessilis* 0.963 0.327 0.375-1.121 30 0.643 0.196 0.179-0.817 30 124

Grevillea wilsonii 0.033 0.018 0.017-0.048 30 0.022 0.008 0.005-0.031 30 46.7
Jarrahdale (September)

Adenanthos barbigera 0.012 0.006 0.003-0.019 30

Calothamnus rupestris 0.219 0.110 0.112-0.288 30

Dryandra sessilis® 0.557 0.269 0.121-0.783 30

Grevillea wilsonii 0.015 0.007 0.005-0.037 30
Fitzgerald River (July)

Barnksia baueri* 7.885 3.919 3.899-12.174 10

Banksia baxteri® 0.560 0.221 0.150-0.717 10

Banksia coccinia® 0.125 0.071 0.009-0.184 10

Banksia media® 15.350 8.023 4.632-18.151 10

Dryandra cuneata® 0.500 0.113 0.105-0.788 20

Dryandra quercifolia® 3.111 0.927 19524923 20

Lambertia inermis 0.115 0.042 0.034-0.175 40

Betty’s Bay (September)
Erica perspicua
Mimetes hirtus*

0.003 0.001 0.000-0.006 100 54.0
0.081 0.009 0.011-0.116 30 15.6

2 Species with flowering units that are inflorescences comprising numerous small flowers; other species have widely-spaced flowers.
* Nectar present at dusk expressed as percentage of dawn nectar availability.

tember] F = 1398.7, P < 0.001, Fitzgerald River
F = 407.1, P < 0.001, Betty’s Bay F = 736.7, P
< 0.001). For instance, Cape Sugarbirds were
considerably larger than Orange-breasted Sun-
birds at Betty’s Bay, and both New Holland and
White-cheeked Honeyeaters larger than other
honeyeaters at Fitzgerald River. Intraspecific
variability was often quite marked, males gen-
erally being larger than females, at least for those
species where sexes could be readily distin-
guished (e.g., Western Spinebills, Cape Sugar-
birds, Orange-breasted Sunbirds; body mass: t =
5.94, 4.65 and 3.04, respectively, for compari-
sons of males and females; P < 0.01). Body
masses and bill lengths were recorded for all birds
captured, although the only particular values
provided in Table 5 are those for individual birds
subsequently involved in extended time budget
investigations.

At Jarrahdale, nectarivore body size varied in-
versely with amounts of time spent foraging,
hopping, and flying (Table 6). For instance, rel-
atively large Little Wattlebirds devoted much less
time to these activities than either New Holland
Honeyeaters, or Western Spinebills in July and
September. Similar relationships possibly exist-

ed at Betty’s Bay, although these are obscured
by the fact that hopping and foraging were not
measured as separate components of time bud-
gets for either Cape Sugarbirds or Orange-breast-
ed Sunbirds. Differences among time budgets of
individual birds and sexes appear not to have
been so pronounced as those among species, al-
though male and female Western Spinebills, in
particular, may have differed significantly in gen-
eral activity patterns and foraging behavior.

ENERGY BUDGETS AND FORAGING EFFICIENCIES

At each of the study sites, estimated energy
expenditure and requirements vary between dif-
ferent nectarivore species (Table 5). In general,
values are greatest for the largest and most active
birds. Limited evidence also suggests that ex-
penditures and needs are greater for males than
females of a given species, principally because of
differences in their body masses.

The efficiencies with which birds extract nectar
from flowers can be calculated using data pro-
vided in Tables 4 and 5. Extraction efficiency
varies according to the species of nectarivore or
plant involved, nectar availability and the dis-
tances between flowers that are visited. Efficiency
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is greatest for small birds that visit productive N
flowers which are close together (Table 7). % g - 3
8 Qe
FORAGING PREFERENCES s °°
Data (Table 8) have been pooled for individual § 2 pa 2l g
species of nectarivores, yet reveal some striking a9 1212 8 3 3
differences with regard to types of plant whose o 3 3 ee cle
flowers were visited by them. For instance, Lit- = @ g _—
tle Wattlebirds at Jarrahdale visited virtually no § < E -~ |88
flowers other than those of D. sessilis in July and ] é B SES
C. rupestris in September. In contrast, the small- a & E
er Western Spinebills supplemented nectar from g E g, ay
these species with that from A. barbigera and G. 53 2 23S
wilsonii. At Betty’s Bay, Cape Sugarbirds relied z 4 z
; = =
upon M. hirtus flowers; yet, Orange-breasted B = ©w I
Sunbirds visited both M. hirtus and E. perspicua. © g gimles 22
The situation at Fitzgerald River was more vari- & 5 ee e
o Q 8
able. Most honeyeaters at that location appeared =T § owm o —
to favor Dryandra cuneata and L. inermis, al- 9 g ~ g 3 38 8 S
though two of the smaller species, Brown Hon- g E ]
eyeaters and Western Spinebills, visited Banksia AL
baueri more frequently than did the larger hon- 29 8= 25
. . . 3 “lco o3
eyeaters. Intermediate-sized White-naped Hon- ) 5 3 oo
eyeaters were particularly interesting in that they o é
did not appear to visit B. baueri at all, and for- =™
. . .. . (e} v o
aged rarely at L. inermis, yet visited Banksia '5 2 -8
coccinia, which is a relatively poor source of nec- E @ S S
tar. 5 2
Analysis of pollen smears provided evidence a 2 58 al'a
that generally supported direct observations of 2 i z © 23S 2l S
the type outlined above (Table 9), although pol- 89 <
len from plant species found only outside the ?E E <+ o
study site was often present in smears obtained g z § i[-~|188
at Fitzgerald River (e.g., pollen from B. media 8= = e e
and Dryandra quercifolia). The White-naped 2 :g 5 o o
Honeyeaters, whose observed foraging prefer- z9 2|82
ences at that site differed so markedly from those : ) 2|z SRS
of other species, had an average of only 14% of ¥ EE
the total pollen grains counted that were from Qa3g |= =2 =5
plant species listed in Table 9. Marked intraspe- 28 3 E 32 28
cific variations in the incidence of pollen types < s E 8
occurred for all nectarivore species. Quite often, § < |2 @x wm aly
particular types were absent from some individ- S a “ o Vvﬂ, S, S, 3 ==
ual birds of a given species, but present on others > E E °ee e o<
(e.g., G. wilsonii pollen present on some New ¥ <Z - - o —
Holland Honeyeaters at Jarrahdale, but not on E E 2 -188 83
others). 2 % B oo oo
Honeyeaters studied at Jarrahdale, and Cape w & 3
Sugarbirds at Betty’s Bay, all demonstrated clear g 2 g X 8 < 8 x 8
preferences for flowers of particular ages (Table £ 23 -
10). Invariably, highest preferences were shown B4R 2
for younger flowers that produced the most nec- é S E ] I
tar, although the three Jarrahdale species differed £ sz T |25 §5 , =
from one another in that they sometimes foraged <38 82|87 2 T 8
at flowers whose ages spanned varying ranges < % % £5| 37 =4 S ¢
(e.g., when visiting D. sessilis, Little Wattlebirds W g & L "§ = § o g ;'é
visited day 1-2 and day 3—4 flowers only, where- asg |l = |82 £2 £ 3
as New Holland Honeyeaters also used day 5-6 538 chE-

flowers).
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TABLE 6. ENVIRONMENTAL TEMPERATURES AND TIME BUDGETS FOR NECTARIVOROUS BIRDS AT STUDY SITES
(PARTLY AFTER B. G. CoLLINS 1983A). MORPHOMETRIC MEASUREMENTS FOR THESE AND OTHER BIRDS ARE
PROVIDED IN TABLE 5, As ARE DEFINITIONS OF BANDING CODES. HORIZONTAL LINES AND BRACKETS DENOTE
RANGE OF ACTIVITIES INCLUDED IN TIME-BUDGET DATA FOR BETTY’s BAY

Approx.

Total

Percentage of total time devoted

Perch- For- Mean

Banding age observ. ing  Probing Glean- ward Hawk-  day/night
Location and bird species code (years) time (s) (resting) flowers ing flight Hopping ing temp (°C)
Jarrahdale (July)
Little Wattlebird (unsexed) overall 16,491 76.6 157 0.5 4.6 24 0.2 11.5/82
LG/R >1 4188 740 19.7 0.0 4.2 21 0.0
MA/R <1 3241 82.0 109 0.7 33 27 04
New Holland Honeyeater overall 15,095 54.7 304 0.6 83 4.8 1.2 11.5/8.2
(unsexed) R/Y >1 2879 63.7 224 0.0 11.2 2.7 0.0
R/MA <1 3325 635 24.1 0.2 51 52 0.2
Western Spinebill (male) overall 2564 459 438 00 34 6.9 00 11.5/82
Western Spinebill (female) overall 2103 544 272 1.0 49 125 0.0 11.5/8.2
Jarrahdale (September)
Little Wattlebird (unsexed) overall 4369 80.3 7.6 0.2 56 53 1.0 13.5/9.2
New Holland Honeyeater overall 14,117 S51.1 30.3 05 6.6 11.0 0.5 13.5/9.2
(unsexed)
Western Spinebill (male) overall 1413 59.8 179 0.5 143 7.0 0.5 13.5/9.2
Western Spinebill (female) overall 1869 31.5 430 0.1 83 17.1 0.0 13.5/9.2
Betty’s Bay (September)
Cape Sugarbird (male) Y/W >1 3600 94.8 5.2 17.7/12.5
Cape Sugarbird (female) R/Y >1 28,400 98.4 1.6 17.2/13.3
Orange-breasted Sunbird (male) overall 3800 89.0 11.0 17.7/12.5
Orange-breasted Sunbird overall

(female)

DOMINANCE HIERARCHIES

Clearly defined interspecific hierarchies were
identified at both study sites where detailed ob-
servations of agonistic interactions were record-
ed (Jarrahdale and Betty’s Bay). In each case,
larger species (e.g., Little Wattlebirds, Cape Sug-
arbirds) were consistent winners against smaller
species (e.g., Western Spinebills, Orange-breast-
ed Sunbirds) (Table 11). Intraspecific hierarchies
were also apparent, with males usually winning
out against females. Insufficient data were avail-
able to test the hypothesis that the winners of
intraspecific encounters are determined on the
basis of body size or age.

DISCUSSION

Casual observation of vegetation within plant
communities that support nectar-feeding birds
usually reveals striking variations in abundance
and distribution of different species, although this
patchiness has only occasionally been quantified
by people interested in resource partitioning (e.g.,
Wolfet al. 1976, Feinsinger 1978, Collins 1985,
Wykes 1985). Data presented in this paper in-
dicate that most nectar-producing species at Jar-
rahdale and Fitzgerald River have patchy dis-
tributions, and are generally supported by

independent results for the same areas obtained
by Wykes (1985) and Newby (unpubl. data). A
similar level of diversity does not occur within
the small Mimetes hirtus-Erica perspicua com-
munity at Betty’s Bay, although Boucher (1978)
has demonstrated that many additional species
occur in adjacent habitats.

For any given plant species, numbers of flow-
ers present on individual plants at a particular
time of year also can be quite variable (e.g., Fein-
singer 1978, Paton and Ford 1983, Collins 1985,
Collins and Newland 1986). Some plants have
no flowers, others have many. As a result, dif-
ferences in flower counts combine with patchy
distributions of the plants themselves to present
an uneven floral environment to potential visi-
tors.

The contribution that a particular plant species
makes to the total nectar pool is clearly related
to plant density, floral abundance and the amount
of nectar that each flower produces (e.g., Pyke
1983, Collins et al. 1984, Collins and Newland
1986, Paton 1986). We found that standing crops
of nectar in flowers that have not been visited
by honeyeaters for a considerable time can be
quite variable (see also Feinsinger 1978, Car-
penter 1983, Gill and Wolf 1977). Genetic and
environmental factors are involved (e.g., Cruden
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TABLE 7. FORAGING EFFICIENCIES FOR HONEYEATERS, SUGARBIRDS AND SUNBIRDS VISITING FLOWERS AT
JARRAHDALE OR BETTY’S BAY
Standing
crop i Foraging efficiency (J)
Age of Alower/ energy  Nectarivore
Location and plant species time of day (J/flower)*  species® A B C
Jarrahdale (July)
Dryandra sessilis Day 1/dawn 603 A.s. 597 593 590
P.n. 594 587 581
A.c. 589 568 548
Day 4/dawn 60 A.s. 54 50 47
P.n 51 44 38
A.c. 46 25 5
Grevillea wilsonii Day 1/dawn 30 A.s. 27 24 24
P.n 26 (7 19 (7) 16 ()
A.c. 21 (%) 17 -20(?)
Day 3/dawn 11 A.s. 8 5 1
P.n. 70 0O -7
A.c. 2 —18(?) -39 ()
Betty’s Bay (September)
Mimetes hirtus Partly-open/dawn 119 N.v.
P.c. 107 99 91
Fully-open/dawn 21 N.v.
Pc. 3 -5 —-12

* Nectar standing crops have been taken from Table 4.

* A.s., P.n., A.c., N.v.and P.c. denote Western Spinebills, New Holland Honeyeaters, Little Wattlebirds, Orange-breasted Sunbirds and Cape Sugarbirds,

respectively.

< Foraging efficiency is the difference between energy intake, assuming 100% ingestion of available nectar when a flower is visited by a bird, and the
energy expended in flying to the flower and extracting this nectar; efficiencies have been calculated for situations in which birds had to fly different
distances in order to harvest nectar: flight times used were (A) 0.5, (B) 2.0 and (C) 3.5 s; mean extraction times were: D. sessifis (4.5. 15.3, P.n. 12.5
and A.c. 6.7 s); G. wilsonii (4.5. 4.1, P.n. 3.3(?) and A.c. 1.8(?) sy, M. hirtus (P.c. male 13.9 and P.c. female 24.7 s, N.v. no data); (?) denotes that

extraction times and calculations involving these are estimates, since these

et al. 1983), although the ages of flowers are es-
pecially significant (this study, see also Gill and
Wolf 1977, Grey 1985). For example, Dryandra
sessilis flowers whose ages range from 1 to 7 days
would be expected to have more variable stand-
ing crops than a sample of uniform age.

Patchiness of the floral and nectar environ-
ments presents nectarivores with a diversity of
foraging options. For instance, the most abun-
dant and uniformly distributed plant species at
Jarrahdale is Adenanthos barbigera; yet, each
plant usually bears relatively few flowers, most
of which produce small amounts of nectar. In
contrast, Calothamnus rupestris and D. sessilis
are less abundant, and often more widely spaced;
yet, each has such large numbers of flowers per
plant or produces such quantities of nectar per
flower that its overall contribution to the nectar
pool is much greater. How do nectarivores forage
under these conditions? If nectar is harvested
selectively, is the choice based on plant density,
floral abundance per plant, flower morphology,
amount of nectar present per flower, or some
combination of these parameters? Even if pref-
erential foraging does occur, variations in size
and behavior suggest that species and individual
birds may partition nectar resources in different
ways.

birds were not observed visiting such flowers.

According to optimal foraging theory (e.g., Pyke
et al. 1977, Pyke 1984), nectarivorous birds
should maximize their net rates of energy ac-
quisition. This might be achieved by adopting a
foraging strategy that maximized energy intake,
perhaps by selecting plant species offering the
greatest nectar rewards per plant and/or flower,
although there would be some energetic sacrifices
if the plants were widely spaced (Table 7). Al-
ternatively, birds might select species with the
greatest plant and floral densities, at least within
certain parts of the habitat. In this situation, the
energetic cost of moving between flowers would
be minimized, although energy intake would not
necessarily be at the highest possible level. Of
course, birds could opt for a combination of both
strategies (e.g., Gill and Wolf 1977; B. G. Collins
1983a, b; Paton and Ford 1983; Collins 1985;
Grey 1985; Collins and Rebelo 1987). For in-
stance, Little Wattlebirds and New Holland
Honeyeaters at Jarrahdale foraged selectively at
C. rupestrisor D. sessilis flowers, when these were
available, but also preferred the densest patches
of either species, and individual plants with the
most flowers (Collins 1985, Grey 1985). This
allowed them to increase their foraging efficiency
and satisfy their energy requirements).

Energy expenditures and requirements of larg-
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RELATIVE FREQUENCIES OF VISITS BY NECTARIVOROUS BIRDS TO FLOWERS ON PLANT SPECIES AT STUDY

SITES. FIGURES IN PARENTHESES DENOTE RELATIVE ABUNDANCES OF PLANTS VISITED; 5.1% OF THE TOTAL PLANTS
PRESENT AT JARRAHDALE BELONGED TO OTHER SPECIES (PARTLY AFTER COLLINS 1985)

Total
VISItS to
Location and bird species Rowers Percentage frequency of visits
Jarrahdale (July) Adenanthos  Calothamnus  Dryandra Grevillea Dryandra
barbigera rupestris sessilis wilsonii nivea
(27.7) 0.7) (16.6) (18.1) (31.8)
Little Wattlebird 40 100.0
New Holland Honeyeater 411 99.3 0.5 0.2
Western Spinebill 43 37.2 32.6 23.2 7.0
Jarrahdale (September)
Little Wattlebird 16 100.0
New Holland Honeyeater 222 64.0 36.0
Western Spinebill 171 24.6 38.0 26.9 10.5
Fitzgerald River (July) Banksia Banksia Dryandra  Lambertia
baueri coccinia cuneata inermis
(34.5) (16.4) (20.9) (28.2)
New Holland Honeyeater 115 7.0 6.1 56.5 30.4
White-cheeked Honeyeater 107 3.7 2.7 50.6 43.0
White-naped Honeyeater 15 0.0 20.0 733 6.7
Brown Honeyeater 38 23.7 2.6 26.3 47.4
Western Spinebill 29 17.2 3.5 27.6 51.7
Betty’s Bay (September) Erica Mimetes
perspicua hirtus
@) Y]
Cape Sugarbird 511 0.0 100.0
Orange-breasted Sunbird 372 17.5 82.5

er species, and bigger birds within these, are
greater than those for smaller birds, all other
things being similar (Table 5). For this reason,
one might expect larger birds to be more dis-
cerning than others in their choice of nectar re-
sources. As this paper indicates, Little Wattle-
birds and New Holland Honeyeaters used young
flowers of C. rupestris and D. sessilis almost ex-
clusively at Jarrahdale, whereas the smaller
Western Spinebills also made frequent visits to
older flowers of the same species and to flowers
of generally less-rewarding plants such as Grevil-
lea wilsonii and A. barbigera (Table 8). Similarly,
Cape Sugarbirds at Betty’s Bay preferred partly
open inflorescences of M. hirtus, and ignored E.
perspicua, whereas Orange-breasted Sunbirds
made considerable use of E. perspicua.

Perhaps the most obvious way in which nectar
resource partitioning by different species is ef-
fected is by the establishment of dominance hier-
archies (e.g., Ford and Paton 1982, Craig 1985,
Newland and Wooller 1985), and at all three sites
studied here larger species often displaced small-
er birds from the most rewarding sources of nec-
tar. Differential use of available resources is re-
flected in the time and energy budgets, larger
nectarivores being able to devote less effort to

foraging and more to “resting,” thereby reducing
their energy requirements.

Resource partitioning also occurs because bill
lengths and breadths of the birds, and floral mor-
phologies for the plants, are sometimes incom-
patible. For example, the tubular or gullet-shaped
flowers of plants such as E. perspicua, G. wilsonii
and A. barbigera clearly could not be probed by
Cape Sugarbirds or Little Wattlebirds, both of
which have relatively broad bills (Paton and Col-
lins, unpubl. ms); yet, nectar should have been
easily harvested by narrow-billed Orange-breast-
ed Sunbirds or Western Spinebills. We found
that the percentage depletion of dawn standing
crops of nectar at Betty’s Bay and Jarrahdale was
not only greatest for plant species which were
most productive, but also for those whose nectar
was accessible to a wide range of nectarivores
(e.g., D. sessilis, M. hirtus).

Little is known regarding intraspecific parti-
tioning of nectar resources within bird commu-
nities. Rufous Hummingbirds (Selasphorus ru-
fus) appear to adjust the sizes of their breeding
territories daily (Carpenter et al. 1983, Gass and
Lertzman 1980), in a manner that is influenced
by their sex and age (Gass 1978, 1979). J. L.
Craig (1985) provided some evidence that in-
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TABLE 10. PREFERENTIAL FORAGING BY HONEYEATERS OR SUGARBIRDS AT FLOWERS OF DIFFERENT AGES (PARTLY

AFTER B. G. CoLLINS 19834, 1985)

Relative
Age of flowers

abundance of

Foraging preference (%)"

Plant species and time of year* (days) flowers (%) A.c. Pon. A.s. Pec.
Dryandra sessilis 1-2 29.4 76 68 56
(July, N = 150) 34 395 24 28 39
5-6 21.3 0 3 5
7-? 9.8 0 0 0
Grevillea wilsonii 1-2 53.9 100
(July, N = 152) 3-? 46.1 0
Mimetes hirtus 14 17.1 99
(September, N = ?) 5-7 82.9 1

* N denotes the number of plants observed for a total time of at least 36,000 s.
" A.c., P.n. and A.s. made 91, 208 and 38 visits, respectively, to D. sessilis; A.s. made 30 visits to G. wilsonii; P.c. made 408 visits to M. hirtus. The
letters A.c., P.n.. A.s. and P.c. denote Little Wattlebirds, New Holland Honeyeaters, Western Spinebills, and Cape Sugarbirds, respectively.

dividual New Zealand honeyeaters partition
available nectar, with larger, male birds usually
dominating the richest sources. We also found
that foraging activity and nectar use by some
sunbirds, sugarbirds and Australian honeyeaters
varied individually.

Since intraspecific dominance hierarchies exist
in honeyeater (Craig 1985, Newland and Wooller
1985) and sunbird-sugarbird (Wooller 1982)
communities, there is no obvious reason why
larger, dominant birds should not use more re-
warding flowers, and spend less time foraging,
than subordinates. Although we found this to be
true for the larger color-banded New Holland
Honeyeaters at Jarrahdale, it was not the case

TABLE 11. OuUTCOMES OF AGGRESSIVE INTERACTIONS
BETWEEN HONEYEATERS AT JARRAHDALE, AND BETWEEN
SUNBIRDS AND SUGARBIRDS AT BETTY’s BAY. FIGURES
DEeNOTE EITHER TOTAL NUMBERS OF INTERACTIONS OR
NUMBERS OF WINS/LOSSES

Winning specics Losing species

Jarrahdale Ac. Pn As. 3 As. 9
Little Wattlebird
(A.c.) 5 25/0 15/0 10/0
New Holland Honey-
eater (P.n.) 52 31/0 10/0
Western Spinebill
(A.s. 8) 9 11/2
Western Spinebill
(A.5.9) 0
Betty’s Bay Pc.d8 Pc.2 Nv.3d Nwvg@
Cape Sugarbird
(P.c. 3) 4 2/0  45/0  30/0
Cape Sugarbird
(P.c. 9 0 15/0  12/0
Orange-breasted
Sunbird (N.v. 3) 3 21/5
Orange-breasted
Sunbird (N.v. 9) 0

for Little Wattlebirds. Data for Western Spine-
bills were variable, with males spending less time
than females foraging for nectar in July, but more
time in September. This discrepancy could have
arisen because of the particular (unknown) sizes
and positions of individuals sampled in the in-
traspecific dominance hierarchies at those times.

No direct observational data on intraspecific
differences in the types of flowers visited by col-
or-banded honeyeaters, sunbirds, or sugarbirds
are available, although smears taken from fore-
heads and throats of these and other non-banded
birds suggest that preferential foraging occurs.
However, interpretation of smear data is com-
plicated by the fact that the proportions of var-
ious pollen grains present will be biased by the
sequence in which plant species are visited and
the amounts of pollen that they produce. Sex-
related differences were especially obvious at two
sites. For instance, all female Western Spinebills
at Fitzgerald River carried Banksia baueri and
B. media pollen, but some males did not. At
Betty’s Bay, male Orange-breasted Sunbirds bore
significantly more M. hirtus and less E. perspicua
pollen than conspecific females.

At best, the evidence currently available mere-
ly suggests that intraspecific partitioning of nec-
tar resources occurs. It will only be possible to
test this hypothesis satisfactorily if quantitative
data are obtained using a variety of techniques,
over extended periods of time, for large numbers
of individual birds of known age, sex, and social
status.
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SECTION II
FORAGING BEHAVIOR: DESIGN AND ANALYSIS

Overview

BIOLOGICAL CONSIDERATIONS FOR STUDY DESIGN

MARTIN G. RAPHAEL AND BRIAN A. MAURER

AD HOC AND A PRIORI
HYPOTHESIS TESTING

Research on avian foraging is still mostly in
the descriptive, empirical stage of development.
Most of us, despite intentions to the contrary,
simply follow birds and record what they do. Our
study designs focus on where we plan to make
observations, when we will make them (e.g., time
of day, season), how many observations we hope
to collect and, perhaps, how we will stratify our
observations among groupings of interest (e.g.,
species, sex, age class, habitat type). We then toss
the data into a statistical computing package to
test the hypothesis that our dependent variables
do not differ among the groupings we defined.
Often we reject the null hypothesis, and then we
are left searching for biological explanations for
the differences we observed. How interesting are
conclusions derived from such a process?

Any clever biologist can explain any obser-
vation by envisioning a perfectly reasonable se-
ries of events that could have led to that obser-
vation. One particularly striking example is that
of a well-known ornithologist who analyzed bird
abundance at a number of sites in relation to the
characteristics of vegetation. Based on a multi-
variate statistical analysis, he developed a very
reasonable explanation connecting the patterns
of bird abundance to the specific vegetation fea-
tures; but he then discovered that a keypunching
error had caused the data to be shifted by a col-
umn. The result was that none of the vegetation
data corresponded to the variable names he was
using in the analysis. The data were essentially
unrelated to the variables he used to explain his
results.

The lesson is that retrospective explanations
of observed phenomena are not very insightful
nor do they lead to strong inferences. Consid-
ering all of the sources of error that authors in
these proceedings have discussed, we may often
be guilty of making biological mountains out of
statistical molehills composed of variation at-
tributable to both sampling and measurement
error.

There is certainly a place for descriptive stud-
ies. After all, strictly empirical observations are
the stuff of knowledge, and we are not advocating
their abandonment. Rather, we are cautioning
that researchers avoid the temptation of going
too far in developing ad hoc explanations of de-
scriptive data.

The power of a priori hypotheses, derived from
basic biological principles or theory, is much
greater than that of ad hoc hypotheses. Real, not
illusory, progress is made when such hypotheses
are accepted or rejected after analysis of results
of a carefully designed and executed study. Such
hypotheses are predictions of future outcomes as
opposed to explanations of past outcomes. The
confirmation of these predictions (which often
involve directional or one-tailed hypotheses) is
much more difficult to achieve than the usual
null hypothesis of no differences. As a result, we
are more confident of conclusions derived from
results of such hypothesis testing.

OTHER CONSIDERATIONS
STUDY OBJECTIVES

The design of any foraging study must, ob-
viously, be dictated by the objectives of the in-
vestigation. Less obvious are the limitations that
the design imposes on the legitimate conclusicons
drawn from the results. It is foolhardy, for the
reasons cited above, to draw conclusions about
evolutionary fitness from a study designed to
gather descriptive data. One can certainly derive
evolutionary hypotheses for further testing from
such data, but not conclusions. Thus, the objec-
tives of a foraging study should be carefully
thought out and explicitly stated.

A wide variety of inferences can be drawn from
foraging data if researchers design appropriate
studies and collect appropriate data. The objec-
tives of a study are then determined by the level
of biological inference that the researcher wishes
to achieve. These levels of inference can be ranked
based on the amount of information necessary
to make specific conclusions (Table 1). Few stud-
ies have gone beyond the second level of infer-
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TABLE 1. LEVELS OF BIOLOGICAL INFERENCE FOR
FORAGING DATA AND THE KINDS OF RELEVANT DATA
AND HYPOTHESES NEEDED TO DRAW MEANINGFUL
CONCLUSIONS

Level of inference

1. Use

Relevant data and hypotheses

Descriptive statistics for relevant
foraging categories. Null hypoth-
eses of “no differences™

Data from level 1, plus data on
availability of substrates or food.
Null hypotheses of no relation-
ship between use and availabili-
ty

3. Survivorship Data from levels 1 and 2, plus

data on differences in survivor-
ship because of differences in re-
source levels. Null hypotheses of
no relationship between survi-
vorship and selective resource
use

4. Reproduction Data from levels 1-3, plus data on
differences in reproductive suc-
cess in relation to differences in
resource levels. Null hypotheses
of no relationship between re-
production and selective re-
source use

Data from all previous levels fol-
lowed over the reproductive life
of the individual. Heritability
analyses of foraging behaviors.
Null hypotheses of no relation-
ship between fitness and herita-
ble components of selective re-
source use

2. Selection

5. Fitness

ence, primarily because of the inherent difficulty
in collecting data to support higher-level infer-
ences. If we are to develop sound theories of the
adaptive basis of various combinations of for-
aging behaviors, it is necessary to reach to higher
levels. Theories regarding adaptive syndromes
(Eckhardt 1979), optimal foraging, or dynamic
models (Houston et al. 1988) must be taken as
tentative at best, until it is possible to demon-
strate their usefulness by collecting data on fit-
ness and heritability of resource-use behaviors
(level 5, Table 1). All of the challenges associated
with the demonstration of natural selection for
morphological characters apply here (Endler
1986). We expect that even greater difficulties
will be encountered in attempting to develop the-
ories regarding the adaptive basis of culturally-
transmitted foraging behaviors (McKean, this
volume).

SAMPLING SCALE

A study design must also recognize the spatial
and temporal scales of results. Will the study be
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focused on variation of behavior for a single bird
at, say, different times of day; on males versus
females; on one population versus another; one
species versus another; one community versus
another; or on some combination of these hi-
erarchical levels? A related question is the geo-
graphic applicability of results. Is it better to con-
duct an intensive study over a small geographic
area (more precise but less general) or to do a
less intensive study over a broad area (less pre-
cise but more general)?

For any level of analysis, the variance will
probably be large. The basic goal of the study
design is to partition the total variance in order
to minimize error (unaccounted-for variance)
while maximizing the proportion of variance ex-
plained by the factor (or factors) of interest.
Achieving this goal will usually require prior in-
formation (e.g., literature review, pilot study) to
estimate relative magnitudes and sources of error.
For example, if study objectives dictate an anal-
ysis of foraging habitat selection at the popula-
tion level, a researcher would benefit from
knowledge of variation among individuals com-
prising the population. The overall frequency
distribution of resource use for the population
may range from completely overlapping, con-
gruent distributions of individual birds, to com-
pletely nonoverlapping distributions. In the for-
mer case, variance among individuals is low and
individual behavior could be sampled at random
with respect to individual birds. In the latter case,
variance among individuals would be high and
sampling should be tightly controlled to accu-
rately estimate the true population variance. In-
dividuals might then be “blocks” in the analysis
so that interindividual variance could be parti-
tioned out of the total, thus clarifying compari-
sons of interest.

RESOURCE AVAILABILITY
Quantifying availability

A critical problem in studies of food exploi-
tation is how to quantify available resources. A
researcher studying competition, for example,
must know something about availability of re-
sources (particularly that resources are limiting)
to evoke competition theory. From a study de-
sign perspective, the fundamental question to ad-
dress is: “What is the resource?”” Here, the dis-
tinction might be made between ultimate and
proximate factors, as described by Hildén (1965).
Proximate factors are features or characteristics
of habitat that serve as direct or key stimuli to
habitat selection. In this context, is the resource
a particular food item or the substrate from which
the item is gathered? If the latter, how finely
should the substrate be described? For example,



STUDY DESIGN— Raphael and Maurer

a cerambycid larva, preyed upon by a Hairy
Woodpecker (Picoides villosus), was found 2 cm
deep in the sapwood of 4-m tall, broken-topped,
ponderosa pine (Pinus ponderosa) snag in a mixed
conifer, mid-elevation forest. What is the re-
source?

The answer to the question posed above is
probably found in the way a bird perceives its
environment. If one could think like a bird, one
could define the resource. But herein lies another
problem. One can measure availability by forc-
ing the world into a preconceived set of cate-
gories: the procedure is to sample each category,
usually through some randomized design cov-
ering the study area, and compare frequencies of
use and availability to estimate selectivity of re-
source units. But how should one estimate avail-
ability of resource units as perceived by the bird?
In nearly all studies, it is assumed that a random
sample from the study area is a suitable estimate
of the choices available to the bird, but this is
only true when resource units are homogeneous-
ly distributed and properly defined. Thus one is
forced to assume that the choices available at
any pointin time or space are essentially constant
as seen from the perspective of the foraging bird
(Hutto, this volume). We contend that this is an
unrealistic view and that conclusions about se-
lectivity derived from such analyses are suspect.

To better account for patchy distributions of
resource units, study designs will probably need
a focus at a finer level of resolution, most likely
at the level of individual birds. If a bird is pic-
tured as moving through the environment, avail-
ability of resources should change at each bird
location. The appropriate sampling universe may
be perceived as lying within an area that could
be defined, say, by the average distance the bird
moves between foraging locations. The sampling
universe should include only those resources that
the bird is morphologically and behaviorally
equipped to exploit. To estimate use versus
availability, a researcher could record the loca-
tion of each foraging attempt, then go back to
each location and sample available resources
within the appropriate universe for comparison
with the resource used at each location (e.g., Sei-
del and Whitmore 1982). Although more cum-
bersome than random samples of the study area,
such an approach would provide a more realistic
view of selectivity in patchy environments.

The researcher’s decision as to whether to sam-
ple actual prey or the substrate with which the
prey is associated is also important, especially in
studies of insectivorous birds. Unfortunately,
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none of the current techniques for sampling in-
sect availability offer sufficient accuracy for any
but the most general inferences. For this reason,
most researchers have opted for sampling sub-
strates in the hope that substrate conditions are
correlated with prey numbers or biomass. Much
more work is needed to validate this critical as-
sumption.

Temporal variation

Another major issue in studies of food ex-
ploitation is the need to relate changes in bird
behavior to changes in resources. Within-season
variation in resource availability may account
for much of the variation in samples of foraging
behavior. If adequate methods are developed for
a static assessment of resource availability, the
next challenge is to design the study so that tem-
poral variation (in both resources and behavior
of birds) can be measured and analyzed. A num-
ber of contributors to these proceedings recog-
nize this problem and have demonstrated sig-
nificant seasonal, within-season, intersexual,
interage, and variation in foraging behavior. What
is still lacking are definitive data testing whether
such variation results from changing resource
abundance or whether it is more related to chang-
ing preferences of the birds themselves (e.g., Sa-
kai and Noon, this volume).

CONCLUSION

We suggest that studies of foraging behavior
and resource use must now expand upon the de-
scriptive stage to include more intensive studies
of underlying biological mechanisms. The types
of data that we envision as being most important
are partial or complete data on fitness, resource
availability (accounting for morphological ca-
pabilities of the foraging bird), and the spatial
and temporal scales at which these phenomena
occur. As empirical data become available from
well-designed studies of the biological mecha-
nisms underlying the ecology and evolution of
avian foraging, we expect that new theoretical
advances will be stimulated and the study of avi-
an foraging behavior will progress to a new level
of scientific rigor. Perhaps researchers will begin
to understand the factors that determine how
individual birds track resources.
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Overview

ANALYTICAL CONSIDERATIONS FOR STUDY DESIGN

BARRY R. NOON AND WILLIAM M. BLOCK

Studies of the foraging behaviors of birds have
been largely descriptive and comparative. One
might then expect studies with similar objectives
to have similar study designs but that is not the
case. Papers in this symposium that focused spe-
cifically on study design contain a diversity of
biological perspectives. Similarly, there is no ac-
cord among statisticians on experimental design
and data analysis of multivariable systems, Fur-
ther, biological and statistical considerations in
study design are not always in agreement.

In this paper, we attempt to define the nature
of foraging data and to discuss the arbitrary struc-
ture of much of the data that are collected. We
then touch on the diversity of approaches to study
design that appear in this symposium. Finally,
we attempt to identify areas of contrasting opin-
ion, offer our own perspectives on controversial
issues, and suggest areas in need of further re-
search.

THE NATURE OF FORAGING DATA

Most data on avian foraging are derived from
field observations of foraging events that can be
classified by one or more nominal attributes. If
two or more attributes are recorded for each event,
then the data are referred to as cross-classified.
Events are now redefined according to each
unique combination of attributes assigned to an
observation. These classes of events have the
property of being mutually exclusive and ex-
haustive. Given a sample of observations, the
final data have the form of counts or frequencies
with which certain events were observed. Data
with this structure can be portrayed as cross-
classified tables with each cell of a table repre-
senting the frequency with which a particular
event was observed.

Occasionally, event frequencies are estimated
across known time intervals, which makes it pos-
sible to estimate foraging rates as well as fre-
quencies. If behavioral events are persistent and
of sufficient duration, one can construct time
budgets. Event-based and time-based ap-
proaches are combined when data are collected
sequentially and represent a sequence of events.
Time intervals can be of fixed or variable length;
in the latter case they are dependent upon the
cessation of an event. One can estimate event

durations and rates from these data but, in ad-
dition, one can look specifically at the arrange-
ment of events in the time series and estimate a
number of conditional probabilities; for exam-
ple, given that event A has occurred, what is the
probability that it will be followed by event B?
The conditional, or transition, probabilities can
be arranged in a transition matrix. The event
observed at time ¢ is the row variable and the
event observed at time 7 + 1, given the event at
¢, is the column variable. The probability of going
from one event to another in a single time step
is referred to as a Markov chain.

Regardless of the design of data collection, most
foraging studies are event based and the data end
up being represented by frequencies. As such, the
data are counts of discrete random variables, and
relationships among the event categories should
be analyzed by discrete multivariate models (cf.
Bishop et al. 1975).

The nominal attributes (such as tree species or
substrate type) or factors involved in foraging
can have many levels. If each event is classified
according to bird species, sex, tree species, and
foraging substrate, the potential number of mu-
tually exclusive and exhaustive categories is large.
A comparative study, for example, of the use of
bark versus foliage of four tree species by both
sexes of five bird species would result in 80 dis-
tinct event categories. Each observed foraging
event is classified into the appropriate class for
each of the four factors. As such, we can view
each observed foraging event as a multinomial
trial with a probability of falling in event category
i given by p, where i = 1, 2, ..., 80. These
probabilities can be estimated from the original
frequency data by dividing the frequency of event
i by the sum of the frequencies of all events. The
data expressed in this form are still discrete,
though no longer represented in integer form. If
these probabilities are viewed as unbiased esti-
mates of the true multinomial probabilities, as-
sumed constant over the period of study, then
the frequencies of each event category can be
estimated by multiplying the total number of
events (a constant) by the appropriate probabil-
ity. This exercise will simply reproduce the orig-
inal data indicating that its basic discrete nature
has not been changed.
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WAYS OF LOOKING AT THE SAME DATA:
CONTINUOUS OR DISCRETE VARIABLES

Viewing the data as continuous
random variables

Many authors have analyzed multinomial
probabilities rather than event frequencies. That
is, they have changed the representation of the
data to appear as continuous rather than discrete
random variables. Presumably the data have been
standardized in this way, because some types of
statistical models assume that the input data are
continuous. Even so, the data are still discrete.

To analyze data with this structure, most re-
searchers have employed an ordination algo-
rithm such as principal components analysis
(PCA) or, less commonly, correspondence anal-
ysis (see Miles, this volume). Prior to analysis,
the data are arranged in a matrix with each row
representing a species and each column a prob-
ability associated with a distinct foraging vari-
able. Assuming random sampling, entries in this
matrix represent the probability of observing
species [ engaged in foraging behaviorj. To visu-
alize similarities and differences among species,
it is useful to think of plotting the rows of this
matrix in a j-dimensional space.

A frequent goal of principal components anal-
ysis is to plot the rows of the matrix in terms of
linear combinations of the column variables. The
coeflicients defining the linear combination are
functions of the eigenvectors estimated from an
association matrix of the column variables (usu-
ally a correlation or covariance matrix). The sca-
lar product of the jth eigenvector times the /th
row of the probability matrix produces the score
for the ith individual on the jth principal com-
ponent. The weights assigned to the foraging
variables are estimated so as to maximize the
variance of the principal component scores. Af-
ter the new scores are computed they are plotted
according to bird species. The arrangement of
species (= points) in this space, viewed in terms
of their point-to-point distances, is used to infer
similarities and differences among the species.
The principal component axes are given biolog-
ical interpretations in terms of the correlations
among the scores and the original columns of the
probability matrix.

Correspondence analysis, or reciprocal aver-
aging (RA), is similar to PCA in that it is also
based on an eigenanalysis of a two-way matrix
(species by probabilities). However, in RA both
the rows (species) and columns (foraging behav-
iors) are analyzed and ordinated simultaneously.
The algorithm is referred to as reciprocal because
the species ordination scores are averages of the
column (foraging variables) ordination scores, and
reciprocally, the variable ordination scores are
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averages of the species ordination scores (Gauch
1982:144). A further difference is that PCA is
based on Euclidean distances, provides equal
weight to all points, and the ordination is cen-
tered at the origin (for mean-corrected data). In
contrast, RA is based on chi-square distances,
weights are proportional to row and column sums,
and the origin is at the center of gravity of the
data (Gauch 1982a:147-148). However, the
techniques are very similar in their goal of re-
ducing the dimensionality of the original space,
and providing some logical ordering of the species
that can be given a biological interpretation. One
of the most useful aspects of RA is the biplot. In
a biplot, both row and column variables of the
two-way table are simultaneously plotted with
respect to the principal axes (Moser et al., this
volume). The biological interpretation of the or-
dination is based on the relative positions of row
and column variables (points) in the plot.

Treating the same data as discrete
random variables

It seems somewhat arbitrary to take data that
are originally portrayed as a multidimensional,
cross-classified matrix and collapse them into
two-way matrix of species by foraging variables
for analysis by PCA or RA. In doing so we ar-
tificially create a series of quasi-independent
variables and ignore relationships among the orig-
inal factors. In light of this concern, RA is to be
preferred to either PCA orits variants (e.g., factor
analysis). It is possible to use RA complementary
to traditional discrete multivariate analyses (van
der Heijden and de Leeuw 1985) and to explore
both two-way and multidimensional tables based
on the original event frequencies (Greenacre 1984;
Moser et al., this volume). RA can be used to
explore multidimensional contingency tables by
the use of dummy variables (Greenacre and Has-
tie 1987) or by structuring the event frequencies
into Burt tables (Greenacre 1984:140-143). A
Burt table contains each factor in both rows and
columns of the table, thus containing all possible
two-way tables (see Moser et al., this volume,
for an example).

Since the original data can be arranged as a
multiway contingency table, it seems logical to
retain this structure for analysis. This is accom-
plished through the use of log-linear models which
explicitly estimate the interdependencies among
the factors. For illustration, we return to our pre-
vious example of a comparative foraging study
of both sexes (.S) of five species of birds (B) and
their use of bark versus foliage substrates (I) on
four species of tree (7). Each of the observed
foraging events can be classified by bird species,
sex, tree species, and substrate: these are the four
factors. The model, presented below, of complete
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TABLE 1. HYPOTHETICAL EXAMPLE OF AVIAN FOR-
AGING DATA ILLUSTRATING VARIOUS LOGLINEAR
MODELS AND THE INTERPRETATION OF MODEL PARAM-
ETERS

Full model

Inf, =u+ B +S+T,+ 1+ BS,+ BT, + BI,
+ ST, + SI, + TI, + BST,. + BSI,
+ BTI,, + STI,, + BSTI,,

Parameters:

B, = bird species i=1,2,...,5
S, = sex (male or female) j=12
T, = tree species k=1,2,...,4
I, = substrate I=1,2
[ = cell frequency in the
ijki cell
Model of compilete independence
Inf,=u+B+S +T,+1
Parameter Interpretation

u Mean of the logarithms of the expect-
ed frequencies

B One-way term for bird species

S One-way term for sex

T One-way term for tree species

1 One-way term for substrate

BS Sample size effects: the same propor-
tion of males and females were not
sampled for all sexes

BT Not all bird species are utilizing tree
species in the same proportions

BI Not all bird species are utilizing sub-
strates in the same proportions

ST The two sexes are not using tree
species in the same proportions

SI The two sexes are not using substrates
in the same proportions

TI The proportion of utilized substrates is
not the same for all tree species (im-
plicit bird species effect)

BST The association between sex and tree
species depends upon the level of
bird species (i.e., males and females
differ in the use of tree species ac-
cording to which species they belong
to)

BSI The association between sex and sub-
strate depends upon the level of bird
species

BTI The association between tree species
and utilized substrates is dependent
on the level of bird species

STI The association between tree species
and utilized substrates is dependent
upon whether the bird is a male or a
female

BSTI The association between tree species

and utilized substrates is dependent
upon whether the bird is a male or a
female and this three-way associa-
tion is in turn dependent upon the
level of bird species
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association among the factors, would involve all
interaction terms of order four or lower plus all
individual factors (Table 1):

Infju=u+ B+ S, + T+ I
+ BS, + BT, + Bl, + ST}
+ SI, + TI, + BST, + BSI,
+ BTI,, + STI,, + BSTI,,

In contrast, the model of complete independence
of the four factors would contain only the terms
for the individual factors (Table 1):

Infu=u+B+S+ T, + 1

The full model contains 15 classes of parameters:
four main effects terms, six two-way interaction
terms, four three-way interaction terms, and one
four-way term. In all, 80 parameters need to be
estimated (5 x 2 x 4 x 2 = 80). However, what
we seek is the model with the fewest number of
terms that adequately fits the data. By fit we mean
that the chi-square statistic, based on the differ-
ence between observed and predicted frequen-
cies, is not significant (e.g., P > 0.05). This model
will lie somewhere between the model of com-
plete independence and complete dependence.
Inclusion of any interaction terms indicates some
degree of dependence among the factors. In ad-
dition, to make interpretation easier, only hier-
archial log-linear models are usually considered.
For example, if any three-way interaction term
is included in the model, then all two-way in-
teraction terms involving those factors, and the
individual factors, are also included in the mod-
el.

Model interpretation. Similar to linear models
in the analysis of variance, there are alternative
ways to block the factors to aid in interpretation.
An example would be to define bird species (B)
and sex (S) as explanatory or treatment variables
and tree species (7)) and substrate (/) as response
variables. The parameter estimates by factor and
interaction, and an interpretation of each param-
eter, are given in Table 1.

The interaction terms of primary importance
are those involving some combination of ex-
planatory and response variables. To illustrate
the hierarchical nature of the models, if the high-
est order term required in the model was BT1,
then the terms BT, BI, and 77, and B, T, and
would also be required for an adequate fit of
observed and expected frequencies under the hi-
erarchical principle.

Mixtures of continuous and categorical
random variables

Foraging studies often involve a mixture of
categorical and continuous random variables. For
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example, Sakai and Noon (this volume) recorded
tree species and substrate types (categorical vari-
ables) as well as the height and distance from the
trunk (continuous variables) of foraging flycatch-
ers. They employed separate analyses, using dif-
ferent statistical models, of the two data types.
However, one can use mixtures of variables in
some analyses. For example, a PCA of mixed
variable data sets is possible because the esti-
mation of eigenvalues and eigenvectors is not
dependent upon normality assumptions. Dis-
criminant function analyses (DFA) can also be
done with continuous and categorical variables,
although logistic regression may be preferred in
the two-group case because of its robustness to
violations of the normality assumption (Press
and Wilson 1978; for a contrasting opinion see
Haggstrom 1983).

As an example, consider a multi-species study
whose primary data have been arranged in a ma-
trix with the rows partitioned by bird species and
the columns representing foraging variables. Each
row of this matrix is assumed to represent an
independent foraging observation of an individ-
ual bird of a particular species. For each obser-
vation, bird species, tree species, behavior, sub-
strate, bird height, and distance from the center
of the plant are recorded. All but the last two
variables are categorical. In general, any factor
with k levels can be represented by k — 1 dummy
(0/1) variables. If there are five possible tree
species, then this variable is coded by four dum-
my, binary variables; four behaviors would be
coded by three variables, and so on. (The sum
of a set of 0/1 variables has approximately a
normal distribution.) The species’ groups are to
be contrasted on the basis of the foraging vari-
ables by DFA.

A problem in discriminant analyses with both
continuous and categorical variables is the pro-
cedure of selecting variables and thus the bio-
logical interpretation of the canonical variates.
For example, some continuous variables may
supply discrimination only if a particular discrete
variable is already in the model (Daudin 1986).
Several recent papers discuss the analysis of mixed
variable data sets when group discrimination is
the goal (Krzanowski 1980, Knoke 1982, Vla-
chonikolis and Marriott 1982, Daudin 1986) but
reach no general consensus. Several authors have
argued in favor of the location model approach
to DFA, which involves aspects of log-linear
analyses and parametric analysis of variance. This
requires estimation of a large number of param-
eters and has not been implemented on any ma-
jor statistical software package. Analyses of mixed
variable data sets with standard statistical pack-
ages should be interpreted cautiously.
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How are cross-classified categorical data
best analyzed

It is possible to take cross-classified data and
analyze them as discrete frequencies with log-
linear models or to express the data as propor-
tions for analysis by various ordination algo-
rithms (e.g., PCA or factor analysis). But which
method provides the clearest insights into the
relationships among factors; and do different
methods provide complimentary insights?

In the example discussed above of both sexes
of five species of birds, a PCA ordination would
be based on a matrix whose rows represent bird
species-sex combinations (10 distinct categories)
and whose columns represent all possible tree
species by substrate combinations (8 distinct cat-
egories). Entries in this 10 x 8 matrix would
represent the proportion of observations for
species-sex combination i observed on tree
species-substrate combination j. These entries can
also be considered as conditional or multinomial
probabilities. For example, entry i would be in-
terpreted as: given a random observation of
species-sex combination #, what is the probabil-
ity that it is foraging on tree species-substrate
combination j. Biological inferences from the or-
dination of the rows of the matrix are based on
distances among the rows plotted as points in
the synthetic PC space and from the biological
interpretations given to the PC axes. The statis-
tical significance of interactions among the fac-
tors (bird species, sex, tree species, and substrate)
is not explicitly examined. Rather, these meth-
ods of analysis lead to inferences about the sim-
ilarities or differences among various species-sex
combinations in terms of the measured tree
species-substrate variables.

In contrast, log-linear analyses explicitly in-
vestigate the significance of interactions among
the nominal factors and seek the simplest rep-
resentation of the tabulated frequencies. The fac-
tors in these models can be viewed as possessing
a treatment-response structure and the signifi-
cance of any association between factors can be
explicitly tested. Relationships among species-
sex combinations would be inferred from a com-
parison of their parameter estimates (the BS)
terms) or by a series of pairwise comparisons of
species-sex by tree species and substrate contin-
gency tables (see Raphael, this volume).

Ordination techniques, such as PCA or RA,
are not primarily hypothesis testing procedures.
Instead, they are most useful for exploring in-
terrelationships among species or foraging vari-
ables. In contrast, log-linear models are often
explicitly cast in an hypothesis testing context.
This suggests that ordination analyses may be
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more valuable in the initial research into a species’
or community’s foraging patterns. Log-linear
analyses may be used in a subsequent study to
explicitly test for significant relationships among
some subset of factors implicated by the initial,
exploratory analyses.

For a geometric interpretation of factor rela-
tionships, ordination analyses are preferred to
log-linear analyses. However, if log-linear anal-
yses are done along with RA analyses of com-
binations of factors, complementary inferences
can arise. Van der Heijden and de Leeuw (1985)
argue that log-linear analyses yield insights into
factor relationships whereas RA analyses pro-
vide insights into associations among levels
within factors. To illustrate, one could initially
analyze the multiway foraging data by log-linear
algorithms to estimate the simplest model that
adequately fits the observed frequencies. If the
model contained significant interaction terms,
then these terms could be examined in combi-
nation with the treatment factor by correspon-
dence analysis. That is, one or more two-way
tables of frequencies, in which the columns of
the table represent all possible combinations of
levels of factors within a significant interaction
term, would be examined for association with
the treatment factor and interpreted geometri-
cally. This approach is illustrated by Moser et
al. (this volume) and van der Heijden and de
Leeuw (1985). A lucid discussion of the geometry
of correspondence analysis is presented by
Greenacre and Hastie (1987).

We have not seen a comparison of ordination
algorithms and log-linear models on the same
data set, but suspect that similar inferences about
the relationships among factors would be drawn.
An explicit comparison of these contrasting
methods of analysis is an important area for fu-
ture investigation. At this time it is not clear if
one method is to be preferred over the other and
whether more information is extracted from the
data by conducting both analyses. However, the
complimentary relationship among log-linear and
correspondence analyses in the exploration of
categorical variables appears most promising at
this time.

SEQUENTIAL OR POINT OBSERVATIONS OF
FORAGING BEHAVIORS

Two methods of recording foraging events are
commonly used. Point samples record the first
event observed (or the first recorded after a fixed
waiting period to avoid recording only conspic-
uous behaviors). Sequential samples consist of
sequences of events recorded during a fixed or
variable time interval. The debate over the use
of sequential or point observations focuses, in
part, on the issue of statistical independence. In-
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dependence of observations is critical for the val-
id use of most statistical distributions, and thus
for tests of hypotheses. Let the events y,, y,, and
y; be mutually exclusive and exhaustive. Define
¥, equal to the event that a bird forages on a leaf,
v, that it forages on a twig, and y, that it forages
on bark. Further, let events y,, y,, and y; occur
with probabilities p,, p,, p,;, and with the sum
(p,) = 1.0. Assuming only first-order correlations,
we say that events y, and y, are statistically in-
dependent if the probability of y; occurring at
time ¢ + 1, given that y, occurred at time ¢, is
equal to p;. That is, the conditional probability
of an event is equal to its marginal probability.
We infer events y, and y; to be statistically de-
pendent if the probability of observing event y,
att + 1, given y, at ¢, is not equal to p;. Tests
to examine dependencies in categorical and con-
tinuous data are discussed in Hejl et al. (this
volume).

When foraging events are recorded in se-
quence, there is often a tendency for observations
close together in either time or space to be more
similar than events separated by longer time in-
tervals or distances. Several authors in this vol-
ume have addressed issues of temporal depen-
dency, but there has been little discussion of
spatial dependency. An exception is Block (this
volume), who sampled so as to ensure spatial
independence of foraging observations within the
same season. Spatial associations may actually
be more prevalent, because so many studies are
conducted when birds are spatially restricted. For
example, subsequent observations of territorial
birds, even if separated by long time intervals,
may be significantly dependent because territo-
ries are likely to encompass different ranges of
foraging possibilities and in different propor-
tions. This is an area in need of further research.

Because most statistical models require ran-
dom and independent observations, many re-
searchers have recorded point observations. Such
a sampling design may fulfill the independence
assumption, but random sampling is difficult to
achieve because the probability of obtaining a
foraging observation differs among and within
species. An argument, however, in favor of re-
cording sequential foraging acts can be made be-
cause most of our data sets are sparse. Maurer
et al. (this volume) have estimated that most
foraging studies record fewer than 1% of the be-
haviors occurring during the period of study.
Given the size of our sample relative to the sam-
pling frame, we should attempt to collect as much
information as possible and to record sequential
observations. Such an approach, however, will
necessitate recording data so that the temporal
sequence of behaviors is documented. This in-
formation is needed to estimate the conditional
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probabilities (given that species 7 is engaged in
foraging act j at time ¢, what is the likelihood
that it will be engaged in act k at time ¢ + 1) that
form the elements of the first-order transition
matrices.

We propose that researchers start with the as-
sumption that sequential behaviors of the same
individual are usually dependent (see Hejl et al.,
this volume). Further, we believe that estimates
of the magnitude and direction of these depen-
dencies will yield important insights into a species’
foraging ecology and lead to improved predictive
models. We support the argument of Raphael
(this volume) in favor of Markov analyses, which
estimate both the stationary distribution vector
of foraging acts (however defined) and model
building via log-linear algorithms. The latter
analyses allow explicit tests for symmetry (i.e.,
the likelihood of the transition from behavior j
to k£ equal to that from k to j) as well as com-
parisons of the transition matrices of different
bird species (see Raphael, this volume, for de-
tails).

Our suggestion in favor of collecting sequential
data is in contrast to that of Hejl et al. (this
volume), Bell et al. (this volume), and Recher
and Gebski (this volume), who suggested that
point observations generally yield more precise
parameters for estimating the probabilities of
events. If sequences are recorded, then Hejl et
al. recommended bootstrap or jackknife meth-
ods, because they are less time-consuming than
Markov analyses, do not require assumptions
about the order of the transitions, and provide
estimates with smaller standard errors. How-
ever, these studies focused on e§timating the mean
probabilities of foraging events. We argue, from
biological and not statistical grounds, that the
transition probabilities themselves are as im-
portant in gaining insights to the behavior of
foraging birds as are the expected probabilities.
We recommend methods that provide both types
of estimates.

SAMPLE S1ZE REQUIREMENTS

In this symposium approaches to estimate
sample sizes range from qualitative interpreta-
tions of graphs (Brennan and Morrison) to quan-
titative calculations of sample sizes based on dif-
ferent target levels of absolute or relative precision
(L. Petit et al.). Suggested minimum sample sizes
range from 40 to 500 independent observations
to an extreme figure of 20,000!

Despite a diversity of approaches, all foraging
studies must state what behavioral parameters
will be estimated and with what levels of pre-
cision. The latter will require at least preliminary
knowledge of the species’ foraging variability. If
the study is comparative, then determining what
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precision levels can be obtained is essential to
estimate the power of any between-species com-
parisons. For species with variable foraging rep-
ertoires, sample size requirements may be so large
that the researcher will need to be satisfied with
tests of lower power. In this case, only differences
among the most disparate species may be de-
tected.

Log-linear analyses

Many papers in this symposium used log-lin-
ear models in analyzing categorical foraging data.
Recall that the test-statistics for fitting log-linear
models are only asymptotically chi-square dis-
tributed, and that some minimal sample size is
needed for valid statistical inference. For a fixed
sample size, the more cell frequencies that are
estimated, the more questionable are the prob-
ability levels associated with the computed chi-
square values. An indication of an inadequate
sample size is an excess of small expected cell
frequencies. Cochran (1954) suggested that no
expected cell frequencies should be <1, and
<20% of the cells should have frequencies <35.
A rough guideline is that one should collect about
five times as many observations as there are cells
in the table (Raphael, this volume). If the table
contains one or more rows or columns of all
zeroes, the degrees of freedom associated with
the test-statistic must be adjusted (Bishop et al.
1975:116).

Surprisingly, an analysis can be affected by too
many observations. The result is that most models
will fail to fit the data. If too large a sample is
taken, any possible model structure will provide
a poor fit no matter how minor the discrepancies.
This occurs because chi-squares are proportional
to the total sample size. If too large a sample is
a problem, then the appropriate model may be
selected by a stepwise procedure. For example,
the magnitude of reduction of the sum of squares
of the differences between observed and expected
proportions can be computed each time an ad-
ditional term is added to the model. Terms pro-
ducing a large decrease in the sum of squares
should be considered for inclusion in the final
model.

A need to limit the number of factors

A large number of observations is needed to
analyze a cross-classified table of even moderate
size, because of the number of parameters that
need to be estimated. Three factors with four
levels each would require the estimation of 64
parameters. In contrast, a multiple regression
model with three independent variables and no
interaction terms would require, at most, the es-
timation of seven parameters. Because the num-
ber of possible sources of variation in avian for-
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TABLE 2. FacTors AND NUMBERS OF LEVELS CON-
SIDERED IN A STUDY OF THE FORAGING BEHAVIOR OF
THE WESTERN AND HAMMOND’S FLYCATCHERS (FROM
SAKAI AND NooON, THIS VOLUME)

Factor Number of levels

Observers

Years

Age of forest

Stage of breeding cycle
Behavior

Tree species
Substrates

AOWEAWNN

Total number of cells =4 x 2 x 3 x 4 x 3 x 6 X 4 =6912.

aging behavior is staggering, one cannot estimate
all sources of variation, all significant interac-
tions among factors, or investigate all possible
factor levels.

For example, Sakai and Noon (this volume)
used seven factors (Table 2) in their log-linear
model. Considering the levels of all factors there
were a total of 6912 cells for each bird species.
This value greatly exceeded the total number of
data points. The authors had decided a priori to
pool across forest age because their objective was
to estimate foraging patterns across the range of
forest types occupied by the species. However,
after recognizing the limitations imposed by the
size of their data set, they chose to pool across
observers and years as well. This probably masked
statistically significant interactions and lost in-
formation on the joint distribution of some fac-
tors. Whether insights into significant biological
interactions were lost is unclear.

Our point is that pooling is necessary and jus-
tifiable in almost all studies. When possible, in-
teractions among factors that are of minimal bi-
ological interest should be controlled in the
experimental design and data collection phases,
and not in the analysis phase. Our zeal to par-
tition sources of variation as finely as possible
needs to be tempered with the recognition that
one of our primary objectives is to understand
a complex system in terms of a small set of key
factors. We are interested in models that can
describe and predict the average outcome of
samples, not the outcome of individual obser-
vations.

MARKOV ANALYSES

We are aware of little published information
on sample size requirements for Markov anal-
yses. From unpublished simulation studies con-
ducted by R. M. Fagen (Fagen in Colgan 1978:
107-108), some general guidelines have been
proposed. If we let kequal, for example, the num-
ber of substrate categories considered, and as-
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suming a first-order Markov model, then a sam-
ple of 2k? foraging events is too few, 10k? almost
always adequate, and 5k a borderline value.
Thus, if 10 substrate categories are considered,
the minimum number of foraging events re-
quired is 500.

MULTIVARIATE ANALYSES

Estimates of sample size requirements for
multivariate studies are considerably more com-
plex than for univariate studies. We are still con-
cerned with the precision of parameter estimates
and the power to reject false null hypotheses, but
in addition, one must consider the number of
variables, the covariance structure of the data,
the number of groups, and the sample size per
group. There are “rules of thumb” but few are
based on cither analytical or simulation studies
(e.g., Morrison 1984b). An example of a sample
size effect, similar to univariate parameter esti-
mates, is that the confidence interval around a
principal component’s variance (i.e., its eigen-
value) is a function of the reciprocal of the square
root of its sample size (Neff and Marcus 1980:
37). Estimates of confidence intervals, as a func-
tion of different sample sizes, can be computed
by resampling methods such as the jackknife or
bootstrap (Efron 1982; Efron and Gong 1983;
Miles, this volume). These computer-intensive
methods to variance estimation have consider-
able application to foraging data.

A clear exception to the lack of information
on sample size requirements is the recent study
of Williams and Titus (1988). Based on a large
scale simulation study, they have developed the
following sampling rule: “‘For discriminant anal-
ysis of ecological systems with homogeneous dis-
persions, choose the total number of samples per
group to be at least three times the number of
variables to be measured.” More guidelines such
as these are needed. In their absence, researchers
can empirically estimate the variance of many
multivariate parameters (i.e., eigenvalues, factor
loadings) by the use of jackknife and bootstrap
methods. If the resulting confidence intervals on
these parameters are too broad for study objec-
tives, then larger sample sizes will be required.

CONCLUSIONS

We believe the papers presented in this sym-
posium represent a significant advancement in
the design and analysis of studies of avian for-
aging behavior. An explicit concern for precise
and unbiased parameter estimates, and the nec-
essary sampling design and sample sizes to
achieve these goals, should become a regular part
of all study designs. In addition, analytical tech-
niques such as log-linear models, Markov pro-
cesses, and correspondence analysis have be-
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come part of the repertoire for the analysis of
foraging data. While most of these statistical
techniques are not new to the ecological sciences,
their application to studies of avian foraging be-
havior is novel. An additional advancement is
the use of computer-intensive methods such as
the jackknife and bootstrap. Diversity indices,
factor loadings, eigenvalues, discriminant coef-
ficients and other statistics that are regularly
computed in foraging studies are usually done
without estimates of their variances. Through
intensive resampling of the original data, jack-
knife and bootstrap methods allow estimates of
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the standard errors of these statistics, yielding
better or more appropriate insights into the vari-
ability of the systems under study.

Many issues require further work: the variable
structure of foraging data and whether it is best
analyzed by discrete or continuous multivariate
models; the analysis of mixtures of continuous
and categorical data; and whether we should
sample so as to ensure independent observations
or explicitly estimate the dependencies of for-
aging behaviors. We encourage investigators to
address these and related issues in their future
research efforts.
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Observations, Sample Sizes, and Biases

FOOD EXPLOITATION BY BIRDS: SOME CURRENT
PROBLEMS AND FUTURE GOALS

DoucLASss H. MORSE

Abstract. Food exploitation is usually addressed in two major contexts in population and community
studies of birds: (1) in consideration of niche relationships (niche theory) and (2) in choice of foods
or feeding sites (foraging theory). The two approaches may be, but seldom have been, combined.
Studies of niche relationships focus on comparisons of foraging performance. Food-choice or feeding-
site (patch) studies compare foragers’ performance with an optimum, usually based on maximizing
resource intake. Both niche and foraging studies typically assume that resources (food) are limiting,
but this assumption is seldom verified. Failure to test for resource limitation weakens most foraging
studies, but this failure will be difficult to rectify. Few studies have concentrated on periods during
which food limitation is likely to be most serious.

Foraging studies must determine how resources should be defined, when and how often foraging
activities should be measured, which members of a population should be studied, how to compare
foraging results with resource availability, and what effect other species’ densities will have on foraging.
Foraging theory evaluates efficiency in resource use. Failure of birds to realize foraging predictions
may point to the mechanisms that shape foraging behavior. Studies combining niche and foraging,
theory should advance understanding of how communities develop structure. All of the studies dis-
cussed need to be evaluated in terms of fitness considerations. It is not sufficient merely to assume

that selection exists for foraging variables independent of other life-history variables.

Key Words:
foraging theory.

The study of food exploitation, including for-
aging (searching and selecting) has been a major
preoccupation of avian ecologists and behavior-
ists over the last 35 years. One might thus think
that little work remains to be done, but a closer
look will quickly change that impression. I will
focus here on an evaluation of past and current
work, and suggestions for-a future agenda.

I will discuss four major areas: (1) food limi-
tation and related competition; (2) some major
foraging variables that often do not receive ad-
equate attention; (3) the hiatus between optimal
foraging theory and niche theory; and (4) fitness
considerations. I have worked extensively in all
of these areas, for the first three in studies of
paruline warblers and mixed-species foraging
flocks (reviewed in Morse 1980a), and for the
first and fourth in current studies on other ani-
mals, primarily crab spiders (reviewed in Morse
and Fritz 1987).

These topics deal with three distinct hierar-
chical levels: individual, population, and com-
munity. Food exploitation involves many dif-
ferent variables that interact to predispose a bird
to forage where, when, and how it does. As such,
it is a complex topic to study.

Much of the early work on foraging attempted
to establish how species” ecologies differed and
how these differences were related to coexistence.
Often these studies compared the foraging pat-
terns of coexisting species and used the resulting

Competition; fitness; food limitation; food exploitation; foraging; niche theory; optimal

data to infer ecological relationships among the
participants. In my opinion, these studies are
unlikely to provide much further insight into ba-
sic understanding of community ecology. More
recently, interest has shifted to optimal foraging,
a subject largely concerned with how individuals
can enhance or retain their efficiency in gathering
food. This work focuses on the individual, rather
than the community hierarchical level. As a re-
sult it has usually been treated as an issue distinct
from niche partitioning studies; however, it is
important to link these two bodies of study.

FOOD LIMITATION AND COMPETITION

Studies of niche partitioning deal with prob-
lems in which competition, often taken to be for
limited food resources (or places to hunt for it),
is assumed to be a driving force in niche differ-
entiation. Few studies, however, have directly
addressed the problem of food limitation.

The obvious way to test for food limitation is
by manipulating the food supply. A few workers
have attempted this technique with passerine
birds (e.g., Krebs 1971), and in a non-controlled
way we do so when we set up a feeding station.
Most food supplementation studies have been
done during the winter, perhaps for two reasons:
because the investigator can readily manipulate
the food (usually seeds), and because it is be-
lieved by many (e.g., Lack 1954, Pulliam and
Millikan 1982) that northern residents are lim-
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ited during this season. Unfortunately, foraging
studies have not accompanied most food sup-
plementation studies (but see Grubb [1987] for
data on flock foraging). A logistical problem in
studying food limitation may be that periods of
limitation (“‘crunches™) are infrequent events
(Wiens 1977, Dunham 1980), so even carefully
designed experiments on food limitation may not
accomplish what the investigator intended.

Winter is not the only time that food limitation
may occur, however. It is probably easiest to
view this possibility from the perspective of total
lifetime fitness. Foraging studies have focused on
the short-term survival of adults, especially for
species provided with winter food supplements.
Yet, winter survival constitutes only part of the
birds’ problem; another major factor is fecundity
(reproduction), which may not be directly related
to winter food considerations. Reproduction in
the vast majority of passerine birds, at least tem-
perate-zone species, occurs during the spring and
summer. At the period most advantageous for
breeding it is just as important that conditions
permit birds to accumulate the additional re-
sources required for breeding as it is for birds to
survive the winter. The ultimate result of failure
to reproduce during the summer or to survive
the contingencies of the winter is a net fitness of
zero. Failure of an iteroparous individual to breed
successfully during a given summer clearly is not
equivalent to failure of the same individual to
survive a winter, in the former instance it can
try again. However, since many passerine species
have high mortality rates, the mean number of
seasons to breed may not greatly exceed one, so
that the importance of breeding and winter con-
tingencies may not differ greatly. Depending on
the relative importance of winter or summer lim-
itation, pressure on foraging efficiency may differ.
Experimental tests of problems such as these
would prove daunting in the field.

The crisis can thus occur at either season. Con-
secutive, catastrophic, breeding seasons at my
Maine coast study areas (1972 and 1973) were
associated with a population decline of up to 50%
for some warbler species in certain study areas
(Morse 1976a). I interpreted this poor level of
success to the parents’ inability to feed young
during extended periods of stormy weather, with
resultant high juvenile mortality (Morse 1971a,
1976a). Thus, although breeding contingencies
may not be food-based, they can be. Sorting out
these relationships requires that more attention
be paid to these problems.

Thus, the problem of limitation is complex,
and it probably differs among species, within
species, spatially, and from one time to the next.
Apparent niche shifts do not qualify as strong
evidence for competition, notwithstanding the
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extensive pleading to parsimony that sometimes
occurs (for example, see Diamond [1978:327]).
Equally inappropriate are statements that since
few satisfactory experimental demonstrations of
competition exist, we may assume that compe-
tition is not an important structuring factor in
communities (see Connell 1975). What is clear
is that tests of food limitation or competition are
not easy to perform in the field, especially for
certain groups of animals, unfortunately includ-
ing birds. Nevertheless, Connell’s arguments, as
well as those of Simberloff and his colleagues
(e.g., Connor and Simberloff 1979), have had the
salutatory effect of encouraging workers to ad-
dress these problems seriously. It is encouraging
to see Schoener’s (1983) report of some 150-o0dd
studies in which he concluded that competition
was adequately demonstrated experimentally in
the field, although only seven of them came from
birds (probably partly because of the extreme
difficulty of performing the appropriate studies,
and partly because investigators have not been
in the habit of attempting to do so).

This difficulty should encourage us to look for
indirect evidence. For instance, more food prob-
ably exists during insect outbreaks, such as spruce
budworm (Choristoneura fumiferana) infesta-
tions, than birds can eat; perhaps that could form
the basis for comparison with situations in which
such a visible outbreak does not occur. Similar
assumptions may be valid in instances of tem-
poral ecological release; that is, when the ex-
ploitation patterns of an individual change from
moment to moment with the presence or absence
of another one or more individuals (see Morse
1967a, 1970, 1980a). These observations pro-
vide stronger evidence than Diamond’s (1978)
putative niche shifts, in that the same birds can
be observed both in the presence and absence of
other individuals.

Two other observations have to be made here.
First, behavior normally associated with limiting
situations, such as aggressive behavior, either in-
tra- or interspecific, may occur even if resources
themselves are not directly limiting. For in-
stance, one can observe hostile interactions
among spruce-woods warblers during major in-
sect outbreaks, and that behavior may affect for-
aging patterns. This seemingly inappropriate be-
havior could be a consequence of these birds
existing under limiting conditions at other times,
with behavioral repertoires that function effec-
tively then. During periods of superabundant
food, the seemingly inappropriate venting of ag-
gressive behavior may not exact a significant de-
crease in foraging efficiency. The important point
is that interpreting aggressive behavior uncriti-
cally as evidence for resource limitation may lead
to error. It is important, however, to ask whether
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one can assume the existence of unlimited re-
sources if hostile encounters lower success. Num-
bers of some species of spruce-woods warblers
may actually decline during spruce budworm
outbreaks (e.g., Morris et al. 1958). These de-
clines could be either a response to declines in
the numbers of alternative prey or to the warblers
themselves.

The second point is that competition takes
place at an individual level, as do its conse-
quences, even though ecologists have generally
considered it as a population, or community,
level phenomenon. This perception is largely a
consequence of interest in population densities
or species diversity. However, Martin (1986) has
stressed that the concern to an individual is re-
lated to the pressures it personally experiences.
If it is territorial, those concerns are pressures on
its territory, rather than events going on in other
parts of its population. This consideration as-
sumes major importance if a strong gradient of
food or habitat acceptability exists (the ideal free
space of Fretwell and Lucas 1970). It should as-
sume less importance in an ideal (hypothetical)
homogeneous habitat, where the obvious solu-
tion is to space out. However, given that habitats
are heterogeneous and individuals exhibit pref-
erences for a part of the habitat, the ideal ho-
mogeneous habitat seems unlikely. The signifi-
cance of competition as a between-individual
phenomenon in the community remains to be
worked out. Assuming that resource limitation
exists in places, populations and communities
can be divided into two categories of individuals,
those that exist under varying levels of compet-
itive stress and those that do not. This difference
is a potential selective force, even if its conse-
quences at population and community levels are
not clear. For our present purposes, it may mean
that we should separate these two groups of in-
dividuals for studies of food or foraging. To what
degree are these individuals otherwise randomly
distributed within a population, as in their food
choices and foraging repertoires? If habitat or
resource gradients are worth contesting, domi-
nant and submissive individuals may experience
secondary selective pressures for somewhat dif-
ferent patterns of resource exploitation.

Food limitation thus probably affects foraging
strongly, but that result has seldom been directly
demonstrated in bird populations. Bird popu-
lations exhibit a variety of characteristics, such
as apparent niche shifts, which can be interpreted
as evidence for competition, often food-based
competition, and the tendency has been to accept
as sufficient, far weaker evidence than I feel is
appropriate. The constancy of the studies cited
supports the importance of food-limitation and
competition, but most of the individual studies
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in themselves provide only weak backing for this
explanation.

SOME COMMENTS ON FORAGING
VARIABLES

Potentially ecologically distinct categories have
often been lumped in foraging studies. This pro-
cedure may produce erroncous conclusions, but
probably more often, equivocal, no-difference
results that may obscure major variables upon
which natural selection may act. If these studies
are to have an evolutionarily relevant context, it
is important to identify and concentrate on such
variables. If they are difficult to study, that is a
serious problem, but if they are to be explored
in a bird system, there may be no alternative to
hard work. I will consider several foraging vari-
ables; the following list is not complete, but it
should suffice to make my point. They can be
broken down into two basic categories: (1) prob-
lems of scale and (2) problems of individual vari-
ability.

FORAGING CATEGORIES

The most basic sampling problem in studies
of food exploitation is the investigator’s selection
of foraging categories (foraging sites, foraging
motions, etc.). This problem is one of scaling:
dividing the habitat into either too many or too
few components will misrepresent the way in
which foraging birds respond to it. Prior to
MacArthur’s (1958) study, ecologists seriously
entertained the possibility that the spruce-woods
warblers provided an important counterexample
to the competitive exclusion principle, since these
birds coexisted, in high diversity and large num-
bers, in seemingly homogeneous spruce forests.
However, MacArthur quickly established that this
conception grossly misinterpreted the warblers’
space allocation patterns, for they do not respond
to the forest as a single homogeneous entity, but
as a highly divisible one. That conclusion indi-
cated the necessity of using a scale similar to
those used by the birds themselves. I will largely
confine discussion to within-habitat divisions,
but between-habitat distinctions may be impor-
tant as well.

To select foraging categories from the view-
point of adaptive or fitness considerations, the
investigator should assume the perspective of the
foraging bird. Detailed pilot studies may help to
resolve the problem of which foraging categories
to adopt, although they may greatly increase the
effort necessary. In their calculations of foliage-
height diversity, MacArthur and his colleagues
(MacArthur and MacArthur 1961, MacArthur et
al. 1962) attempted to discover what features
were important for the presence of different
species. Although their initial results were prom-
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ising, attempts to extrapolate from some eastern
forests and their inhabitants to other commu-
nities did not prove to be very successful. These
were ambitious attempts to discover simplifi-
cation and generality, and they may have foun-
dered on those points. Their techniques assigned
birds to habitats on the basis of a very few kinds
of information, and now knowing that extensive
within-habitat partitioning takes place in some
groups (but not others), it is not surprising that
they did not generally succeed. Their efforts were
nevertheless important because they explored new
methodologies. In contrast, if one selects too
many categories in a mechanistic quest to estab-
lish whether quantifiable (although questionably
biologically-based) differences occur among
species, the data sets necessary may become pro-
hibitively unwieldy, and the likelihood of finding
spurious correlations increases.

Two apparent alternatives exist. The first is to
divide foraging sites into what appear to be bi-
ologically meaningful subdivisions (e.g., crown,
understory, ground, and perhaps with within-
layer categories like trunk and large limb). The
second may be not to attempt such biological
divisions at this point, but to separate the habitat
into arbitrary categories of such a size range that
the members of the community as a whole will
use all so-designated parts with reasonable fre-
quency. Height intervals could be used (e.g., 3-m
heights), and horizontal (within-layer) separation
might be by distance, or by dividing the range
of available substrate sizes into several cate-
gories. Both methods have their advantages and
disadvantages; the first may be botanically rel-
evant, but partition the habitat in a way that the
bird never would; the second may avoid any
unwarranted assumptions about a species’ biol-
ogy, but at the possible expense of creating bi-
ological redundancy and biologically irrelevant
categories. The latter technique has the redeem-
ing feature of presenting results that have not
incorporated major, and possibly fallacious, bi-
ological assumptions into the data gathering at
this early stage. Pilot studies that initially record
data on a small scale may help to resolve this
difficulty.

A related sampling problem concerns how for-
aging data are gathered. Many workers have
gathered substantial numbers of observations
from single individuals, an expedient way to ob-
tain the large data sets needed for quantitative
analysis. A positive feature of this technique is
that it minimizes bias associated with the dif-
ferent visibility of individuals in different parts
of the habitat. If an individual is more easily
discovered in some parts of its habitat than in
others, the larger the number of subsequent ob-
servations gathered on it, the less the data should
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reflect the bias of initial observation (the ““spot-
ting” bias). But, these are not independent data
points. The problem of independence of foraging
data points is usually ignored (but see Morrison
1984a; Hejl et al., this volume), so that such
studies present artificially (and incorrectly) in-
flated »’s, and the specter of pseudoreplication.
Ideally such difficulties can be redressed with
analyses that compare bouts of foraging among
individuals, but that has often not been the ap-
proach.

FOLIAGE SAMPLING AND BIRD Foop CHOICE

A question of central interest to students of
insect-gleaning birds is, “Do these birds spe-
cialize on certain types of food, and if they do,
how?” Many and varied efforts have been made
to sample the food supply in order to answer
these questions. They differ in accuracy, diffi-
culty, and human effort. Even if they sample the
foliage accurately, that does not mean that the
birds sample it in the same way, however (see
Hutto, this volume). For instance, in some of my
work in which I used exhaustive methods of fo-
liage analysis that appeared to be very accurate
(Morse 1976a, 1977), I found that Black-throat-
ed Green (Dendroica virens) and Yellow-rumped
(D. coronata) warblers specialized strongly on
large caterpillars that they gathered on spruce
foliage, even though these caterpillars sometimes
appeared in very low frequencies in the foliage
samples. These same studies showed that large
numbers of insects less than 2 mm in length,
mostly psocids, regularly occurred in the sam-
ples, but seldom in the stomach contents. This
absence might simply result from their not being
visible in the stomach remains, but more likely,
judging from their behavior, the birds did not
perceive these insects because of their small size,
or they eschewed them. If they were not profit-
able prey, not seeing them might actually im-
prove the birds’ foraging efficiency, in terms of
energy gain per unit time. More time-efficient,
but less accurate, estimates of insect standing
crop raise additional questions and debate over
how far one can extrapolate; for instance, what
data from sticky traps can tell us, since these traps
take highly biased samples (Southwood 1978).
Thus, it is important not to interpret bird food
intake from foliage studies alone, even accurate
ones.

THE EFFECT OF ABUNDANCE OF SPECIES ON
THEIR COMMUNITY IMPACT

The foraging impact of a species on its own
members and on other species will differ with its
abundance. This factor may assume considerable
importance at the community level, but is often
ignored, although it enjoyed considerable atten-
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tion in the theoretical literature under the term
of “diffuse competition” (MacArthur 1972).
Thus, an abundant species that overlaps another
species slightly may have a considerably heavier
impact on it than will a third species that is rel-
atively uncommon but overlaps it heavily. Ulf-
strand (1976) has emphasized the importance of
this role for the Willow Warbler (Phylloscopus
trochilus), an abundant species in many parts of
Europe. Since the density of this migratory species
may greatly exceed that of any resident species,
its impact upon them is likely to be major. In a
collective sense the same relationship may exist
between the spruce-woods Dendroica warblers,
whose numbers may make up 70% or more of
the total summer bird fauna, and the permanent
residents. In both Europe and North America,
some of the residents exhibit habitat shifts be-
tween seasons that strongly suggest competitive
displacement.

TEMPORAL VARIATION

Temporal variation may also compromise the
precision of foraging studies. It may occur at sev-
eral time scales. Short-term studies run a high
risk of presenting misleading results, for they may
record only part of the variation inherent in a
system, and possibly a very atypical part at that.
The scales in question may range over several
time frames: part of a day vs. an entire day, part
of a season vs. an entire season, part of a year
vs. an entire year, or one year vs. more than one
year.

Some atypical periods, or the intervals be-
tween them, considerably exceed one year. They
include both the “crunches’ (periods of shortage)
to which Wiens (1977) refers and periods of tem-
porary superabundance. Representing the great-
est inflections from a long-term mean, these two
kinds of fluctuations are of great overall impor-
tance to the birds.

Extreme droughts may have a devastating ef-
fect on foraging opportunities. Grant (1986:191)
found that drought affected the foods available
to Darwin’s finches, with many of the foods nor-
mally taken becoming unavailable, necessitating
concentration on certain others. A severe pop-
ulation decline followed, with accompanying se-
lection for individuals best able to exploit the
remaining food types.

In my study of mixed-species foraging flocks
I observed a major shift in foraging associated
with a periodic mast crop of longleaf pine seeds
(Morse 1967a). Foraging by Brown-headed Nut-
hatches (Sitta pusilla) changed markedly with
this gradation; they shifted from a primarily in-
sectivorous diet to one of over 80% seeds. To
get the pine seeds they worked farther out into
the foliage than they did at other times. There
they came into frequent contact with the abun-
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dant and aggressive Pine Warbler (D. pinus). Si-
multaneously, fights between these two species
increased markedly. The consequences for the
nuthatches may not have been significant, be-
cause of the abundant source of food available
to them; however, the consequences to the Pine
Warblers, in terms of energy and time expendi-
ture, may have been more severe. The warblers
did not feed heavily on seeds, and thus probably
profited marginally if at all from them. One might
be somewhat at a loss to explain this strong hos-
tile response, which obviously detrimentally af-
fected the warblers’ foraging efficiency, if one had
conducted the study only during the one winter
of the three that I devoted to this system. Mast
years of longleaf pine occur every six years or so
(Wahlenberg 1946).

Gradations over a somewhat longer time scale,
or with highly mobile species, may result in strik-
ing population changes, which in turn are bound
to affect interactions, and consequent food choice
and foraging patterns as well. Sustained spruce
budworm outbreaks, sometimes lasting a few
years, produce marked shifts in the abundance
of their predators. Three-fold increases in num-
bers of warblers and other insectivorous species
may occur during budworm years, as revealed
by comparing Kendeigh’s (1947) censuses during
a budworm outbreak at Lake Nipigon, Ontario,
with those of Snyder (1928) and Sanders (1970)
when few budworms were present. Aggressive
behavior does not disappear during an outbreak,
even among the budworm specialists, the Bay-
breasted (D. castanea) and Cape May (D. tigrina)
warblers. These interactions might even be re-
sponsible for the declines in numbers of some
spectes at this time, such as Blackburnian War-
blers (D. fusca).

Foraging shifts may occur over shorter pe-
riods, also. Foraging may change during the course
of a “‘normal” breeding season under equilibri-
um conditions, as in the activities of female
spruce-woods warblers during the incubation pe-
riod and at other times. At incubation time, the
females forage at an unprecedentedly rapid rate,
which probably affects the types of substrates
used, their efficiency of using them, and the abun-
dance of resources required for success. This con-
tingency comes about because the females per-
form all of the incubation and also must hunt
for themselves, resulting in an intensity of for-
aging unmatched at other times (Morse 1968).

Major changes may even occur over the period
of a day. Holmes et al. (1978) found that the
American Redstart (Setophaga ruticilla) changed
its frequency of flycatching strikingly over the
day, a shift correlated with the activity of its
insect prey. Early in the day, while it was cold
and the number of flying insects low, redstarts
remained relatively inactive and did little fly-
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catching; as it became warmer and the day drew
on, flycatching became the prevalent technique.
This type of shift in foraging behavior may be
widespread in flycatching species. I have ob-
served a similar pattern in Yellow-throated War-
blers (D. dominica) (Ficken et al. 1968), which
concentrated their activities on insects hiding in
old pine cones during the cold of the early morn-
ing, but reverted to flycatching as the air warmed
on early spring mornings and insects became ac-
tive.

The social environment may affect the forag-
ing patterns of these birds as well. Members of
mixed-species foraging flocks exhibit this rela-
tionship especially clearly (Morse 1970). Mem-
bers of socially subordinate species shift their
foraging patterns in the presence of dominant
species, and this change should affect the re-
sources available to them. Even more important
for many species are intraspecific dominance
patterns (e.g., Black-capped Chickadee [Parus
atricapillus], Glase [1969]). The effects of both
interspecific and intraspecific flock relationships
often shift over a period of minutes, and the
results that one obtains inside and out of flocks
may also differ markedly.

The tendency to participate in a mixed-species
foraging flock may itself depend on food consid-
erations, or perhaps predator avoidance is of pri-
mary importance. Social groups may also shift
in character as a consequence of changes in cli-
matic conditions. For instance, on warm winter
days members may leave the groups, usually to
take up a territory. The largest species, presum-
ably the least vulnerable to surface-volume ratios
of heat loss, quit the flocks first during warm
stretches of winter weather (Morse 1978a).

Weather can strongly affect foraging patterns
in other ways. Wet foliage may be one of the
most serious factors for foliage gleaners, and the
conclusions that one draws from observing for-
aging on wet and dry foliage may differ markedly.
Carolina Chickadees (P. carolinensis) (Morse
1970) shifted from foliage-gleaning to large-limb
hunting during rainy periodsin the winter, there-
by sparing their plumage from the wet foliage.
Since the temperatures during these observations
were near freezing and were preceded by freezing
temperatures, these foraging shifts are unlikely
to result from insect movements.

The problem of wet foliage assumes funda-
mental importance during the stormy weather
that sometimes occurs while spruce woods war-
blers are incubating or feeding nestlings. They
are extremely vulnerable to the loss of nestlings
at this time (Morse 1971a, 1976a, 1977), and
they, too, concentrate their foraging away from
wet foliage, using areas such as the inner parts
of branches, where most of them seldom forage
at other times. This shift may also affect the one
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species that normally uses these areas most fre-
quently and might therefore appear least vul-
nerable, the Yellow-rumped Warbler. Being the
most subordinate of the Dendroica warblers in
these communities, one might expect the added
interactions to affect them adversely. More work
needs to be done on the wet-foliage problem (also
see Morrison et al. 1987a), but it is often difficult
to gather these observations. Students of foraging
tend to gather foraging data only on good days,
and even if those data accurately portray the usu-
al foraging patterns, they probably do not ade-
quately represent the “crunch” situations. Birds
may forage most efficiently when the foliage is
dry and may even lack strong adaptations for the
wet conditions, which could be so severe as to
obviate the possibility of feeding young, anyway.
If so, the birds are playing a game of chance
during the breeding season, in which the odds
favor escaping these extremely inclement con-
ditions in any given breeding season.

VARIABILITY AMONG THE MEMBERS
OF A POPULATION

Members of bird populations are not homo-
geneous in their characteristics, which leads to
predictions of differences in foraging patterns and
possibly in food secured. This must be consid-
ered in any study program. Size varies profound-
ly within species of many animal groups; for in-
stance, as foragers, most fishes or salamanders
vary over several orders of magnitude of mass
during a lifetime (Werner 1977, Fraser 1976).
The case of metamorphosing anurans, which shift
from herbivorous to carnivorous existences at
metamorphosis, is even more dramatic.

In contrast, within-population differences of
birds are modest; indeed, with few exceptions
passerine birds do not become foragers until they
have reached full size. Even so, a number of
ecologically significant differences in foraging oc-
cur regularly within bird populations, and they
may turn out to be commonplace. I will consider
two, male-female differences and adult-imma-
ture differences. Note, too, that dominance-re-
lated differences often have a size- or age-related
element.

Male-female foraging differences may seem
most likely to occur in association with marked
sexual dimorphism. Differences in foraging rep-
ertoire between male and female Hispaniolan
Woodpeckers (Centurus striatus), in which males
and females differ in beak length by over 20%
and tongue length by nearly 35% (Selander 1966),
are thus not surprising. However, marked be-
tween-sex foraging differences are not confined
to strikingly dimorphic species. They occur
among monomorphic male and female spruce-
woods warblers during the breeding season
(Morse 1968), with males foraging higher in the



140

vegetation than their females. The male heights
matched their display heights more closely than
those of the nest sites. Female foraging heights,
in contrast, resembled nest heights more closely
than male display heights. Only the females in-
cubate. Others have subsequently found similar
differences in several warblers (c.g., Sherry and
Holmes 1985) and in vireos (Williamson 1971).
Perhaps the most interesting example is that male
Black-throated Blue Warblers (D. caerulescens)
forage lower than their females, a difference that
is associated with a tendency to display in open
areas below the canopy (Sherry and Holmes
1985). Thus, an adequate display site, rather than
height alone, seems to be the governing variable
in this partitioning,

Adults and immatures may differ in foraging
success, a likely consequence of the difficulty of
learning how to forage. Such differences may not
be apparent in most species; however, if they
involve particularly difficult foraging repertoires,
significant differences in success rates as well as
in foraging patterns, foraging time, or items caught
may exist. These differences have been reported
for various seabirds (Ashmole and Tovar 1968,
Orians 1969a) and wading birds (Recher and
Recher 1969). I do not know of similar examples
among territorial species of small birds. How-
ever, passerine fledglings learn by trial-and-error
and narrow their foraging repertoires in the pro-
cess (e.g., Davies and Green 1976). Further, heavy
mortality often occurs at this time (e.g., Lack
1966), probably largely due to the inefficiency of
foraging by these birds as they become com-
pletely independent. Consequently, although
brief, this period may be one of fundamental
importance and involve some of the most critical
foraging decisions of a lifetime.

Thus, a diverse range of variables may affect
the foraging patterns of birds. Not all will be of
concern to each individual or at all times. Part
of the challenge involves determining when such
variables constrain success and when they do
not. Knowledge of them and when they apply
can provide insight to major fitness consider-
ations.

OPTIMAL FORAGING THEORY

These niche-related studies differ from those
of basic food-choice and foraging strategies. The
latter type of work follows from the recent pop-
ularity of optimal foraging theory, the proposi-
tion that animals forage in a way that optimizes
their success. In practice, workers usually sub-
stitute “maximize” for optimize, and energy gain
per unit time for success, and implicitly use for-
aging success as an estimate of fitness. This work
operates at the level of the individual, albeit with
strong population implications.
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Most of these studies are really not tests of
optimal foraging theory (Krebs et al. 1983, Pyke
1984). Rather, they state whether their results
are consistent with the predictions of a particular
model, even though they may claim to do more.
Nevertheless, these studies are of importance
here, because my main concern is food choice
and foraging behavior at the individual and pop-
ulation levels, rather than testing theory. These
studies, as well as the more direct tests, reveal a
variety of complications at the individual level,
also. The first optimal foraging theory models
were simple ones with no constraints and, de-
pending on whose interpretation one accepts, were
either quite successful (e.g., Pyke et al. 1977) or
not very successful (Gray 1987). Quantitative
predictions often were only approximate, sug-
gesting complications. These deviations from
theoretical predictions are generally attributed to
constraints not built into the models, including
inadequate memory, predator-avoidance, com-
petition, dietary constraints, morphological con-
straints, and risk-minimizing. The nonconformi-
ties should not be surprising, but are of interest
because they provide possible insight into the
food and foraging problems discussed above, and
their resolution may help to predict which species
can prosper in different situations. Here 1 will
put these studies into the context of food ex-
ploitation and suggest how to relate them to niche
theory studies.

For these purposes one may divide optimal
foraging theory studies into those concerned with
diet-choice and those concerned with patch-
choice. Patches deal directly with the use of space,
which equates them somewhat with the niche
relationships I have already discussed. Diet stud-
ies deal directly with food acquisition, rather than
substrates exploited. Foods are ranked according
to their energy value to the foragers, and foragers
are expected to take only those items that will
improve their overall energy balance (reviewed
in Pyke et al. 1977). This general pattern often
holds, although foragers frequently take items
relatively low in value more often than predicted
(e.g., Krebs et al. 1977). Krebs et al. attributed
this deviation to the birds sampling the environ-
ment in a way that favored a long-term strategy;
that is, obtaining information on food charac-
teristics for possible future use when conditions
have changed, such that these items might as-
sume high positions on the birds’ list of prefer-
ences. This simple model does not take into ac-
count such problems as memory; knowledge of
the intricate detail necessary to make perfect
choices; the problem that items are often dis-
covered sequentially, rather than simultaneous-
ly, in many sorts of foraging situations; or the
substantial hunting times required to find cryptic
organisms, which will enhance the probability
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that most cryptic items, once found, will be taken
despite an otherwise low value. Cryptic organ-
isms are less likely than others to require sub-
stantial handling times or special physical abil-
ities to exploit, which would further favor eating
them once discovered.

This simple approach thus brings several prob-
lems with it. However, my purpose here is not
to critique simple optimal foraging theory models,
but to show that difficulties in fitting results to
models indicate the existence of variables of ba-
sic importance. This work exposes a deficiency
of understanding about foraging and related fac-
tors. Problems of learning and manipulation have
received considerably more attention, primarily
from the psychologists. It is in this area between
experimental psychology and behavioral ecology
that the lacuna exists (Kamil and Sargent 1981).

Patch-choice studies make similar predictions,
but relate to aggregation of food items in space
and strategies necessary to exploit them with
maximum efficiency. Distances between patches,
sizes of patches, and the like will have major
effects upon decisions to move. If the forager has
incomplete information on the alternatives
available, this deficiency will complicate the re-
sult. Many of the same variables as those asso-
ciated with diet choice will affect the patch-choice
decisions made.

Several other optimality problems, such as op-
timal flock participation, are related in varying
degrees to food choice and foraging. However,
they tend to incorporate parts of the diet and
patch-choice considerations, or play off food-
patch contingencies against other demands such
as reproductive considerations and social rela-
tionships, and therefore I will not discuss them.

Food availability differs considerably in its
predictability, which confounds the probabilities
of accomplishing feeding or foraging “goals.”
Birds require a high minimum energy input, and
it may be necessary for them to adopt foraging
strategies that incorporate this constraint. The
alternatives are often referred to as risk-prone
and risk-adverse. When food is the critical vari-
able, starvation is the crisis that they must avoid.
Life cycles will be heavily influenced by the
patchiness of the environment as well as the
abundance of resources. Risk-prone and risk-
averse strategies assume major importance with
high temporal variation in foraging conditions.
If predictability of finding food is low, but overall
resource availability is adequate to support the
individuals present, individuals should adopt a
risk-averse pattern; that is, they should use tech-
niques that minimize the probability of starving
because of an inability to locate food within the
habitat. Strategies might include flocking, in
which many eyes search for the occasional large
reward that might feed all of the members of the
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flock. (If an individual cannot defend such an
item, one need not invoke group-selective ad-
vantages for this system to operate.) However,
if the average food availability is inadequate to
feed an individual, it pays to play a risk-prone
game (if one cannot leave the area). If one adopt-
ed a risk-averse strategy “‘successfully,” the in-
evitable results would be starvation. A risk-prone
strategy gives it a chance to survive and should
be adopted by individuals in imminent danger
of starvation. Indeed, the behavior of some in-
dividuals suggests that this is the case; at least,
traits such as predator avoidance may largely
disappear at this time. Whether their disappear-
ance constitutes more than a physiological con-
sequence of poor body condition is not always
clear.

Risk assessment is a relatively new area of
interest in foraging, and has not been developed
extensively for ecological problems. However,
Caraco (1981b), Clark and Mangel (1984), and
others have studied it from the viewpoint of win-
ter flock participation. Foragers may also adopt
similar strategies in comparable, if not so ex-
treme, situations. Moore and Simm (1986) re-
ported that migrating Yellow-rumped Warblers
adopted a risk-prone strategy when rapidly fat-
tening, choosing variable rewards over constant
ones of the same average abundance, consuming
more items in a foraging bout, handling them
more rapidly, and selecting especially profitable
ones. However, upon attaining maximum body
mass, they shifted to a risk-averse strategy, se-
lecting predictable rewards rather than unpre-
dictable ones of the same average abundance.

Diet-choice, patch-choice, and predictability
thus all appear likely to play a major role in
determining the food-choice and foraging strat-
egies adopted by birds. The general guidelines of
optimal foraging theory may provide a good
framework from which to start, recognizing that
the goal is not to test optimal foraging theory,
but to use it as a tool to generate testable hy-
potheses about food and foraging choices.

These optimal foraging theory studies thus help
to identify the spatial and temporal patterns and
mechanisms by which animals obtain food. In
turn, they should provide insight into how pop-
ulations and communities are composed if food
is a limiting resource.

FITNESS

Optimal foraging theory rests on the assump-
tion that animals foraging as predicted maximize
their fitness. Foraging animals may satisfy this
assumption, but it is short-sighted to treat energy
gain, or some other measure of foraging success,
as an adequate or sufficient estimate of fitness,
because it is an extremely indirect estimate. The
behavior in question is often separated from



142

eventual fitness payoffs by the better part of a
life cycle. Considerable question exists, for ex-
ample, about whether the strongest selective
pressures occur in the winter or summer. Several
workers have argued that winter is the critical
time for some permanent residents (Lack 1966,
Fretwell 1972), and this may hold for some species
that remain at high latitudes. But, the question
of payoffs will only be resolved in terms of re-
productive success, and since the breeding sea-
son is remote from the time at which winter
crunches occur, the matter may receive little at-
tention. Lifetime fitness is what matters. If in-
dividuals survive several breeding and winter
seasons, these periods all have to be taken into
consideration, which makes isolated bouts of for-
aging behavior difficult to evaluate. It seems im-
possible to demand such information routinely,
but the central nature of this assumption must
be recognized. Lifetime fitness information, es-
pecially that put in the context of foraging rep-
ertoires or success, is virtually lacking; in fact,
only a few studies of lifetime fitness have been
made (Clutton-Brock et al. 1981, Arnold and
Wade 1984). Birds, as iteroparous, supra-annual,
highly mobile and often migratory animals, pre-
sent especially difficult problems, but even par-
tial tests, such as comparing the relationships of
high foraging success at certain times with re-
productive success, would advance foraging
studies to a more critical level. If foraging con-
siderations were not correlated with reproduc-
tive success, assumptions made in optimal for-
aging theory studies, and in niche-level studies
as well, would have to be re-evaluated.

Grant (1986) has found that factors associated
with feeding play a dominating role intermit-
tently in the survival and consequent fitness of
Darwin finches during serious drought periods.
He also demonstrated that finch populations
underwent strong directional selection at this
time. However, if directional selection occurred
then, one wonders what other factors normally
act to produce a population not maximally
adapted to these drought conditions in the first
place. Other forces may dominate through the
rest of their lifetimes, and possibly in ways that
counter this feeding-related advantage of certain
individuals (large beaks that facilitate feeding on
seeds that smaller beaks cannot crack). If differ-
ent forces really do act at different times, one
should be very careful in interpreting optimal
foraging theory results.

INTEGRATING FORAGING THEORY
AND NICHE THEORY

Little effort has been made to integrate niche
theory and foraging theory. My suggestions are
largely based on Werner (1977), who used op-
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timal foraging theory techniques to derive pre-
dictions about niche relationships and coexis-
tence among three centrarchid fishes (bluegill
[Lepomis macrochirus], green sunfish [L. cyanel-
lus], and largemouth [Micropterus salmoides)).
Werner constructed cost curves of prey under
controlled laboratory conditions, using data from
the pursuit time, handling time, and capture ef-
ficiency of several food items by different-sized
individuals of the three predatory species. Using
estimates of resource distribution and abundance
from the field and calculating cost-benefit ratios
from the prey capture —handling data and caloric
estimates of these prey—he set boundaries on
the predators’ predicted niche dimensions (food-
size axes). The fishes’ shapes and sizes affected
the results strongly. These results can be matched
against predictions from species-packing theory
(niche overlap), thereby facilitating the intro-
ducing of food-exploitation patterns into predic-
tions of community structure. Species-packing
theory (MacArthur and Levins 1967, MacArthur
1972, May 1973) addresses the problem of how
closely species can be fit into a community if
sustained on one principal resource axis.
Werner’s technique allows insight into mech-
anisms that drive community-level organization,
and provides a link among morphology, efficien-
cy of resource use, and overlap in resource use.
Werner’s food-size axes predicted the presence
and abundance patterns of these species well;
typically small lakes supported two of the three
species, the smallmouthed bluegill and the large-
mouthed bass; the intermediate species’ (green
sunfish) absence was usually predicted. The latter
species was uncommon and coexisted only by
habitat segregation. The bluegill and bass totally
overlapped in habitat, but were complementary
along the food-size axis; the green sunfish strong-
ly overlapped the other two species on the food-
size axis, but where it coexisted it was largely
confined to a shallow fringe of habitat along the
shore that was seldom used by the other species.
1 will not discuss Werner’s procedures in de-
tail, because they are unlikely to be useful for
food studies of birds. Gleaning species of birds
may expend considerable time and effort in find-
ing individual food items, so that once they are
found, they will probably be taken. Selectivity
of discovered prey items should thus not be as
high as for consumers with relatively low search-
ing costs, like sunfishes, although specialized
hunting procedures could lead to a food intake
unrepresentative of the standing crop. Never-
theless, it may be profitable to adopt an approach
analogous to Werner’s, especially to explore pat-
terns of coexistence among closely related bird
species, or for ecologically similar members of a
community. Comparisons of species groups ex-
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hibiting high (spruce-woods warblers) and low
(Empidonax flycatchers) levels of coexistence
would assume particular interest.

Since birds do not share the complications of
the tremendous intraspecific size variation seen
in fishes and in many other animal groups, they
have an important compensating advantage for
studies conducted at a population or community
level. If birds concentrate on a relatively few food
types, as my Yellow-rumped and Black-throated
Green warblers did (Morse 1976a), the problem
of modeling efficiency may be tractable. Approx-
imate energetic costs of different activities are
known for several birds (e.g., King 1974), and
can be readily estimated. Holmes and his col-
leagues (Holmes and Sawyer 1975, Holmes et al.
1979a) have estimated energy expenditure of
several northern passerines. Their results suggest
that it would be feasible to concentrate on the
foraging strategies of different co-occurring species
and to generate cost curves for exploiting the
various stations recognized in bird foraging stud-
ies. These curves would be based on food avail-
ability and foraging efficiency (the major prob-
lem) in different sites and, similar to Werner’s
curves, could be used for predicting the presence
or absence of species. Measuring food intake
would constitute the most difficult aspect of such
a study, but the procedure nevertheless warrants
serious attention.

If one can establish the conditions under which
species coexist, it should be possible to focus on
which situations are the limiting ones and how
they act in limitation. This approach should also
provide insight into the conditions that permit
the insinuation of non-equilibrium species (Bay-
breasted and Cape May warblers among the
spruce-woods Dendroica), as well as why some
equilibrium species decline at these times.

Werner recognized foraging generalists and
specialists, and habitat generalists and special-
ists, in his fish community. Members of bird
communities also clearly differ in this way (Morse
1971a, 1977, 1980a). Some bird species may even
differ in their tendencies to specialize or gener-
alize along different foraging axes, thereby pre-
senting potentials for segregation (Cody 1974,
Ulfstrand 1977, Morse 1978a). For instance, the
participants of English mixed-species foraging
flocks that T studied (Morse 1978a) varied in
relative specialization and separation from each
other along dimensions of foraging substrate (e.g.,
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limb, twig), height, and tree species. In contrast,
species-poor North American flocks did not
clearly separate along a tree-species gradient
(Morse 1970). Thus, bird communities offer many
opportunities for disentangling problems of niche
complementarity and coexistence.

SYNTHESIS

Integration of work done at different organi-
zational levels (community, population, individ-
ual) is needed to maximize advance in the
understanding of food exploitation. Studies of
niche-partitioning, as it relates to foraging, are
well developed in their basics, although often
suspect in light of questions about resource lim-
itation or competition. They require consider-
able attention, however, to accommodate a wide
range of variables in ways that focus attention
on foragers at the level of the individual, in this
way reflecting the action of selection. In that sense,
a substantial part of the work needed might be
considered corrective. In particular, this work
needs to be focused toward periods of unusual
demands or want, the “crunches” of Wiens
(1977).

Although optimal foraging theory itself is not
concerned with the mechanisms by which for-
agers make choices, it addresses foraging prob-
lems at a level that draws attention to these mat-
ters. An understanding of these mechanisms
seems vital to comprehending fully the decisions
that determine resource exploitation patterns and
why some apparent options are exercised and
others not (morphogenetic and phylogenetic con-
straint). Optimal foraging theory also addresses
questions at a level that permits one to relate the
behavior to fitness, a subject in great need of
attention, both as it relates to foraging and to
other problems. By doing so, it may be possible
to start piecing together the events and interac-
tions taking place in a community in a way that
will reflect the action of initial selective pres-
sures, adjustments to them, and possibly, evo-
lutionary change.
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A CLASSIFICATION SCHEME FOR FORAGING BEHAVIOR OF
BIRDS IN TERRESTRIAL HABITATS

J. V. REMSEN, JR. AND ScoTT K. ROBINSON

Abstract.  Studies of avian foraging behavior in terrestrial habitats suffer from a lack of standardization
in the kinds of data gathered and in the terminology used to classify different activities. These incon-
sistencies partially reflect the variety of questions asked about foraging. If a standard terminology were
used, then data on foraging behavior could be included among the standard data (e.g., clutch size,
body weight, and mating system) routinely recorded for the biology of a bird species.

We propose a system for gathering foraging data for landbirds in which the five basic, sequential
components of foraging (search, attack, foraging site, food, and food handling) are quantified separately.
Data on searching behavior involve measuring continuous variables and are particularly critical for
studies of energetics. The “attack” component is most in need of standardized terminology. The
system that we propose separates the attack perch from the attack maneuver, and further subdivides
the maneuvers into near-perch, subsurface, and aerial maneuvers. Each of these general categories is
further subdivided according to details of attack movements and ways in which substrates are ma-
nipulated. Data on attack methods are primarily useful for studies of ecomorphology, but may also
be important in bioenergetic and community-level studies.

Quantifying the foraging site involves measuring the following variables: general habitat (location
in a study area), vertical position, foliage density, and substrate. Although identification and quanti-
fication of foods taken in the field is difficult, it can provide valuable information on food size (and
taxon for larger items). Dietary data from stomach samples are useful for studies of resource partitioning
when they show dramatic differences, but overlapping diets do not necessarily indicate that two birds
forage in the same way. Food-handling behavior is seldom measured in the field, but is valuable in
studies of optimal foraging behavior and ecomorphology.

Intercorrelations between each of these aspects of foraging can be determined from standard multi-
variate analyses. How finely to subdivide categories depends upon the kinds of questions being asked.

Key Words: Foraging behavior classification; foraging maneuvers; search; attack; foraging site; diet;
food-handling; glean; sally; probe; manipulate.

There are almost as many ways of classifying
and quantifying foraging behavior as there are
papers on the subject. In part, this variety reflects
the fact that no two species or groups of species
forage in exactly the same way, and that no two
habitats present exactly the same foraging op-
portunities. It is difficult, for example, to quan-
tify the foraging methods of bark-foragers in the
same way that one quantifies the foraging of fo-
liage-foragers (Jackson 1979). Another factor
contributing to the lack of standardization is that
different kinds of questions often require differ-
ent kinds of data. Many studies that focus on
resource partitioning record only the details of
foraging site selection and omit data on search
and attack movements (e.g., Hertz et al. 1976).
In contrast, studies of ecomorphology emphasize
prey-attack methods (e.g., Osterhaus 1962; Fitz-
patrick 1980, 1985), whereas bioenergetic and
optimal foraging studies emphasize searching
movements as well as prey handling (e.g., Sherry
and McDade 1982, Robinson 1986). Even stud-
ies addressing the same questions in ecologically
similar birds do not always measure the same
variables.

This lack of standardization, however, reflects
fundamental inconsistencies in the importance
attached to the individual variables used to

quantify foraging. For example, the “hawk’ cat-
egory of Sherry (1979) and Holmes et al. (1978,
1979b) includes attacks on prey animals that were
flying when first seen, attacks on prey flushed
from foliage by the foraging activities of the bird,
and chases after prey that the bird attacked and
missed. Later papers by Robinson and Holmes
(1982, 1984) and Sherry (1983, 1984), however,
showed that differences among these aerial ma-
neuvers have important implications for diet.
Remsen (1985) showed that the fine details of
substrate use (e.g., dead leaves, moss) that are
often ignored in many community studies were
particularly important in resource partitioning in
a tropical bird community. Rosenberg (this vol-
ume) further showed that even within a group as
specialized as dead-leaf foragers, species differ in
the kinds of suspended dead leaves that they
search. The classification of foraging behavior,
therefore, is more than a semantic problem: one
can reach different conclusions simply by clas-
sifying foraging methods differently.

In this paper, we propose a system for mea-
suring and classifying foraging behavior for non-
raptorial landbirds. Our goal is to standardize
data-gathering methods and terminology to per-
mit among-site and among-species comparisons
that are currently handicapped by the absence of
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a common vocabulary. If some standard system
and terminology were used by those studying
foraging behavior, then we could ask questions
concerning the frequencies of various behaviors
among communities. Such comparisons may
provide important insights into community or-
ganization: in a field such as foraging behavior,
in which community-wide experimental manip-
ulations are difficult or limited, a comparative
approach among species and communities may
be the only method available for testing many
hypotheses.

The system presented here separates five se-
quential components of foraging behavior, each
of which is quantified separately when data are
gathered in the field: (1) search (movements lead-
ing up to sighting of food or food-concealing sub-
strates); (2) attack (movements directed at food
item or the substrate that conceals it once sight-
ed); (3) foraging site (including general location
and specific substrate); (4) food (including type
and size); and (5) food handling (after food item
obtained). We recognize that many of these com-
ponents are not necessarily independent, but we
prefer to quantify each separately and to allow
subsequent analyses to show intercorrelations.

At the outset, we recognize that any classifi-
cation system inflicts typology on what may be
gradients of behavior, but we see no other prac-
tical solution for organizing foraging informa-
tion. Qur goal is to distinguish among what we
subjectively perceive to be functionally different
categories. By using standardized terminology,
data on foraging behavior can be included among
the standard biological data reported for bird
species. At present, reference works on birds,
which typically include detailed, quantitative data
on variables such as clutch size, body weight,
molt and migration schedule, and mating sys-
tem, tend to omit, or describe in superficial, qual-
itative ways, all aspects of foraging behavior ex-
cept perhaps diet. Foraging data should be
included in such reference works, because for-
aging behavior is an integral part of a species’
biology, and because it relates to time-activity bud-
gets, morphology, habitat selection, and social
system. The foraging behavior of many species
may also be as “typical” of that species as any
other aspect of its biology. A standard vocabu-
lary will eventually allow a more sophisticated
review of the prevalence of various foraging be-
haviors in birds; such a review will be able to
replace the often anecdotal, “who-does-what™
approach with quantitative comparisons be-
tween taxa and regions.

The heart of this paper is the section on the
attack, which is the phase of foraging that is most
in need of a standard terminology based on func-
tionally different categories (cf. Moermond, this
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volume). We discuss briefly data on bird diets,
and also propose a standard terminology for food-
handling techniques. The final section of our pa-
per deals with some of the ways in which data
can be analyzed to address questions of resource-
partitioning, bioenergetics, and ecomorphology.

SEARCHING BEHAVIOR

Searching behavior includes those movements used
to search for food or substrates that hide food; under
our definition of searching behavior, “search” ends
once food or food-hiding substrates are sighted and
attacked. Searching methods have usually been quan-
tified by recording the lengths and rates of movements
between perches and the time intervals between move-
ments (e.g., MacArthur 1958, Cody 1968, Williamson
1971, Fitzpatrick 1981, Robinson and Holmes 1982).
Other variables are: (1) distance covered per unit time;
(2) number of stops and time-spent-stopped per unit
time; (3) number of attacks (and % successful) per unit
time; (4) direction of movement between stops, in three
dimensions if appropriate; (5) sequential distribution
of locations of stops (to calculate return rates to pre-
vious stops). Between-foraging-site movements can be
categorized as: (1) walk, (2) hop, (3) jump (leg-powered
leaps that cover more space than the typical hop), (4)
run, (5) climb (with notations on whether or not the
tail is used as a brace), (6) glide, (7) flutter, and (8) fly.
Robinson and Holmes (1984) further distinguished be-
tween hops in which American Redstarts (Setophaga
ruticilla) fanned their tails and lowered their wings,
and hops in which there were no extra movements.
Some birds also use their wings for support when hop-
ping on thin, weak perches, a movement that could be
called a “flutter-hop” (Robinson, unpubl. data). Also
of interest are postures during searching that are sel-
dom qualitatively described (for exceptions, see any E.
O. Willis reference) or quantified but that may have
subtle morphological correlates. Postures are particu-
larly difficult to categorize because most species move
and change postures frequently, and because head, wing,
and tail orientations are all simultaneously involved.
Perhaps the advent of telephoto video-cameras will
permit such analyses; in this paper we deal with pos-
tures only peripherally. More amenable to quantifi-
cation are changes of orientation while searching from
a perch, either with head or body movements. For
example, many species have characteristic side-to-side
movements, whereas others maintain a straight-ahead
orientation. Many species have characteristic wing-
flicking or tail-wagging movements that accompany
foraging, the significance of which is not often under-
stood; the frequency of such actions could also be quan-
tified. There is also a parallel literature on the searching
behavior of various lizards (Moermond 1979, Huey
and Pianka 1981).

In general, searching movements of birds form a
continuum from “active” to “passive” modes (Eck-
hardt 1979). Active foragers change perches at a high
rate, including many hops (or steps in species that walk),
and most flights are short. Passive foragers seldom
change perches, but fly long distances when they do
move. The subset of birds that Eckhardt (1979) chose
from the community that he studied fit into active
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(primarily wood-warblers) and passive (primarily ty-
rannids) foragers. A subsequent study of a different
forest bird community (Robinson and Holmes 1982),
however, found that many species did not fit cleanly
into either category. Tanagers and vireos, for example,
were intermediate in their rates of hopping and flying
and in the lengths of their flights. Another species, the
American Redstart appeared to add many movements
of'its wings and tail designed to flush prey to its already
active foraging behavior. Furthermore, the searching
movements of the Black-capped Chickadee (Parus atri-
capillus) depended upon the distribution of whatever
substrate (e.g., dead leaves) an individual of this species
was searching at the time. Searching movements, there-
fore, cannot necessarily be categorized typologically in
the same way as attack mancuvers (see below). We
agree with the approach of most authors who quantify
and present data on searching movements separately
(e.g., Robinson and Holmes 1982, Landres and
MacMahon 1983, Holmes and Recher 1986b).

Many birds use food-searching methods that are
similar to attack methods (see below). Robinson (1986),
for example, quantified the rate at which Yellow-rumped
Caciques (Cacicus cela) used the following search tac-
tics: “probe-searches,” in which an individual searched
a dense cluster of leaves; “hover-searches,” in which
an individual searched the tips of foliage while hov-
ering under them in stationary flight; and ‘“hang-
searches,” in which an individual searched a nearby
substrate while suspended below it. If any of these
searching tactics led to a prey capture, then they were
quantified separately as prey attack maneuvers. The
only difference between a “probe-search” and a “probe-
attack” (see below) was in whether or not prey was
located. This illustrates a problem in distinguishing
between searching and attack methods in species that
search for concealed food: any classification system
inevitably includes data on both searching and attack-
ing behavior. Woodpeckers, for example, both search
for and attack prey by removing an outer layer of bark.
We have chosen to classify these methods as attacks
(see below) on food-concealing substrates. Distinguish-
ing between search and attack phases, however, rep-
resents an unresolved issue in some parts of our clas-
sification scheme, especially for those species that peer
closely and unambiguously at particular substrates, such
as curled leaves, leaf tops, and crevices. Although these
species search a particular substrate in a manner that
is analogous to any of the substrate-manipulation ma-
neuvers outlined in the attack maneuver section (see
below), our scheme does not include “‘peering” or
‘“scanning” as an attack maneuver. In the field, we
record substrates that are unambiguously searched with
the notation “visual search,”” but we are uncertain as
to how to include such data in analyses. Certainly, such
visual searches are important in analyses of substrate
use.

Several other kinds of search behavior are sufficient-
ly distinct to warrant separate treatment. Many birds
follow disturbances that expose prey; such disturbances
include fires, other animals (particularly other bird
species, ungulates, monkeys, and army ants), and hu-
mans and their machines. Many recent studies place
disturbance-followers in a separate guild (e.g., Karr
1980, Terborgh 1980a, Terborgh and Robinson 1986).
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Many birds steal food from other birds, and some
species rely on this tactic (kleptoparasitism) for locating
and capturing food (see Brockman and Barnard [1979]
for review). Finally, some landbirds form mutualistic
food-searching associations either with conspecifics (e.g.,
Kilham 1979, Mindell and Black 1984) or other bird
species (Jackson 1985), especially within mixed-species
flocks (e.g., Munn 1986). These sorts of associations
should always be recorded.

ATTACK BEHAVIOR

We define the “attack”™ phase as that portion of for-
aging behavior from the moment when a food item,
or food-concealing substrate, is sighted to the moment
when a capture attempt is made. Thus, we include
within “attack’ phase those behaviors aimed at dis-
lodging or revealing food before it is sighted, such as
various kinds of substrate manipulation (e.g., flaking,
hammering, gaping). We further subdivide the attack
phase into (1) perch and (2) maneuver.

Few studies have quantified parameters concerning
the characteristics of the perch from which an attack
is launched. The numerous studies by E. O. Willis (see
references) have shown that a species’ presence in a
particular habitat or microhabitat may be determined
in part by availability of suitable perches. Certain species
may also specialize on perch types not used by other
species. For example, two small tanagers (Hemispingus
xanthophthalmus and H. verticalis) that characteristi-
cally search the uppersides of leaves in dense clusters
do so by perching on the clusters themselves (Parker
and O’Neill 1980; Parker et al. 1980, 1985). Several
species in the vireonid genus Hylophilus characteris-
tically grasp the margins of leaves for perches to reach
the undersides of these leaves (T. A. Parker and JVR,
unpubl. data). Furthermore, studies such as those by
Partridge (1976a; cf. Leisler and Winkler 1985) have
revealed important morphological adaptations asso-
ciated with particular perch types.

Perch type can be quantified using the same variables
as those used in our scheme for “‘substrate” (see below).
In practice, most measurements taken for the substrate
will be the same as those for the perch except for the
details of perch angle and diameter; therefore, the in-
crease in volume of data to be recorded in the field is
minimal. Those species that search while moving do
not really have a “perch” per se; for instance, some
species search and attack while in continuous flight
(“screening,” see below) or while hovering (e.g., Say’s
Phoebe [Sayornis saya], Grinnell and Miller 1944,
bluebirds [Sialia spp.], Power 1980; and Restless Fly-
catcher [Myiagra inquieta], Ford et al. 1986).

Our classification of attack maneuvers categorizes
them with respect to the complexity and required agil-
ity of each behavior. For example, we assume that
aerial maneuvers and substrate manipulation require
greater agility and more energy than those maneuvers
in which a food item is removed from a substrate next
to the bird’s perch. Our classification also attempts to
remove where possible the influence of substrate; thus,
foraging motions that appear similar, but are directed
at different substrates, are grouped together. Such sim-
ilarities may be superficial, and foraging motions are
certainly influenced by the types of substrates at which
they are directed. Nevertheless, we prefer to group to-
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TABLE 1. PROPOSED CLASSIFICATION SCHEME FOR
ATTACK METHODS OF THE FORAGING BEHAVIOR OF
NON-RAPTORIAL LANDBIRDS, WITH SYNONYMS OR
PRESUMED SYNONYMS FROM OTHER STUDIES (SEE TEXT)

1. Near-perch maneuvers
A. Surface maneuvers
1. Glean (= pluck, perch-glean, pick)
2. Reach (= stretch)
a. Reach-up (= crane)
b. Reach-out
c¢. Reach-down (= lean, duck-under)
3. Hang (= hang-glean)
a. Hang-up (= hang vertical, hang
head-up, vertical clinging)
b. Hang-down (= hang head-down)
c. Hang-sideways (= hang-side,
vertical clinging)
d. Hang-upsidedown (= hang
horizontal)
4. Lunge (= dart, rush)
B. Subsurface maneuvers: no substrate

manipulation
1. Probe
C. Subsurface maneuvers: substrate
manipulation
1. Gape
2. Peck (= tap)
3. Hammer (= drill)
4. Chisel
5. Flake (= bill-sweep, toss)
6. Pry
7. Pull
8. Scratch

II. Aerial maneuvers
A. Leg-powered maneuvers
1. Leap (= jump-glean, jump). Include
leap-distance and leap-angle.
B. Wing-powered maneuvers
1. Sally (= hawk, snatch, fiycatch,
hover-glean, hover). Include
sally-distance and sally-angle.
a. Sally-strike (= outward strike,
upward strike, snatch)
b. Sally-glide
c. Sally-stall (= hover, hover-
glean)
d. Sally-hover (= hover, hover-
glean)
e. Sally-pounce (= land-and-glean,
pounce, dive-glean)
2. Flutter-chase
3. Flush-pursue
4. Screen (= hawk)

gether similar-appearing behaviors to alert morphol-
ogists to these potential similarities, rather than to al-
low the substrate category to separate automatically
such behaviors. Because the system presented here also
requires that the substrate also be recorded, no infor-
mation is lost by excluding substrates from the behav-
ior categories.
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In general, studies of attack behavior in landbirds
have distinguished the conspicuous aerial maneuvers
from other attack behaviors, but the nonaerial attack
maneuvers have often been lumped in one category,
usually “glean.” Such merging of nonaerial maneuvers
into one or a few categories might obscure important
behavioral differences among species that have impli-
cations for adaptive morphology (e.g., Richards and
Bock 1973, Partridge 1976a, Leisler and Winkler 1985),
search tactics, niche overlap, and food selection.

Our classification (Table 1) does not include certain
maneuvers that appear to be rare, such as digging in
ground by using a strongly curved bill in a hoe-like
motion (Engels 1940), using spines and twigs as tools
for probing (reviewed by Boswall 1977), using the head
as a brace to provide leverage for foot scraping
(DeBenedictis 1966, Kushlan 1983) or as a buttress to
move or dislodge substrate (Keast 1968), vibrating feet
to startle prey in leaf-litter (Hobbs 1954, Wall 1982 as
cited by Edington 1983), rustling leaf-litter to startle
prey (Potter and Davis 1974), and crushing twigs with
the bill to expose prey therein (Mountainspring 1987).
The system in Table 1 can be expanded as needed to
include any such rare behaviors.

Many studies of foraging behavior that make inter-
specific comparisons, or intraspecific comparisons
among seasons or habitats, have presented their data
in the form of a diversity index and have not included
the original data with percentage of observations in
each foraging category. Other studies have identified
the number of species in a community associated with
various foraging categories, but have neglected to iden-
tify which species belong in each category. We think
that the original data themselves should be presented
to facilitate comparisons with other studies; they should
at least be published as appendices.

An outline of the categories with definitions of each
attack behavior follows. Some categories are not mu-
tually exclusive. For example, a bird that “sally-hov-
ers” might also “probe” while hovering. Therefore,
many attack maneuvers can have compound names,
such as “sally-hover-probe” or “reach-out-gape.”

Each maneuver category is accompanied by some
examples from the literature. Our literature survey is
intended to be illustrative rather than encyclopedic.
We tend to cite examples from recent, quantitative
studies, rather than older, more qualitative material.
Although the descriptive sections of the latter are often
superior, much of the older material is contained with-
in more general life-history studies and is therefore
more difficult to locate.

In choosing a standard vocabulary, we have at-
tempted to use simple, descriptive terms, which, if
possible, are already frequently used in studies of for-
aging behavior; we have not hesitated to ““synonymize”
many favorite terms, including many of our own.

I. Near-perch maneuvers (target food item can be

reached from bird’s perch)
A. Surface maneuvers

1. Glean: to pick food items from a nearby

substrate, including the ground, that can be

reached without full extension of legs or neck;

no acrobatic movements are involved. Em-

len’s (1977) and Mountainspring’s (1987)
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“pluck,” Fitzpatrick’s (1980) “perch-glean,”
and Moermond and Denslow’s (1985) and
Remsen’s (1985) “pick” are synonyms. Per-
haps the majority of maneuvers performed
by most foliage- and ground-searching birds
are “gleans.” For example, 51% of the forest
species studied in the Andes by Remsen
(1985) and 53% of the forest species studied
in Australia by Ford et al. (1986) used glean
as their principal foraging maneuver. Be-
cause gleaning is presumably the least costly
maneuver in terms of energy expenditure,
it is not surprising that it is used so fre-
quently (Remsen 1985; Moermond, this
volume).
. Reach: to extend completely the legs or neck
upwards, outwards, or downwards to reach
food (after Moermond and Denslow 1985,
Remsen 1985). Because most studies sel-
dom distinguish “glean™ from “reach,” the
frequency with which “reach” maneuvers
are used is not generally known. Strong in-
terspecific differences among congeners in
ability to reach are associated with mor-
phological differences (Snow and Snow 1971,
Moermond and Denslow 1985). Some fru-
givores, especially toucans and some tana-
gers, obtain their food by reaching (Moer-
mond and Denslow 1985). Morse (1967b),
who distinguished “stretching” —which is
probably equivalent to our “reaching”—
from gleaning, found that it was used sel-
domly (0-5% of all maneuvers) in the six
species of wood-warblers studied. Three
further subdivisions may be made with re-
spect to direction:

a. Reach-up: to reach above the bird. This
is synonymous with the ‘‘crane” of
Greenberg (1987b). This maneuver is
used especially frequently to pick prey
from undersides of leaves. The Pale-
legged Warbler (Basileuterus signatus)
uses this motion, along with the next,
more frequently than any other maneu-
ver (Remsen 1985).

b. Reach-out: to reach lateral to the bird. A
maneuver used especially frequently to
pick prey from nearby leaves and
branches.

¢. Reach-down: to reach below the plane of
the feet. This is synonymous with the
“lean” of Greenberg (1987b) and prob-
ably the “ducking-under” of Rabenold
(1980). This maneuver is used by many
tanagers, especially Tangara, when for-
aging on branches (Snow and Snow 1971;
Skutch 1981; Parker and Parker 1982;
Remsen 1984, 1985; Hilty and Brown
1986; Isler and Isler 1987); tanagers often
reach-down alternately on opposite sides
of a branch as they move along the
branch, as does the wren Odontorchilus
branickii (Parker et al. 1980). A bird-of-
paradise (Parotia carolae) apparently uses
a similar maneuver when searching

branches (Forshaw and Cooper 1979). At
least one hummingbird (Metallura ty-
rianthina) uses reach-down maneuvers
to reach more than a third of its flowers
(Remsen 1985).

3. Hang: to use legs and toes to suspend the

body below the feet to reach food that can-
not be reached from any other perched po-
sition. “Hang-glean” of Recher et al. (1985)
and Robinson (1986) is a synonym. Differ-
ences in frequency of use of “hang” among
similar species may have subtle conse-
quences for morphology (Partridge 1976a,
Leisler and Thaler 1982). Parrots use “hang”
frequently (Forshaw 1973 and references
therein). Chickadees and titmice (Paridae),
bushtits (Aegithalidae), and some thornbills
(Acanthiza) frequently “hang” to reach un-
dersides of branches and leaf tips (e.g., Gibb
1954; Root 1964, 1967; Grant 1966; Stur-
man 1968; Partridge 1976b; Rabenold 1978;
Moreno 1981; Alatalo 1982; Bell 1985b;
Recher et al. 1985, 1987; Laurent 1986).
The Palm Tanager (Thraupis palmarum) in
Trinidad ‘“‘hangs” almost exclusively when
searching for insects in foliage (Snow and
Snow 1971). The Blue-backed Conebill
(Conirostrum sitticolor, Thraupinae) also
uses this maneuver as its primary means of
attack (Remsen 1985). Other insectivores
that use ““hang” regularly include: Rufous-
browed Wren (Troglodytes rufociliatus,
Skutch 1960), some wood-warblers (Root
1967, Ficken and Ficken 1968, Elliott 1969,
Andrle and Andrle 1976, Rabenold 1980),
Speckled Tanager (Tangara guttata; Snow
and Snow 1971); some white-eyes (Zoster-
ops; Gill 1971, Earlé 1983); Ruby-crowned
Kinglet (Regulus satrapa; Rabenold 1978);
the furnariid Siptornis striaticollis (Eley et
al. 1979); and Sharpbill (Oxyruncus crista-
tus; De L. Brooke et al. 1983, Stiles and
Whitney 1983). Some vireos “hang” when
grasping the margins of leaves to reach food
that cannot be reached from branches (Vireo
griseus, Nolan and Wooldridge 1962; V.
huttoni and V. gilvus, Root 1967); several
tropical vireos (Hylophilus) use this maneu-
ver frequently if not predominately (Green-
berg 1984a; T. A. Parker and JVR, unpubl.
data). Many species that extract prey from
hanging dead leaves “hang” (and “‘reach’)
to investigate isolated dead leaves (Skutch
1969 for Automolus ochrolaemus;, Green-
berg 1987b; K. V. Rosenberg, unpubl. data;
JVR, unpubl. data). Among frugivores that
“hang” to reach fruit are Euphonia violacea
(Snow and Snow 1971) and two species of
woodpeckers (Moermond and Denslow
1985). Several hummingbirds “hang” to
reach flowers (Parker and O’Neill 1980, Par-
ker and Parker 1982, Parker et al. 1985,
Remsen 1985). Four types of “hang” ma-
neuvers (Fig. 1) should probably be distin-
guished (modified after Partridge 1976b,
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Rabenold 1980, Alatalo 1982, Earlé 1983,

and Greenberg 1987b):

a. Hang-up: to hang, head-up.

b. Hang-down: to hang, head-down. This
differs from reach-down only in that the
bird is clinging to a vertical surface or
side of a horizontal surface, rather than
perching on the upperside of a surface in
reach-down. There is probably a contin-
uum between the two maneuvers, and in
fact, Moermond and Denslow’s (1985)
“reach” would include maneuvers here
considered to be “hang-down.”

c. Hang-sideways: to hang on the side of a
substrate with body axis parallel to the
ground and with the bird’s side oriented
upwards.

d. Hang-upsidedown: to hang, belly-up, on
underside of horizontal or diagonal sur-
face.

These same four categories may also be applied to
the foraging behavior of all specialized bark-foraging
birds (e.g., woodpeckers, dendrocolaptids, certhiids) that
characteristically hang while searching and attacking;
in bark-foraging birds, these maneuvers are probably
best considered postures rather than maneuvers.

4. Lunge: those maneuvers in which the food
item is beyond the range of “reach,” but
rapid leg movements rather than flight are
used to approach and capture the prey. This
is synonymous with the “lunge” of Green-
berg (1984a), except that Greenberg’s lunge
would include movements that we call
“reach-out.” Root’s (1967) “rush” is a com-
bination of our “sally-pounce” (see below)
followed by our “lunge.” Some studies have
used “‘dart” for foliage-gleaning birds and
“rush” for ground-foraging birds as pre-
sumed equivalents. Several ground-foraging
birds, particularly thrushes (Heppner 1965;
Smith 1973; Tye 1981; Willis 1985a, 1986)
and ground-cuckoos (Neomorphus: Willis
1982a), and also some bulbuls (Bleda; Willis
1983a), tyrannids (Muscisaxicola, Smith and
Vuilleumier 1971; Corythopis torquata,
Willis 1983b), and antbirds (Gymnopithys,
Willis 1968; Grallaricula nana, Parker et al.
1985) use the lunge maneuver regularly. Ar-
boreal birds that also regularly lunge in-
clude: Red-crowned Ant-Tanager (Habia
rubica; Willis 1960), Plain-brown Wood-
creeper (Dendrocincla fuliginosa; Willis
1972), Chestnut-crowned Gnateater (Cono-
pophaga castaneiceps; Hilty 1975); Black-
headed Grosbeak (Pheucticus melanoceph-
alus; Airola and Barrett 1985), the tiny, can-
opy antwrens of the Terenura callinota su-
perspecies (Remsen et al. 1982; Stiles 1983;
T. A. Parker, unpubl. data), White-shoul-
dered Tanager (Tachyphonus luctuosus;
Greenberg 1984a; JVR, unpubl. data), and
an undescribed species of Cercomacra (For-
micariidae; Parker and Remsen 1987).
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FIGURE 1. “Hang” maneuvers: (a.1) = “hang-up”
on vertical perch; (a.2) = “hang-up” on horizontal perch;
(b.1) = “hang-down” on vertical perch; (b.2) = “hang-
down” on horizontal perch; (c) = “hang-sideways”’; (d)
= “hang-upsidedown.” Drawing by Donna L. Ditt-
mann.

B. Subsurface maneuvers (bird penetrates or ma-
nipulates the substrate rather than removing
food from its surface; the attack is directed at
food that cannot be seen from the surface with-
out substrate manipulation).

1. Probe: to insert the bill into cracks or holes
in firm substrate or directly into softer sub-
strates such as moss or mud to capture hid-
den food. This tactic is often associated with
specialized morphologies adapted for spe-
cific substrates. Most probers have long,
slender, decurved bills for reaching deep into
crevices, tubes, holes, and soft substrates
such as mud or moss. Those that probe bark
often have specialized hindlimb morphol-
ogy and tail structure for climbing on and
bracing against branches (Richardson 1942,
Bock and Miller 1959, Feduccia 1973, Nor-
berg 1979). Several unrelated groups have
converged on similar morphology associ-
ated with bark probing: the creepers (Cer-
thiidae), some woodcreepers (Dendrocolap-
tidae), and the Australian treecreepers
(Climacteris spp.). The scythebills (Cam-
pylorhamphus spp.) and the Long-billed
Woodcreeper (Nasica longirostris), with
some of the longest bills relative to body
size of any passerines, use their bills for
probing deep into holes in tree trunks and
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bamboo stems and into large bromeliad
clusters (Pierpont 1986; T. A. Parker, un-
publ. data; JVR, unpubl. data). Some wood-
peckers do more probing (and gleaning) than
the more “typical’’ woodpecker maneuvers,
such as “peck” and “hammer” (¢.g., Bock
1970; Short 1973, 1978; Cruz 1977, Alatalo
1978; Cruz and Johnston 1979, 1984, Sta-
cey 1981; Askins 1983; Pettersson 1983;

Kattan 1988). Bark-foraging birds that also

probe epiphytic vegetation include the
Brown Creeper (Certhia familiaris; Stiles
1978), many woodcreepers (Willis 1983c,
d), and some woodpeckers (Kilham 1972,
Short 1973, Cruz 1977, Askins 1983), and
certain furnariids (Skutch 1969, Eley et al.
1979, Parker et al. 1985, Remsen 1985).
Some species without obvious morpholog-
ical adaptations for climbing also frequently
probe bark or epiphytes on branches. Al-
though examples include continental birds,
such as the Sharpbill (Stiles and Whitney
1983), some wrens (Root 1964, Parker
1986a), and the Red Warbler (Ergaticus
ruber; Elliott 1969), they are particularly fre-
quent on islands or in regions such as New
Guinea and Australia where specialized
bark-searching taxa are rare or absent (Keast
1968, Zusi 1969, Cruz 1978). Examples in-
clude: a pachycephalid (Colluricincla har-
monica), a scrub-wren (Sericornis magnus),
and some meliphagid honeyeaters (Keast
1968, Recher et al. 1985); a mimid (Cinclo-
certhia ruficauda; Zusi 1969); some Hawai-
ian honeycreepers (Richards and Bock 1973);
some icterids (Nesopsar nigerrimus and Ic-
terus leucopteryx; Cruz 1978); and several
birds-of-paradise (Ptiloris spp., Astrapia
mayeri, Pteridophora alberti, Diphyllodes
magnificus, Forshaw and Cooper 1979).
Many species that search hanging dead leaves
for hidden arthropods probe into these curled
leaves (Remsen and Parker 1984 and ref-
erences therein; K. V. Rosenberg, unpubl.
data; T. A. Parker, unpubl. data). Similarly,
some species of small tanagers (Dacnis spp.
and Cyanerpes spp.; Snow and Snow 1971,
Isler and Isler 1987) use their slender bills
to probe inside curled living leaves. Some
populations of Yellow-throated Warbler
(Dendroica dominica) probe pine cones
(Ficken et al. 1968, Emlen 1977) or dense
clusters of pine needles or small leaves (Lack
and Lack 1972). Some ground-foraging birds
probe in soil, mud, or deep leaf-litter; ex-
amples include thrashers (Toxostoma,
Mimidae; Fischer 1981), White’s Thrush
(Zoothera dauma; Edington 1983), Rook
(Corvus frugilegus, Waite 1984b), White-
winged Chough (Corcorax melanorham-
phos; Ford et al. 1986), and the woodcocks
(Scolopax spp.; Sheldon 1971). The furna-
riid Cinclodes excelsior probes moss and li-
chens on rocks and the ground (Fjeldsi et
al. 1987). Hundreds of species of nectar-

feeding birds around the world probe flow-
ers, especially in the Trochilidae, Nectarini-
dae, and Meliphagidae. Woodpeckers and
hummingbirds also extend their tongues to
probe crevices, holes, and flowers;, such
probing could be labelled “‘tongue-prob-
ing.”

C. Subsurface maneuvers with Substrate Manip-
ulation (maneuvers in which the substrate is
manipulated beyond insertion of a probe).

1. Gape: to insert the bill into the substrate as

in a probe, but the bill is opened to widen
the opening. This maneuver is characteristic
of many starlings and American blackbirds
(Icteridae), which have bills and jaw mus-
culature adapted for gaping (Beecher 1951,
1978; Orians 1985b). Various icterids use
their bills to open holes in curled living and
dead leaves (e.g., orioles [Icterus spp.]), dead
branches and stems, moss, bromeliad clus-
ters, seed clusters, leaf-litter, soil (Sturnella
spp.), clumps of grass, flowers, and large
fruits (Cruz 1978; Orians 1985b; Robinson
1985, 1986, 1988); they also use “gape” to
turn over stones, twigs, dung, and other ob-
jects that might conceal prey on the ground
(Orians 1985b). Several species of wood-
warblers, including several Vermivora spp.
(Ficken and Ficken 1968), the Swainson’s
Warbler (Limnothlypis swainsonii; Meanley
1970), and the Worm-eating Warbler (Hel-
mitheros vermivorus; Greenberg 1987b), use
the gape maneuver for probing buds, dead
leaves, and flowers. The Sharpbill “gapes”
to open tightly rolled young leaves and dead
leaves (Stiles and Whitney 1983), as does
the woodhoopoe Phoeniculus bollei to open
crevices in loose bark (Lohrl 1972). In-
stances of gaping are occasionally reported
in other taxa, such as Meliphagidae (Keast
1968) and Dendrocolaptidae (Willis 1983c).

. Peck: to drive the bill against the substrate

to remove some of the exterior of the sub-
strate. This maneuver is characteristic of
many woodpeckers (Picidae) that excavate
holes in bark or wood to expose prey. “Peck”
is synonymous with the ‘‘tap” maneuver of
some studies of woodpeckers; we recom-
mend restricting “tap” to those motions that
are probably exploratory pecks for detecting
wood-borer tunnels or movements, as de-
scribed by Davis (1965) and Kilham (1972).
Many parids and at least one icterid (Ne-
sopsar nigerrimus; Cruz 1978) also peck to
excavate holes in rotted wood. Ground-for-
aging birds use this maneuver in combi-
nation with “flake” (see below) to dig small
holes to reach food in the ground (e.g.,
thrashers [Toxostoma], Engels 1940, Fi-
scher 1981; and some thrushes, Tye 1981).
Some frugivorous birds use “peck’ to break
the outer skin of large fruit (Snow and Snow
1971). The Bananaquit (Coereba flaveola;
Gross 1958), some hummingbirds (Colwell
1973, Stiles 1985c), some white-eyes (Zos-
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terops; e.g., Gill 1971), and icterids (Rob-
inson, unpubl. data) may use this maneuver,
usually described as “piercing,” to make a
hole in the base of flower corollas for “steal-
ing” nectar, but the actual maneuver used
to make the hole is uncertain. The flower-
piercers (Diglossa) hold the flower with their
hooked upper mandible and pierce with their
sharp, upturned lower mandible (Skutch
1954).

. Hammer: to deliver a series of pecks with-
out pausing between pecks. This maneuver
is mainly restricted to certain woodpeckers
that use it for excavation of deep holes to
reach bark- or wood-dwelling insects or sap.
The twig-foraging furnariid Xenops minutus
also uses this maneuver frequently (Skutch
1969). Some chickadees and titmice (Pari-
dae) may use this maneuver occasionally to
open acorns, galls, seeds, and fruits (e.g.,
Parus inornatus and P. rufescens; Root 1964,
1967), but the pecks are not delivered as
rapidly as in woodpeckers. The distinction
between hammer and peck, which rests on
whether there is a pause between pecks, may
be vague. Counting the number of pecks per
unit time, and thereby eliminating the
“hammer” category, is an alternative treat-
ment.

. Chisel: like “‘peck,” but rather than the bill
being pounded almost perpendicularly into
the substrate, it is aimed more obliquely at
the substrate —usually bark or dead stems—
and the bill is used as a chisel or lever to
dislodge portions of the substrate. The di-
rection of head movements is forward and
upwards. Slightly to strongly upturned low-
er mandibles that give the bill a somewhat
chisel shape are often associated with species
specialized on chiseling. Species that seem
to have converged on this foraging behavior
and morphology are some Xenops spp. (Fur-
nariidae; Skutch 1969), the dendrocolaptid
Glyphorynchus spirurus (Skutch 1969), the
furnariid Simoxenops ucayali JVR and T.
A. Parker, unpubl. data), and the antbird
Neoctantes niger (Hilty and Brown 1986);
and to a lesser degree, nuthatches (Sitta spp.)
and sitellas (Sitella spp.; Holmes and Rech-
er 1986a, b). We invented this category to
match our expectations of how chisel-shaped
bills are used rather than on any data on
movements used by these species. Although
some brief descriptions (e.g., Glyphoryn-
chus; Skutch 1969) fulfill our expectations,
the reality of our “chisel” maneuver re-
mains unclear.

. Flake: to brush aside loose substrate with
sideways, sweeping motions of the bill. Not
as much force is required as in chisel or pry
because the substrate dislodged is already
loose or unattached. This category com-
bines two types of motions that are often
difficult to distinguish in the field: the closed
bill tip is used to brush aside the substrate,

and the substrate is grasped briefly between
the mandibles (which can be called “toss”
when the distinction can be made). “‘Flake™
is synonymous with “bill-sweeping” (Clark
1971) except that it applies to substrates
other than leaf-litter. “Flake” is also appar-
ently synonymous with R. J. Craig’s (1984)
“leaf-pull.” Many bark-foraging woodpeck-
ers “flake” to dislodge loose sections of bark
(Tanner 1942; Kilham 1965, 1983; Conner
1981). The term “scaling” used in many
studies of woodpeckers to describe removal
of loose bark presumably refers to a com-
bination of our ‘“‘pecking,” “flaking,” and
“prying.”” Some dendrocolaptids (Willis
1983c, Pierpont 1986), furnariids (JVR, un-
publ. data), and a meliphagid (Melithreptus
brevirostris; Keast 1968) use this maneuver
to search through debris clusters and loose
bark. Ground-foraging birds that “flake”
leaf-litter include some thrushes (7urdus
[Skutch 1960, 1981; Clark 1971; Tye 1981];
Hylocichla [Clark 1971; Holmes and Rob-
inson 1988]; Alethe [Willis 1986]), antbirds
(Formicarius, Skutch 1969, Willis 1985b;
Rhopornis, Willis 1981a), leaftossers (Scle-
rurus, Furnariidae; Skutch 1969, Hilty and
Brown 1986), thrashers (Toxostoma; Clark
1971, Fischer 1981), bulbuls (Bleda; Willis
1983a), the waterthrushes (Seiurus; R. J.
Craig 1984), and horneros (Furnarius;, Rob-
inson, unpubl. data). The Dune Lark (Mir-
afra erythrochlamys) uses “flake” to dis-
lodge sand to excavate small craters to expose
hidden seeds (Cox 1983). The furnariid Cin-
clodes excelsior “flakes” moss and lichens
from rocks (Fjeldsa et al. 1987).

. Pry: to insert the bill into a substrate and

use it as a lever to lift up portions of the
substrate. This differs from ““flake” in that
the sides of the bill, rather than the tip, ac-
complish the movement of the substrate
while the tip remains relatively stationary.
Substrates for which “pry” is needed are
generally more firmly attached than those
dislodged when a bird “flakes.” “Pry” dif-
fers from ““chisel” in that the tip of the bill
is stationary, instead of moved forward and
upward as in chisel. Examples of species
that use “pry” are: Band-backed Wren
(Campylorhynchus zonatus; Skutch 1960),
some species of dendrocolaptids (Skutch
1945; Willis 1983c, d), a meliphagid (Mel-
ithreptus validirostris, Keast 1968), many
woodpeckers (e.g., Short 1973), and a bird-
of-paradise (Astrapia mayeri; Forshaw and
Cooper 1979), all of which pry up sections
of loose bark; and Sharpbill, which pries
moss from branches (Stiles and Whitney
1983).

. Pull: to grasp, pull, or tear, and thereby re-

move or dislodge sections of the substrate
with the bill. Pulling differs from ““flaking”
in that the target substrate is grasped in the
bill because extra force is needed to dislodge
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more firmly attached potions of substrate.
Birds that pull off loose bark or lichens to
attack hidden insects include Band-backed
Wren (Skutch 1960), Plain Titmouse (Parus
inornatus; Root 1967), Crested Shrike-Tit
(Falcunculus frontatus; Recher et al. 1985,
Ford et al. 1986), a bird-of-paradise (Mac-
gregoria pulchra; Forshaw and Cooper
1979), some orthonychids (Holmes and
Recher 1986a), some dendrocolaptids (Wil-
lis 1983c, d) and Giant Cowbird (Scaphi-
dura oryzivora; Robinson 1988). The Plain
Titmouse also pulls apart leaf galls, flowers,
lichens, and curled dead leaves (Root 1967).
Thripadectes rufobrunneus (Skutch 1969)
and several other furnariids (T. A. Parker,
unpubl. data) pull leaves from bromeliads
to expose prey. Most New World barbets
(Capito, Eubucco) also pull open large dead
leaves, twig galls, and sections of rotting
wood to search for prey (Remsen and Parker
1984; T. A. Parker, unpubl. data; SKR, pers.
obs.). The Plush-capped Finch (Catambly-
rhynchus) pulls the leaf whorls at the nodes
on bamboo stems, presumably to reveal in-
sects (Hilty et al. 1979, Remsen 1985). The
ground-foraging Song Thrush (Turdus phi-
lomelos) uses “pull” in its foraging reper-
toire (Henty 1976). Many parrots use “pull”
for opening fruits, seeds, flowers, and rotting
wood (Forshaw 1973 and references there-
in).

. Scratch: to dislodge section of substrate with

foot movements. This maneuver is used by
many ground-foraging birds around the
world; examples include: some orthony-
chids (Zusi 1978, Frith 1984), Australian
lyrebird (Menuridae; Recher et al. 1985,
Holmes and Recher 1986b), and some
megapodes (e.g., Alectura lathami; Frith
1984). Although most species scratch using
one foot at a time, many emberizid sparrows
(Davis 1957, C. J. O. Harrison 1967, Hail-
man 1973, Greenlaw 1976 and references
therein) and occasionally some thrushes
(Turdus; Clark 1983) and icterids (Greenlaw
1976) move both feet simultaneously to ex-
pose food under leaf-litter or snow.

II. Aerial maneuvers (bird must leave substrate to

reach food)

A. Leg-powered maneuvers

1. Leap: to launch into the air to reach a food

item too far for a “reach” but too close for
a “sally.”” This differs from “sally” in that
the upward thrust seems to come mostly
from leg movements rather than wing
movements (Davies and Green 1976); it is
equivalent to the “jump-glean™ of Holmes
and Robinson (1988) and presumably the
“jump” of Hutto (1981b). Distinguishing
“leap” from short sallies is often difficult.
Davies and Green (1976) found that “leap™
was the most frequent maneuver used by
Reed Warblers (Acrocephalus scirpaceus),
and Greenberg (1984a) found that it com-

prised 25% of the mancuvers of Chestnut-
sided Warblers (Dendroica pensylvanica) in
winter. Holmes and Robinson (1988) found
that about one-fifth of all maneuvers used
by Ovenbirds (Seiurus aurocapillus) and
Dark-eyed Juncos (Junco hyemalis) were
leaps. Greenberg and Gradwohl (1980) con-
sidered leaping (from ground to foliage) to
be the primary foraging maneuver of Ken-
tucky Warblers (Oporornis formosus) and
Chestnut-backed Antbirds (Myrmeciza
exsul). The Chestnut-crowned Gnateater
(Conopophaga castaneiceps) leaps to nearby
perches to attack prey (Hilty 1975). Many
species that follow army-ant swarms prob-
ably “leap-down” from low perches above
the ants to capture flushed insects (e.g.,
Gymnopithys, Willis 1968; Rhegmatorhina,
Willis 1969; Phlegopsis, Willis 1981b; Den-
drocincla, Willis 1972, 1979). Some seed-
eating species apparently leap onto stems to
pull seed heads to the ground (Emlen 1977).
The direction and distance of the leap should
be recorded, just as it is for “sally” (see next
account), particularly because a ‘“‘leap”
downward (i.e., dropping) probably requires
only a fraction of the energy than does an
upward or outward leap against gravity.

B. Wing-powered maneuvers
1. Sally: to fly from a perch to attack a food

item (and then return to a perch). Most au-
thors have used separate terms to distin-
guish sallies directed at aerial prey from those
aimed at nonflying prey. We do not, because
the foraging site (i.e., air vs. anything else)
will automatically be recorded more appro-
priately in our scheme under the “substrate”
category (see below); and the maneuver it-
self appears to us to be very similar whether
directed at air or hard substrate. Although
we acknowledge that the movements di-
rected at flying vs. nonflying food may be
different, we prefer to remove the substrate-
bias from terminology as much as possible.
Another difference between our system and
others is that the term “hawk’ has been used
frequently to describe what we here call
“sally” (e.g., Holmes et al. 1979b). We use
*“*sally”” rather than ““hawk” because: the dic-
tionary definition of “sally” is closer to this
behavior than is “hawk,” and hawks rarely
if ever fly from a lookout perch to attack
flying prey. Similarly, the term “flycatch”
has been used frequently for sallies after
flying prey, but most “flycatchers,” whether
tyrannids or muscicapids, do not “flycatch”
per se, butinstead glean or sally to substrates
(e.g., Fitzpatrick 1980). Greenberg (1984a)
distinguished sallies in which a bird re-
turned to the perch from those in which the
bird continues in the same direction by call-
ing the latter “darts.” There is probably more
among-author variability in terms used to
describe aerial maneuvers (e.g., hawk, hov-
er, hover-glean, snatch, sally, flycatch) than
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in any other broad category of foraging be-
havior.

Many species have characteristic directions or dis-
tances associated with their sallies that provide an in-
dex of the average search radius (Fitzpatrick 1981,
Robinson and Holmes 1982), and these are important
to record (after Fitzpatrick 1980):

a.

b.

sally-distance (distance of the sally from
perch to food item).

sally-angle (the qualitative divisions
“up,” “*‘down,” “horizontal,” ““diagonal-
up,” and “diagonal-down” probably rep-
resent maximum possible resolution un-
der most field conditions). Certain species
or species groups may have characteristic
sally angles. Willis (1984), for example,
noted that most manakins (Pipridae)
typically sally only at a horizontal angle,
and Holmes and Recher (1986a) found
that two species of thornbills differed in
the angles of their sallies.

Sally-distance and sally-angle should refer to the ini-
tial attack attempt only; subsequent pursuit of a missed
target should be recorded separately. We distinguish
five types of sallies based on the bird’s foraging motion
at the end of the sally:

a.

Sally-strike: to attack in a fluid move-
ment without gliding, hovering, or land-
ing (after the “outward striking” and
“upward striking” of Fitzpatrick [1980]
and the ‘“snatch” of Moermond and
Denslow [1985]). The “‘sally-strike,”
whether aimed at flying prey or station-
ary substrates, is the characteristic attack
behavior of many Tyrannidae (Hespen-
heide 1971; Fitzpatrick 1980, 1985;
Sherry 1984), Muscicapinae and other
Old World ““flycatchers™ (e.g., Croxall
1977, Davies 1977b, Fraser 1983, More-
no 1984), Pipridae (Skutch 1969), Buc-
conidae (e.g., Skutch 1948; Willis 1982b,
c), Galbulidae (Hilty and Brown 1986),
Meropidae (Fry 1984), Momotidae (e.g.,
Skutch 1947; Willis 198 1¢), Alcedinidae
(Fry 1980), and Conopophagidae (Willis
1985b). Numerous species in other fam-
ilies use the sally-strike maneuver to
varying degrees, accompanied by mor-
phological adaptations that parallel those
seen in more typically sally-striking
groups (Partridge 1976b, Norberg 1979,
Schulenberg 1983). Most species that use
this maneuver are sit-and-wait predators
that watch for prey while sitting motion-
less on an elevated perch, although oth-
ers search more actively (e.g., tree-climb-
ing dendrocolaptids [Willis 1972, 1982d;
Pierpont 1986] and some vireos [Rob-
inson and Holmes 1982]). Ground-for-
aging birds that “sally-strike’’ to capture
insects on foliage above them include the
tyrannid Corythopis torquata (Fitzpat-

rick 1980, Willis 1983b) and Catharus
thrushes (Paszkowski 1984, Holmes and
Robinson 1988). Other ground-foraging
birds “‘sally-strike” to catch flying in-
sects. Examples include ground-tyrants
(Muscisaxicola spp. [Smith and Vuilleu-
mier 1971; Fitzpatrick 1980, 1985]),
Rhipidura leucophrys (Ford et al. 1986),
and wheatears (Oenanthe spp.; Leisler and
Seinbenrock 1983). Some species also use
this maneuver to obtain fruit (Skutch
1969; Fitzpatrick 1980, 1985). Sally-
striking species often have wide, scoop-
like bills and wide gapes that presumably
facilitate prey capture in flight (Fitzpat-
rick 1985).

. Sally-glide: like sally-strike except the fi-

nal approach at the target is a glide (vs.
continuous flapping in sally-strike).
Moermond and Denslow (1985) pointed
out that many sally-strikers do not use
continuous, flapping flight in their ap-
proach, and they made a convincing case
for distinguishing those species that used
a brief glide from those that did not. It
is likely that some or many of the ex-
amples of sally-strikers above are ac-
tually sally-gliders. Other than Moer-
mond and Denslow’s (1985) data on
frugivores, the prevalence of sally-gliding
(which they called ““sally-scooping™) vs.
sally-striking will be revealed only by
careful observations.

. Sally-stall: to stall in front of the target

briefly with fluttering motions at the end
of the sally. Moermond and Denslow
(1985) noted that many species usually
considered to sally-hover (see below) do
not engage in true hovering (flying in
place), but rather flutter awkwardly in a
stalling motion after a steep attack angle
at the final approach of the sally. Such
species, mainly trogons and some cotin-
gas, use different flight motions and have
different morphological adaptations from
those that hover. We suspect that many
of the examples of “sally-hover” noted
below may actually be “sally-stalling.”
As with sally-gliding, only careful obser-
vations (or high-speed photography?) will
reveal its true prevalence among sallying
birds.

. Sally-hover: like other sallies except that

the bird hovers at the target substrate at
the end of the sally. This is synonymous
with Fitzpatrick’s (1980) “hover-glean.”
Most studies do not distinguish between
sally-strike and sally-hover (much less
sally-glide and sally-stall), and many oth-
er studies appear to label all sallies to
foliage as “hovering” (e.g., Holmes et al.
1979b), even though few of these ma-
neuvers actually involve hovering flight.
Unless these maneuvers are distin-
guished, the possibility that they require
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different morphological adaptations, as
found for frugivores by Moermond and
Denslow (1985), cannot be addressed.
Some tyrannids use the sally-hover ma-
neuver regularly (Fitzpatrick 1980, 1985),
as do kinglets (Regulus; Rabenold 1978,
Moreno 1981, Franzreb 1984), the Blue-
gray Gnatcatcher (Polioptila caerulea;
Root 1967), some sylviid warblers (Phyi-
loscopus, Gaston 1974), some wood-
warblers (Ergaticus ruber, Elliott 1969;
Dendroica, Rabenold 1978, 1980;
Greenberg 1984a); an acanthizid (Seri-
cornis magnirostris; Frith 1984), the
Restless Flycatcher (Myiagra inquieta;
Ford et al. 1986), and some pufibirds
(Sherry and McDade 1982; Willis 1982c,
e). Bell (1984) found that at a forest site
in New Guinea, 5 of 83 bird species stud-
ied in detail used this maneuver in 18—
24% of his foraging observations: two
monarch-flycatchers (Monarcha and
Arses), a cracticid (Peltops), a meliphagid
(Melilestes), and a drongo. Similarly,
Remsen (1985) found that at a forest site
in the Andes, 4 (all tyrannids) of 33
species studied in detail used this ma-
neuver in 16-33% of their foraging ob-
servations. In contrast, hovering ac-
counted for only 1% of all prey attacks
observed in an Australian eucalypt forest
where 41 species were studied in detail
(Recher et al. 1985). Many species use
this maneuver when taking fruit. Ex-
amples include many tyrannid flycatch-
ers, manakins, and some tanagers (Fitz-
patrick 1980, Willis 1984, Moermond
and Denslow 1985). Some species, in-
cluding kinglets (Leisler and Thaler 1982,
Franzreb 1984), some wood-warblers
(Morton 1980a), and the Yellow-rumped
Cacique (Robinson 1986), occasionally
hover under surfaces to search for food
that cannot be seen from a perch. Hum-
mingbirds, of course, use this maneuver
extensively when feeding at flowers or
searching foliage and branches; for nec-
tar-feeding, however, the parameters
“sally-distance” and “sally-angle” are
usually irrelevant.

. Sally-pounce: to land briefly at the end
of the sally to take food from substrate.
Although the bird is perched when it takes
the food item, we classify this maneuver
as a “sally” because it involves a flight
after food is spotted at a distance from
the lookout perch. It is probably syn-
onymous with Fitzpatrick’s (1980)
“landing-and-gleaning,” Recher et al.’s
(1985) “pounce,” and Holmes and Rob-
inson’s (1988) ‘“‘dive-glean.” Examples
of birds that use this maneuver are: many
open-country tyrannids and muscicapids
(Fitzpatrick 1980, 1985; Fraser 1983),
bluebirds (Power 1980), Australian rob-
ins (Petroica, Eopsaltria; Recher et al.

1985, Ford et al. 1986, Holmes and Re-
cher 1986b), and Fan-tailed Cuckoo (Cu-
culus pyrrhophanus, Recher et al. 1985),
some Catharus thrushes (Dilger 1956,
Paszkowski 1984), some puftbirds (Wil-
lis 1982b, c), and the Field (Spizella pu-
silla) and Chipping (S. passerina) spar-
rows when foraging for insects (Allaire
and Fisher 1975). Some vireos (Vireoni-
dae) use this maneuver when attacking
prey on branches (James 1976, Robinson
and Holmes 1982). Some tropical vireos
(Hylophilus) characteristically use this
maneuver followed immediately by
hanging on leaf margins when attacking
undersides of leaves (T. A. Parker and
JVR, unpubl. data). A special kind of
sally-pounce is used by some seed-eating
birds that sally to a grass stem, grasp the
stem in their feet, and then allow their
weight to pull the stem to the ground,
where seeds can be removed more effec-
tively (Allaire and Fisher 1975).

2. Flutter-chase: to flush or dislodge prey from

a substrate and to then chase the prey. This
maneuver is used regularly by foliage-glean-
ing birds that flutter after a falling or flying
prey item that has escaped their normal at-
tack behavior and is often preceded by a
lunge. Root’s (1967) “tumble” is synony-
mous (because “‘tumble” refers to out-of-
control, sommersaulting movements, we
have chosen a new term). Root (1967) found
that Blue-gray Gnatcatchers (Polioptila cae-
rulea) used this maneuver in 23% of all sal-
lies directed at insects in the air; however,
Root suspected that the frequent tail-flash-
ing of this species may function to startle
insects, therefore making these ‘‘flutter-
chases” into “flush-pursuits” (see below) in
our scheme. Morse (1968) found that four
wood-warblers (Dendroica) used this ma-
neuver in about 5% of their foraging mo-
tions. We see this maneuver most frequently
in foliage-gleaning birds in mixed-species
flocks in the canopy of tropical forests; ap-
parently, the escape behavior of many of
their arthropod prey involves falling from
the substrate at the approach of a bird pred-
ator. In particular, the White-shouldered
Tanager (Tachyphonus luctuosus) uses the
flutter-chase maneuver frequently (Snow and
Snow 1971; JVR, unpubl. data). We use this
term mainly for species that are not typically
salliers. We recomend recording the dis-
tance and angle of the chase, just as in the
sally maneuvers.

. Flush-pursue: similar to “flutter-chase” ex-

cept that species that use this maneuver de-
liberately (vs. accidentally) flush prey from
hiding places and then pursue the flying or
falling prey. This maneuver tends to be
prominent in the foraging repertoire of
species that use it, most of which have con-
spicuous wing or tail spots or stripes that
are flashed to startle hidden prey. Distin-
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guishing this maneuver from “flutter-pur-
suit” may be difficult, but because each in-
volves fundamentally different tactics, we
believe that to do so where possible is valu-
able. Among North American species, the
American Redstart (Setophaga ruticilla;
Robinson and Holmes 1982) and, on the
ground, the Northern Mockingbird (Mimus
polyglottos; Hailman 1960) most frequently
use this maneuver. Other examples include:
Dendrocincla woodcreepers (Willis 1972,
1979), fantails (Rhipidura, Recher et al.
1985, C. J. O. Harrison 1976, Holmes and
Recher 1986a), Monarcha flycatchers (Pear-
son 1977b), Myiobius tyrannids (Fitzpatrick
1980), Ruddy-tailed Flycatcher (Terenotric-
cus erythrurus, Sherry 1984), and the Myio-
borus redstarts (Parulinae; Remsen 1985).

4. Screen: to attack in continous flight (after
Emlen 1977, Fitzpatrick 1980). (Note that
this is a searching behavior as well as an
attack maneuver.) This is synonymous with
“hawk” as used by Remsen (1985) and oth-
ers for birds that feed in flight. Swallows,
swifts, and nighthawks (Chordeiles, Capri-
mulgidae) use this maneuver almost exclu-
sively. Other birds that may use this ma-
neuver occasionally include European
Starling (Sturnus neglectus, Cayonette 1947),
Golden-naped Woodpecker (Melanerpes
chrysauchen; Skutch 1969), Lewis’ Wood-
pecker (M. lewis; Bock 1970), some tyran-
nids (Fitzpatrick 1980), and probably the
puffbird Chelidoptera tenebrosa (Burton
1976).

FORAGING SITE

We suggest recording the following parameters with
respect to the foraging site used by a foraging bird: (1)
general habitat, (2) vertical position, (3) horizontal po-
sition, (4) foliage density, and (5) the precise substrate
from which the food was taken. We discuss each cat-
gory briefly.

I

18

Habitat: Many study areas contain more than one
habitat or microhabitat. Each foraging record
should be assigned to one of the investigator’s
general habitat or microhabitat categories to per-
mit examination of the influence of habitat on
foraging behavior (e.g., Bilcke et al. 1986). Clas-
sification of habitats, a complex and critical topic,
is beyond the scope of this paper.

Vertical position: 1t has been recognized for de-
cades that important differences in vertical posi-
tion separate the foraging activities of many closely
related birds. Furthermore, foraging behavior may
change with changes in height above ground.
Therefore, every foraging record should be as-
signed two values to allow its position to be plot-
ted: (1) height-above-ground and (2) distance-to-
canopy (above bird). We have also found a third
parameter to be of interest: (3) height of the in-
dividual plant in which the bird was foraging. This
allows us to distinguish species that frequently use
small trees or saplings within the foliage column
from those that use the lower foliage of canopy

III.

IV.

V.
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trees at the same height as the small trees. Pro-
vided that only one observer records the data, a
visual estimate of height (vs. precise measure-
ments) may be the only practical way to obtain
such data. Not only does the time required to
make precise measurements reduce the volume
of data that can be collected, but it seems unlikely
that the birds recognize vertical subdivisions suf-
ficiently precisely to warrant such a time invest-
ment. Heterogeneity in canopy height, light pen-
etration, and foliage distribution obliterate such
precise boundaries. However, differences among
observers in the accuracy of such visual estimates
(Block et al. 1987) reveal the unreliability of such
visual estimates and provide support for use of
objective measures of height.
Horizontal position: Many researchers have re-
corded the “horizontal” position (e.g., “inner,”
“middle,” “outer’’) of the bird in the tree or bush.
Many species of foliage- and branch-gleaning birds
characteristically favor one of these foraging zones
(e.g., MacArthur 1958 and numerous other stud-
ies). Whether birds select such zones per se, or are
keying on differences in foliage density (next cat-
egory) is unknown. It is possible that “horizontal
position” and “foliage density” measures are
largely redundant. However, Greenberg and
Gradwohl (1980) and Holmes and Robinson
(1981) showed the importance of branch and leaf
arrangement around the bird in determining which
surfaces can be attacked effectively. Greenberg
(1984a) used a system for “‘horizontal” position
designed specifically to place the foraging bird in
categories with respect to foliage and branch ge-
ometry.
Foliage density: Foliage density at the point of
foraging observation can be recorded using a qual-
itative scale. For example, the system that we have
found to be useful (e.g., Remsen 1985; modified
from Wiley 1971) is a scale from “0” to **5” of
increasing foliage density within a one-meter ra-
dius around the bird: “0” = no vegetation within
the imaginary [-m sphere; “1” = very low vege-
tation density within the sphere (e.g., 95-99% of
all light passes through sphere); ““2”* = low density,
75-95% of light passes; “3” = moderate density,
25-75% of all light passes; “4” = high density,
only 5-25% of light passes; and ““5” = extremely
dense, 0-5% of light passes.
Substrate. We have found the following substrate
categories to be useful:
A. Living Foliage
1. Plant species or “type” (species, genus, or
family when possible; otherwise “broad-
leaf tree,” “vine,” “palm,” “grass,” “bam-
boo,” “fern,” “cactus,” and the like; note
if epiphytic). Many studies (e.g., Hartley
1953; Gibb 1954; Willson 1970; Reller
1972; Holmes and Robinson 1981; Woi-
narski and Rounsevell 1983; Robinson and
Holmes 1984; Franzreb 1984; Bell 1985b;
Morrison et al. 1985, 1987b) have empha-
sized the importance of distinguishing plant
species. In the tropics, many bird species
specialize on distinctive plant types such

e
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as bromeliads, bamboo (Parker 1982,
Remsen 1985), and palms.

2. Leaf size (visual estimate of length and
width of leaf searched). This is probably
necessary mainly in areas where complex-
ity of plant communities prevents quick
taxonomic identification of plant species
(and therefore subsequent, more accurate
assessment of leaf size). Leaf buds should
also be distinguished, although these can
be “food” as well as substrate.

3. Top or Bottom. See Greenberg and Grad-
wohl (1980) and Greenberg (1984a) for the
importance of distinguishing leaf tops from
leaf bottoms. Greenberg and Gradwohl
(1980) also found that a foliage-gleaning
tanager (Dacnis cayana) may inspect brown,
insect-damaged areas on leaves; therefore,
observers should be careful to record when
such leaf sections are investigated.

B. Dead foliage. See Gradwohl and Greenberg

(1982b), Remsen and Parker (1984), and Ro-
senberg (this volume) for the importance of
distinguishing live from dead leaves. Size of
leaf should also be recorded, as well as con-
dition (curled, tattered, or entire; see Rosen-
berg, this volume) and general type (e.g., palm,
broadleaf, bamboo).

. Bark or stem surfaces. Observers should note

that careful observations often reveal that

many species generally thought to be foliage-
searchers direct considerable proportions of
their attacks at branches and stems, such as
some species of vireos (Nolan and Wooldridge

1962; Root 1967; James 1976, 1979; Robin-

son and Holmes 1982; Airola and Barrett

1985), tanagers (Snow and Snow 1971, Isler

and Isler 1987), wood-warblers (Morse 1967a,

b, 1968; Lack and Lack 1972; Emlen 1977,

Greenberg 1984a), sylviids (Earlé 1983),

Hawaiian honeycreepers (Richards and Bock

1973), shrikes (Earlé 1983), chats (Frith 1984),

Old World sallying flycatchers and drongos

(Bell 1984), honeyeaters, whistlers, and bab-

blers (Keast 1968, Thomas 1980, Wooller and

Calver 1981), and thornbills (Acanthiza; Bell

1985b, Recher et al. 1987). When recording

use of this substrate category, the observer can
record:

1. Diameter (visual estimate)

2. “Angle” of branch (i.e., vertical, horizon-
tal, or diagonal).

3. Upper or Lower side (for horizontal or di-
agonal branches). Some species may char-
acteristically forage on the undersides of
limbs, such as the woodcreeper Xiphorhyn-
chus lachrymosus (Willis 1983c).

4. Plant species, when possible, or plant type
(see A.1. above). See Jackson (1979) and
Morrison and With (1987) for examples of
the importance of tree species for wood-
pecker feeding-site selection.

S. Surface type and texture (especially critical
where identification of plant species is not
possible). Examples include: (a) smooth-
green; (b) smooth bark; (¢) rough bark (with
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perhaps a qualitative scale to indicate de-
gree of corrugation); (d) seam between two
closely growing branches or between vine
and supporting trunk (such seams appear
to be particularly favored foraging sites for
some dendrocolaptids; e.g., Hylexetastes
perrotii [Willis 1982f]); (e) lichen- or moss-
covered (mossy branches are favored sites
for furnarids, dendrocolaptids, several
birds-of-paradise, and tanagers [Skutch
1969, 1981; Forshaw and Cooper 1979;
Parker and O’Neill 1980; Remsen 1984;
Parker et al. 1985; Remsen 1985]); (f) hard,
dead wood with bark removed; (g) soft,
rotted dead wood (see Alatalo [1978], Cruz
and Johnston [1979], Pettersson [1983], and
Morrison et al. [1987b] for examples of the
importance of distinguishing live from dead
branches in bark-foraging birds; the fur-
nariid Xenops minutus seems to be spe-
cialized on dead branches, especially those
that have fallen but are caught up in the
canopy [Skutch 1969; T. A. Parker and
JVR, unpubl. data]); and (h) holes (favored
foraging sites for some dendrocolaptids
[Willis 19824, f]).

. Ground

1. Surfacetype(e.g., mud, bare soil, leaf-litter,
moss, gravel).

2. Distance to nearest cover.

3. Slope(e.g., flat, moderate slope, steep slope).

Rock

1. Size.

2. Surface type (e.g., smooth, rough, crevice).

3. Surface“angle’ (top, bottom, side; vertical
or diagonal slope).

Air

. Flower (when identification of plant un-

known); as noted by Emlen (1977), it is often
difficult to distinguish whether some species
use flowers as sources of food (nectar feeding)
or as substrates for searching for arthropods.
1. Corolla length.

2. Color.

3. Flower density (estimate no. flowers/unit

area; e.g., per 0.5 m?).

. Miscellaneous. Almost every habitat will have

some substrates that do not fit into the above
scheme. For example, some species of birds
search pine cones (Morse 1967a, Ficken and
Ficken 1968, Emlen 1977, Moreno 1981), ter-
mite nests (Bell 1984), wasp nests (Willis
1982f), spider webs (Young 1971, Burtt et al.
1977, Douglass 1977, Waide and Hailman
1977, Bell 1984, Brooks 1986, Tiebout 1986,
Parrish 1988, Petit and Petit 1988), dung (An-
derson and Merritt 1977), and even the skin
of other vertebrates (Rice and Mockford 1954,
Orians 1983, Isenhart and DeSante 1985 and
references therein, Robinson 1988). For fruit-
eating birds, we do not record a substrate per
se, but note certain characteristics of the fruit
under ““food taken” (see next section).

Although the number of parameters to be recorded
in this classification of foraging maneuvers and sub-
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FIGURE 2. Sample foraging data transcribed from microcassette to field notes. Codes: “HT”” = height above
ground, “DC” = distance-to-canopy above bird, “FD” = foliage density, “DL” = dead leaf, and *“vs” = visual
search. Vertical brackets near left margin group consecutive observations on same individual. The thin lines

under the “Substrate” column record branch “angles,”” and tiny “x

[Ta 1)

marks record position of bird with respect

to branch. (Height variables are in feet, and substrate variables are in inches.)

strate characteristics may seem complex and over-
whelming, the advent of microcassette tape-recorders
facilitates recording such volumes of data in the field.
Also, transcription of the data can be simplified by
using codes and symbols (Fig. 2).

FOOD TAKEN

Data on diets are useful for virtually every kind of
foraging study. Differences in food taken may provide
information on niches, morphology (principally of the
bill), and energetics. Unfortunately, dietary data are
usually difficult to obtain in the field, especially for
insectivores.

For many species that eat small insects, it can even
be difficult to determine whether or not a prey item
was captured at the end of an attack. For these reasons,
most field studies of insectivores include only limited
data on prey. Variables measured include prey size
(usually in relation to bill length, but see Bayer [1985]
and Goss-Custard et al. [1987] for cautions) and prey
type (for large prey items such as caterpillars and or-
thopterans). Some authors (e.g., Greenberg 1984a) re-
corded each time that a bird wiped its bill after a prey
attack as an index of success. Reasonably accurate es-
timates of capture rates can be obtained for large prey,
such as orthopterans that require extensive handling
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before they are eaten (Robinson 1986). Many neo-
tropical insectivores evidently obtain most of their en-
ergy from large katydids (Orthoptera: Tettigoniidae)
and have bills adapted specifically to handle them
(Greenberg 1981a). Most temperate-zone insectivores,
on the other hand, have smaller bills, presumably
adapted for the smaller arthropods or less agile larvae
available during the breeding season. Because large food
items have more biomass than small items, we think
that food size should always be recorded where feasible.

For frugivores, the most important variable is the
plant species. Secondary variables include the color (as
a measure of ripeness), size (especially if the plant species
is unknown), and shape of the fruit. For nectarivores,
the plant species is again the primary variable of in-
terest. If this is unknown, then color, shape, and corolla
length should be recorded.

Data obtained from stomach samples are discussed
elsewhere in this volume (Rosenberg and Cooper). Here
we wish only to emphasize that stomach samples can
be very useful when they reveal major ordinal levels
of dietary differences among species being compared.
Sherry (1984), for example, showed that species that
are generally similar in size and foraging behavior can
differ strikingly in their diets. Dietary analyses of Least
Flycatchers (Empidonax minimus) and American
Redstarts, which are strikingly similar in many aspects
of their foraging behavior and foraging-site selection
(Sherry 1979), revealed surprisingly little overlap (Rob-
inson and Holmes 1982). In this case, knowledge of
diet from stomach samples (redstarts catch many Het-
eropteran leathoppers) provided information on the
functional significance of the “flush-chase™ attack ma-
neuver described previously.

Data from stomach samples should, however, be
treated with caution. Because prey items in stomach
samples can usually only be identified to the level of
order or family, the categories are crude. It is quite
possible that two species that eat the same orders, fam-
ilies, or even genera of insects could overlap very little
in other aspects of their foraging behavior, particularly
substrate use. Information on diet in the absence of
data on other components of foraging (e.g., Wiens and
Rotenberry 1979) therefore could be misleading.

FOOD-HANDLING TECHNIQUES

Once food is “‘captured,” it may be eaten, delivered
to offspring or mate, stored (cached), or rejected. We
here consider only the techniques associated with the
first of these options. The way that food is handled is
important because (1) food-handling time must be con-
sidered in the cost : benefit ratio of any food type (e.g.,
Sherry and McDade 1982), (2) it is a factor in studies
of adaptive morphology (e.g., Sherry and McDade 1982,
Moermond and Denslow 1985, Foster 1987), and (3)
it has important implications for the study of plant-
frugivore interactions (Howe and Smallwood 1982,
Moermond and Denslow 1983, Levey 1987b). Food-
handling techniques, however, have been largely ig-
nored in studies of arthropod-foraging behavior (for
exception, see Sherry and McDade 1982). Fortunately,
the detailed descriptions by some observers (e.g., E. O.
Willis and A. F. Skutch) have revealed the distinctive
behaviors associated with handling of various food
types. The lack of data on food-handling techniques,
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particularly in insectivores, prevents an evaluation of
their relative frequencies of use. In addition to quan-
tifying the time taken to manipulate food before swal-
lowing, we recommend the following terms to describe
techniques that we feel are appropriate for field obser-
vations of landbirds:

1. Engulf: to capture and swallow in one continuous
motion, without being held by the bill.

2. Gulp (after Moermond and Denslow 1985): to
swallow upon capture without any noticeable ma-
nipulation other than being held briefly by the bill.

3. Snap: to pinch momentarily, usually between tips
of mandibles and usually to kill prey before further
handling.

4. Mash (after Moermond and Denslow 1985): to
squeeze or move around between the mandibles
before swallowing (apparently to kill prey or re-
move undesirable portions, such as wings, legs,
shells, and husks); sometimes, juices or pulp are
squeezed out of the food and solid portions dis-
carded (Moermond and Denslow 1985, Foster
1987). This category almost certainly lumps dis-
tinct types of mandibulation that could be revealed
by analysis of high-speed photography of food-
handling.

5. Shake: to shake food item violently (to remove
undesirable portions).

6. Beat: to beat food item against hard substrate (as
in above, to kill or remove undesirable portions).
Many small insectivorous birds typically beat in-
sects against branches in a diagonally downward-
facing position (e.g., Root 1967).

7. Rub: to rub food along substrate (usually to re-
move distasteful substances or undesirable por-
tions such as hairs and stingers [Sherry and McDade
1982)).

8. Jab: to peck food item with bill tip (to kill it or
open it), usually while clasped with feet.

9. Tear: to eviscerate or dissect food item into small-
er pieces, usually while the food is clasped by one
or both feet.

10. Bite: to bite and remove a section of food item
(after Foster 1987). This technique applies as far
as we know only to frugivores that take bites from
fruit too large to swallow whole.

11. Juggle:to reposition food item, sometimes by toss-
ing into air and catching it (to allow or facilitate
swallowing; many species juggle prey to maneuver
it into a head-first position before swallowing).

12. Clasp: to hold food item with feet.

13. Anchor: to immobilize food item by fixing it to
substrate, such as by impaling with sharp objects
or by wedging food item into crack.

14. Drink: intake of liquid food, such as fruit juices
and nectar.

In practice, we have found that in the field, we have
time to note only those food-handling behaviors that
are not “gulping,” which seems to be the predominant
food-handling technique in most insectivorous and
frugivorous birds, with the notation that all “blank™
records refer to gulping. Our scheme leaves out certain
techniques that are presumably very rare, such as
scraping (to remove fruit pulp in snake-like jaw mo-
tion; Schaeffer 1953), dropping (to break open), soak-
ing, and drowning.
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ANALYSES OF FORAGING DATA

This classification system contains many finely
subdivided categories. Although too many can
create problems (e.g., small or empty data cells)
for statistical analyses, we think that fine sub-
divisions are preferable during the data-gather-
ing stage. Their retention allows maximum data
resolution, which in turn, even if sample sizes
are too small for statistical analysis, might gen-
erate insights that can be developed to answer
specific questions in subsequent studies. Here we
provide examples of how categories might be
combined or subdivided.

1. Ecomorphological studies. Fine subdivisions
of attack methods, foraging substrate, and
searching behavior are most likely to be useful
in studies of adaptive morphology. Fitzpatrick
(1985), for example, showed that many aspects
of bill and wing shape were strongly associated
with the details of aerial attack methods (see Ta-
ble 1) and substrate in tyrannids, whereas leg
morphology was more closely related to search-
ing movements and perch types. Fitzpatrick’s
(1985) classification system of foraging methods,
therefore, combined searching movements, perch
types, substrate type, and attack method in an
attempt to include all of the variables that affect
flycatcher ecomorphology. The bill morpholo-
gies of bark-foraging birds are also affected by
the methods used to manipulate the substrate to
attack concealed food. The finer subdivisions of
near-perch maneuvers (see Table 1) also may be
related to leg and foot morphology (Partridge
1976a, Leisler and Winkler 1985). The bill shapes
of frugivores and some insectivores may also be
associated with particular kinds of food (Green-
berg 1981, Moermond and Denslow 1985, Foster
1987).

II. Community-level studies. Community-level
studies probably require the least finely subdi-
vided categories. Communities in wooded hab-
itats are likely to include birds that use most of
the attack methods described in Table 1. If each
method were to be broken down by substrate,
the resulting data matrix would be prohibitively
large and would contain many zero values. For
this reason, most studies that seek to identify
guilds use only a few general attack categories
(e.g., Holmes et al. 1979b) or use only data on
foraging site (Anderson and Shugart 1974).
Holmes et al. (1979b), for example, divided the
attack methods of birds in a northern hardwoods
forest into ‘“‘gleans” (lumping all ‘“‘near-perch”
maneuvers in Table 1), “hovers” (all sallies to
substrates other than air in Table 1), “probes”
(including all subsurface maneuvers in Table 1),
and “hawks” (all sallies directed at flying prey
in Table 1). Each of these attack methods was
then combined with a foraging site. The resulting
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analysis showed that such variables as substrate
and tree species were more important in assign-
ing species to guilds than attack methods. By
contrast, in a similar analysis of an Australian
bird community, which added categories for
flush-chase and manipulative prey-attacks,
Holmes and Recher (1986a) found that attack
methods were also important. The different guild
structures in the two areas may have been influ-
enced, therefore, by their differing classification
systems. In general, we recommend that manip-
ulative attack-methods be distinguished from
methods in which food is simply plucked from
surfaces or the air in studies of entire commu-
nities.

I11. Single-guild studies (taxonomic guilds,
sensu Terborgh and Robinson 1986). Studies that
focus on ecologically similar species should ben-
efit from fine subdivisions of substrates and at-
tack methods. The members of a guild are only
likely to use a subset of the attack methods shown
in Table 1, which should simplify the matrices
and allow finer subdivisions. Rosenberg (this
volume), for example, included data on the size
and shape of dead leaves searched, and Green-
berg’s (1987a, b) study of a dead-leaf forager in-
cluded data on searching postures similar to the
subdivisions of near-perch attacks shown in Ta-
ble 1. Conner’s (1980, 1981) studies of bark for-
agers showed the importance of different meth-
ods of manipulating substrates in distinguishing
among species. Fitzpatrick (1980, 1981) showed
the different ways that syntopic tyrannids differ
in the subtle details of how they sally to catch
prey.

IV. Foraging modes (sensu Huey and Pianka
1981) or adaptive syndromes (sensu Eckhardt
1979). Studies of foraging modes seek to identify
suites of intercorrelated foraging variables. Many
researchers have shown that the rates and lengths
of searching movements are associated with the
lengths and kinds of attack methods (e.g., Wil-
liamson 1971; Eckhardt 1979; Fitzpatrick 1981;
Robinson and Holmes 1982; Holmes and Recher
1986b; Holmes and Robinson 1988; see also
Moermond 1979a and Huey and Pianka 1981
for similar analyses of foraging in lizards). In
general, birds that move short distances between
perches also obtain food on nearby substrates.
Similarly, species that fly long distances between
perches also search and attack over long dis-
tances. Studies of adaptive syndromes therefore
include detailed data on searching movements
(including rates and lengths), attack tactics (in-
cluding lengths of attacks), and the use of special
foraging tactics such as tail-fanning. Table 2 gives
examples of adaptive syndromes or foraging
modes that have been identified in New World
insectivorous birds (modified from Eckhardt
[1979], Fitzpatrick [1981], and Robinson and
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TABLE 2. ADAPTIVE SYNDROMES OR FORAGING MODES OF INSECTIVOROUS BIRDS

Foraging mode

Search movements

Associated
prey-attacking maneuvers

Open perch or passive searching
Medium-distance searching
bouts of hopping
Near-surface searching
Flush-Chasing

Infrequent, long flights
Frequent medium-length flights and

Frequent hops and short flights
Conspicuous, frequent flights and

Long sallies
Sallies and near-perch gleans

Near-perch maneuvers, probes
Flush-chases

hops, wing and tail flicking

Manipulative

Short periods of movement between
long periods at the substrate

Flake, peck, tear, hammer,
scratch, chisel

Holmes [1982]). Whether these relationships have
global generality remains to be determined.

V. Energetics and optimal foraging. Studies of
energetics or optimal foraging primarily use data
on time intervals between movements and food-
capture rates. Robinson (1986), for example,
measured intervals between flights of at least one
meter as an index of foraging speed and prey-
capture rate, and prey size as an index of foraging
success. Energetic studies therefore require long,
timed sequences on individual birds in which
the length and kinds of every movement are re-
corded. As already noted, food-handling time is
a critical variable in studies of optimal diet se-
lection (e.g., Sherry and McDade 1982).

CLOSING REMARKS

Although portions of our classification scheme
have been used by us or other researchers for
many years, other portions were novelties gen-
erated by rethinking the underlying logic of ear-

lier versions or by incorporating suggestions from
other researchers. We regard this scheme as a
first step towards standardization of the orga-
nization and vocabulary of studies of foraging
behavior of birds. We anticipate that it will be
modified as it is tested and refined by us and, we
hope, other researchers.
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PROPORTIONAL USE OF SUBSTRATES BY FORAGING BIRDS:
MODEL CONSIDERATIONS ON FIRST SIGHTINGS AND

SUBSEQUENT OBSERVATIONS

GRAYDON W. BELL, SALLIE J. HEJL, AND JARED VERNER

Abstract.

This study presents a mathematical approach to comparing results from initial observations

of foraging birds to sequential observations of repeated foraging maneuvers by the same individuals.
We consider the case in which the objective is to compare the proportions of use of each of several
substrates by a single species. Results suggest that only initial observations should be used, and that
subsequent observations do not carry information about the question of proportional use. Generaliza-
tions are given for a wide class of probability distributions and also to the problem of comparing

proportional use by two bird species.

Key Words:
models; substrate comparisons.

Avian ecologists use two basic approaches when
collecting data on foraging behavior. In the first,
the observer records only one event from each
bird observed. In the second, the observer rec-
ords each event in a sequence of events by each
bird for as long as it can be observed. Modifi-
cations of the second approach have included
time-based and location-based constraints on
data collection, as well as various criteria for
truncating sequences (see Hejl et al., this volume,
for examples). Although sequential observations
of this sort generate longer sample sizes than if
only one event were recorded, the samples are
flawed for certain kinds of analyses by a lack of
independence. Studies about behavioral transi-
tions of foraging birds must, of course, record
sequential events. However, when using foraging
observations to characterize the proportional use
of different substrates, sites, maneuvers, or other
categorical measures, observations should be in-
dependent or some adjustment should be made
for dependency among observations.

Application of a chi-square goodness-of-fit test
to test the null hypothesis of equal proportions
among substrates used by birds, for example,
assumes independent events, which is a problem
when using sequential observations. One way to
use sequential observations and to be reasonably
assured of independence among units is to treat
all foraging attacks of a single bird as a unit, as
done by Airola and Barrett (1985). (Note, how-
ever, that different record lengths among indi-
vidual birds may create problems of unequal
weighing.) Another approach is to use Markov
chain analyses or bootstrapping to assess the ef-
fects of dependency among observations on re-
sults (e.g., Hejl et al., this volume; Raphael, this
volume). Tests of independence can be applied
to sequential data but should consider the advice
about power given by Swihart and Slade (1986).

Birds; foraging behavior; initial observations; sequential observations; mathematical

Studies that assume independence among se-
quential observations when data are analyzed
also assume that each event in a sequence adds
to our knowledge of proportional use of cate-
gorical measures. Qur primary objective here is
to test that assumption mathematically. We de-
scribe possible mathematical models, giving spe-
cific assumptions, resulting probability distri-
butions, and some of the parameters of those
distributions. We further describe likelihood-ra-
tio tests of the hypothesis of equal proportions.
Although we use the substrate at which a bird is
observed directing an apparent foraging attack
as the measure for consideration, results would
be the same for whatever categorical measure we
might have selected.

MODELS AND ASSUMPTIONS

Let there be k substrates in all. Assume that
birds are detected singly and forage from one of
the substrates, with the detections following a
Poisson process. The number of birds to be ob-
served is not fixed in advance and this is a case
of Poisson sampling (Fienberg 1980:15). The in-
tensity of the process (the mean of the Poisson)
will be denoted as A, in the ith substrate. If the
means for all substrates are equal, the propor-
tions are equal. The A; values may depend on a
variety of factors, including: (1) the quantity of
the resources available, (2) the nutritional and
energetic values of the different resources, (3) the
weather conditions, (4) the apparent safety from
predators, and (5) the effects of interference from
other individuals of the same or different species.

Once a bird has selected a substrate and made
a foraging strike, it is counted for that substrate.
The total number of birds for the whole sampling
period will be denoted by X for the ith substrate.
The random variables X, X,, ..., X, are as-
sumed to be independent, making their sum,
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SERVATIONS (7) OF BUSHTITS
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TABLE 2. SoME MOMENTS OF THE RANDOM VARI-
ABLES— FIRST SIGHTINGS, SUBSEQUENT OBSERVATIONS,
AND TOTAL, PER SUBSTRATE (SUBSCRIPT SUPPRESSED)

Period 1 Period 2

Sub-

strate X Y T X Y T
1 11 4 15 10 6 16
2 42 15 57 40 39 79
3 8 1 9 31 24 55
4 38 24 62 35 17 52
5 7 11 18 3 0 3
6 5 0 5 10 20 30

2 X,, a Poisson variate with parameter Z X\; (Hogg
and Craig 1978:131). After the initial foraging
strike, the bird may make additional strikes on
the same substrate (perhaps interspersed with
other activities) or leave the area. (Other possi-
bilities exist: [1] The bird may disappear from
view but still be on the same substrate, and then
reappear to be counted again. The frequency of
such events cannot be known and is ignored here.
[2] The bird may exhibit a transition to a different
substrate. We do not address such events here,
as transition to a new substrate by the same bird
cannot be treated as the beginning of an inde-
pendent sequence of observations.) Additional
strikes by the bird on the substrate are assumed
to follow another Poisson process, with intensity
u; in the ith substrate. Counts of the number of
subsequent strikes by different birds are assumed
to be independent, thus their sum is Poisson, this
one denoted by Y, in the ith substrate. (Note that
we do not adopt a notation for the number of
strikes made by a single bird, only for the total
made by all birds on that substrate.) The sum
that yields Y, has x; terms, once X, = X; is ob-
served, hence the Y, rate is x;u;. Thus the Y mean
depends on the number of individual birds seen,
as does Y itself. To summarize, Y is a Poisson
random variable with parameter xu conditional
on the number of birds seen.

A logical trap exists at this point. The X data
and their associated parameters are of primary
interest for comparing proportional use of sub-
strates. The Y data (number of subsequent for-
aging attacks) might be expected to carry addi-
tional information about the X parameters,
because the Y’s depend directly on the X’s. Some
observers may combine the two counts, letting
X, + Y,= T,denote the total in the ith substrate.
This is not implausible, because 7; is the total
number of foraging strikes seen. On the other
hand, T is a total with mixed units, individual
birds and foraging strikes, which helps focus at-
tention on the issue addressed in this study.

Additional random variables exist in this set-
ting. The unconditional distribution of Y, ob-

Y (condi- Y (uncondi-
Moment X  tional) tional) T
Mean N oxu A AL+ )
Variance A xp Ap(l + p) A+ 3 + u?)

Correlation (X, Y) = w/[u(1 + u)]**

tained by averaging over all possible values of
X, is that of a Neyman Type A random variable
and T is known as a Thomas variable. These are
two of the well-known “‘contagious” distribu-
tions used for modeling clumped or clustered
data (references in Johnson and Kotz 1969:213-
215, 236-237; Piclou 1977:118-123).

Foraging data collected by these methods on
Bushtits (Psaltriparus minimus) (Table 1) can be
used to clarify the notation. For example, con-
sider Substrate 5, Period 1. Before observations
began, we expected to obtain values for three
random variables, X, Y, and T's. The observed
counts were xs = 7 birds sighted, y; = 11 addi-
tional strikes made by those 7 birds, and ¢ = 18
total foraging strikes seen. The latter number, by
itself, conceals important details about the dis-
tribution of observations. They might have re-
sulted from single observations of 18 different
birds, from 18 observations of a single bird, or
from some intermediate combination. Also, 7 is
an observed value of a Poisson variable with
parameter A; and, conditional on x; = 7, 11 is
an observation on a Poisson variable with pa-
rameter 7us.

The theoretical or expected performance of
these random variables may be summarized by
their means, variances, correlations, or other
moments. These may be found in Johnson and
Kotz (1969:209, 218); some are shown in Table
2. Two columns are needed for Y, as it may be
treated conditionally or unconditionally. Note
the equality of the mean and variance for X and
Y (conditional) but not for Y (unconditional) or
for 7. The A factor in some of the Y moments
suggests that the subsequent observations can be
used in a chi-square test of equal proportions
across substrates. The absence of the X factor in
the correlation suggests that the correlative in-
formation available does not refer to the \’s.

HYPOTHESES AND TESTS

Two main possibilities are considered in this
section. A test may be based on X, Y, or 7, or
on some combination of these variables. These
are addressed as univariate tests or bivariate tests,
respectively. In the following paragraphs, log re-
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fers to natural logarithm; alternative hypotheses
are logical alternatives of the null hypothesis, and
approximate chi-square test statistics are denot-
ed by x>

UNIVARIATE TESTS

The null hypothesis is that the rates are equal,
A, =X, = ... = A, Once the total of the X, is
known, the set of substrate counts is a multi-
nomial random variable, with proportion A/Z X,
for the ith substrate (Johnson and Kotz 1969:
93). Thus a chi-square test of equal proportions
or a G-test (e.g., see Sokal and Rohlf 1981:705-
708) may be used, provided expected counts are
not too small. For the first sighting data from
Period 1, x2 = 76.40, with 5 degrees of freedom
(P < 0.001). This test should not be run on the
Y (or T) data alone, because both Y and 7 depend
on two parameters per substrate, and we cannot
estimate two parameters from a single observa-
tion. Formally, this is a problem of identifiability
(Ferguson 1967:144). Intuitively, a decision based
on the T data, for example, cannot be attributed
to differential values of the \’s or differential val-
ues of the u’s. While univariate tests must be
restricted to the X data, it seems possible that in
a bivariate test the Y data can be used to sup-
plement the information from the X”s.

BIVARIATE TESTS

We now consider hypotheses based on the joint
distribution of X and Y. This discussion is based
on the likelihood ratio (e.g., see Morrison 1976:
17-22), a test principle that leads to G-tests or
other approximate chi-square tests. The likeli-
hood function is essentially the product of the
density function of the random variable, the
product extending over the sample. After the data
are obtained, the likelihood function depends only
on the parameters. Parameters are estimated to
maximize this function twice, once under the
constraints of the null hypothesis, H, and then
with no constraints. If the ratio of the maximum
of the likelihood function constrained by H to
the unconstrained maximum is denoted by L,
then —2 log L is an approximate chi-square vari-
ate.

Consider the composite hypothesis that the
substrates are equally used while the within-sub-
strate foraging rates are unconstrained.

Ho: A =M =...=Ag .
Wy, Moy . . ., Mg are unspecified.

For this hypothesis
x? = 2(2 xlog x; — 2 xlog X).

Note the absence of }’s in this expression. The
test based on the joint distribution of the X”s and
Y’s uses only the data on the X’s. It is the same
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test found using the distribution of the X’s only.
(It is not exactly the same as the chi-square test
usually applied; it is more similar to the G-test;
see Kendall and Stuart 1967:421.)
Consider next a hypothesis that does constrain
the u’s:
Hp: M =X =...=)\, and
My = He T o0 = Mie

The approximate chi-square for testing this hy-
pothesis is

x? = 2(2 xlog x; — E xlog X)
+ 2[2 vlog(y/x,)

— X ylog(X) v/ 2 x)1.

The first line of this expression is the x? of the
previous hypothesis, so

x2(Hy,) = x2(H,,) + other terms.

The “other terms” in this expression can be shown
to be those obtained to test

Host py = 2= ... = e

with no constraints on the A’s. Evidently the X’s
carry information about the Y’s, but not con-
versely. This is consistent with the observation
made about the correlation.

We consider only one further hypothesis; this
time the two parameter sets are related propor-
tionately.

Hot M =A== Ay
i, = C\, ¢, unspecified,
i=1,2,... k

It can be shown that the approximate chi-square
statistic is now exactly that for H,,. The likeli-
hood ratio essentially ignores the subsequent ob-
servations.

OTHER RESULTS

We have generalized the problem in several
ways, but do not include the details here. We
have proven that the overall results hold when
comparing the substrate distribution for two
species and also for comparing two sampling pe-
riods. We have also extended the results by re-
placing the Poisson distribution of X by any sin-
gle parameter-discrete random variable and Y
by any discrete variable whose parameter de-
pends on the observed value of X. The test sta-
tistics are different, but conclusions remain un-
changed.

QUALITATIVE ASSESSMENT OF
ASSUMPTIONS
POISSON ASSUMPTIONS

Consider first the Poisson assumptions. From
the previous paragraph, it is clear that the results
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are virtually independent of these assumptions.
Almost any pair of discrete random variables will
lead to the same conclusions.

INDEPENDENCE ASSUMPTIONS

These are critical, and probably least amenable
to verification. The first is the requirement that
observations be of birds foraging singly. Our
modeling did not address the problem of species
that forage in flocks, although results may still
apply if observation is limited to a lead bird.
Independence between substrates is easier to ac-
cept, because data from additional substrates
must come from sightings of different individual
birds. Finally, we assumed that birds within a
substrate act independently. This may require
that we have only one bird in sight at a time.

THE CASE WHEN X Is UNKNOWN

We may wish to assume that X is unknown
(per substrate), or that we are unsure of how
many distinct birds have contributed to our
counts. Then we treat Y in its unconditional dis-
tribution and Y must be taken to carry all infor-
mation about both the numbers of birds and
extent of their foraging. In the k substrate prob-
lem, we have 2k parameters, but only k data
values. Additional data must be obtained to car-
ry out any useful test on the substrate propor-
tions. Additional data can perhaps be collected
by another observer in a different area, or by
means of shorter, repeated, observation periods.

Another method for handling this case would
be to simply record all foraging strikes, making
no attempt to separate sightings from subsequent
observations. These data, from Thomas distri-
butions, again depend on two parameters, and
some device must be employed to replicate the
sampling.

ILLUSTRATIONS WITH FIELD DATA

The following analysis is based on data in Hejl
et al. (this volume), recorded at the San Joaquin
Experimental Range, in Madera County, Cali-
fornia, during March through May 1980. Field
observations were made on a 19.8 ha (300 x 660
m) plot, gridded into quadrats 30 m on each side.
To gather foraging information, observers walked
back and forth along alternate gridded lines on
the study area. The lines walked and the direction
of travel were selected to ensure even coverage
of all segments of the grid during daylight hours.
When a bird was detected, one that had not ob-
viously been disturbed, it was selected for ob-
servation. To reduce dependence of the data be-
tween individual birds, information was recorded
only for the first bird detected in a flock or pair
of birds and only if that bird species had not been
seen in the last 30 m or for the last 10 min. The

STUDIES IN AVIAN BIOLOGY

NO. 13

activity of the bird was noted at the count of ““5”.
If it was foraging, then sequential observations
were recorded for each apparently successful for-
aging strike that was noted up to 11 observations.
Counts were made for several categorical vari-
ables including foraging substrate. Foraging sub-
strate as used in Table 1 included plant species,
the ground, and the air. In the modeling discus-
sion, “substrate” could represent either foraging
substrate or any other categorical variable.

An inconsistency between our assumptions and
the study as done was the fact that sequences
were truncated at 11 observations, but no ad-
justment was made for this. Truncation was rare-
ly needed, however, because birds could seldom
be followed for that many consecutive foraging
strikes.

The data on foraging Bushtits (Table 1) can be
used to test the Poisson assumptions for X; and
Y, provided we assume that the means did not
change between periods. Poisson variables have
a variance-to-mean ratio of 1.0. The average
variance-to-mean ratio for X between periods
across substrates was 3.40, but dropped to 1.36
on deletion of Substrate 3. Using the results of
Ratcliffe (1964), these gave (approximate) chi-
square values of 20.38 and 6.82, with 6 and 5
degrees of freedom, respectively. The apparent
shift in mean for Substrate 3 caused the large
value; the remaining data did not contradict the
Poisson assumption. For Y the mean ratio was
10.73, with a chi-square of 64.42, far too large
to confirm Poisson variation with constant
means.

The field objective of substrate comparisons
should be addressed by only the data on first
sightings. The chi-square values were 76.40 and
56.81 for the separate periods, indicating that
some substrates were used more frequently than
others. When the same computations were done
on total foraging strikes, the values were 114.01
and 100.33, biased upwards in this case by likely
differences in the Y rates. By studying the con-
ditional distributions of the subsequent obser-
vations, one could test the equality of the within-
substrate foraging rates, but this lies outside the
scope of this paper. Finally, consider the 7" data
again. Substrate 2, across periods, furnished a
good example of the risks inherent in this prob-
lem. Virtually the same numbers of birds gave
quite different values of ¢.

CONCLUSIONS

The objective at the outset was to consider the
information furnished about one process by data
from another. The data on the discovery process
seemed straightforward, but the status of the data
on subsequent observations was less clear. The
two extremes of data analysis are to use only
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numbers of distinct birds or to use counts of all
observed foraging acts. A reasonable compro-
mise was to model the two main aspects of the
problem as related processes.

Of the many possible ways to model the joint
distribution of initial detections and subsequent
events, we have dealt with only one. We focused
on the ultimate totals of birds and subsequent
events per substrate, since that seemed the nat-
ural way to summarize the data. As a result, our
modeling of the actions of a single bird may seem
artificial; the reproductive property of Poisson
variables (totals of Poissons are Poissons) had
some influence on our choice of model since it
makes the mathematics tractable. However, re-
productivity is not really necessary. The total of
subsequent strikes need not follow the same dis-
tributional form as the variables in the sum.

We have also limited the scope of this discus-
sion by insisting that the question is to discover
what subsequent observations tell about pro-
portional use of substrates. The broader question
of what can be done with those observations has

165

not been addressed; questions that are within-
substrate in content seem more approachable by
these data. Hejl et al. (this volume) apply and
discuss some methods appropriate for analysis
of the subsequent observations.

The use of subsequent observations in the
present problem is clearly a case of pseudorepli-
cation (Hurlbert 1984). It is similar to the use of
multiple readings per experimental unit in a
treatment design. One can know more about the
experimental unit by subsampling, but gains no
degrees of freedom to compare the treatments.
In the same way, subsequent observations tell
more about the individual birds that forage on
a substrate, but give no advice about the com-
parison of proportions.
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SEQUENTIAL VERSUS INITIAL OBSERVATIONS IN

STUDIES OF AVIAN FORAGING

SALLIE J. HEJL, JARED VERNER, AND GRAYDON W. BELL

Abstract. During the breeding season, we compared sequential and initial observations of the foraging
locations of five species of permanent residents in an oak-pine woodland of the western Sierra Nevada.
Sequential observations were more dependent—that is, the conditional probabilities of occurrence of
any locations were greater when from a sequence —than were initial observations. No visibility biases
were associated with either method. Using bootstrap simulations, standard errors calculated for all
observations (initial + sequential), without adjustment for dependency, underestimated the true stan-
dard error in 68% of the cases, with no difference in 32%. For common foraging locations, the mean
proportions of used foraging sites and foraging substrates were similar with both methods, but initial
observations gave more precise estimates of foraging locations than did all observations. The two
methods differed in their estimates of means and standard errors for uncommeon foraging locations.
We also created a model using Markov chain analysis to investigate a larger population of sequential
observations. Both Markov chain and bootstrap analyses resulted in similar implications. We prefer
the use of initial observations in statistical tests that assume independence between observations and
the use of statistical techniques that adjust for dependency with dependent, sequential observations.

Suggestions for appropriate statistical analyses of sequential observations are given.

Key Words:
strap; Markov chains.

Martin and Bateson (1986) emphasized that a
common error in behavioral research is to treat
repeated measures of an individual as though
they were independent. One problem likely to
result from analyses of such data is underesti-
mation of sample variance. Although the prob-
lem of dependence is acknowledged by some stu-
dents of avian foraging behavior, most have
nonetheless used repeated observations from the
same individual during the same period without
testing for independence between observations
from a single individual (but see Holmes et al.
1979b, Porter et al. 1985).

Researchers have used all sequential obser-
vations that they could obtain from an individual
(Holmes et al. 1979b, Holmes and Robinson
1981, Sabo and Holmes 1983, Keeler-Wolf 1986),
or have allowed sequential records of the same
individual only after elapse of a specified period
of time (e.g., Landres and MacMahon 1980,
Wagner 1981a, Morrison 1984a, Porter et al.
1985) or after the bird moved to a new location
(e.g., Hartley 1953, Root 1967, Peters and Grubb
1983). Hartley (1953) recorded the first obser-
vation on each separate plant while following the
same bird. Root (1967) recorded up to three ob-
servations from the same individual, always sep-
arated by at least 2 min, and they were recorded
only if the bird moved to a new substrate between
records. Peters and Grubb (1983) recorded up to
four observations of a given bird, but only after
it moved to a new location for each record.

In addition to obtaining larger samples, many
researchers prefer using all observations (initial

Foraging; dependent observations; independent observations; statistical analysis; boot-

+ sequential observations) because they believe
that initial observations are biased toward birds
in conspicuous locations (e.g., Sturman 1968,
Wiens et al. 1970, Austin and Smith 1972, Hertz
et al. 1976). Wagner (1981a) and Morrison
(1984a) both compared the results from initial
observations with those from all observations.
Wagner concluded that the method of data col-
lection had an effect on her results but that dif-
ferent visibility biases were associated with each
method. Morrison (1984a) concluded that sim-
ilar results were obtained by the two methods
for most measures, but he preferred sequential
sampling because more rare behaviors were ob-
served in his sequential data set. Bradley (1985)
compared methods for biases in time-budget
studies, concluding that counting only initial
contacts was the least satisfactory of the four
methods and was especially prone to discovery
bias.

We studied the foraging behaviors of five
species of birds—Scrub Jay (dphelocoma coe-
rulescens), Plain Titmouse (Parus inornatus),
Bushtit (Psaltriparus minimus), Bewick’s Wren
(Thryomanes bewickii), and Brown Towhee (Pip-
ilo fuscus)—1in an oak-pine woodland in the foot-
hills of the western Sierra Nevada. Our objec-
tives were: (1) to test for independence among
sequential observations of foraging sites and for-
aging substrates used by the birds, (2) to explore
whether all observations gave the same infor-
mation about foraging locations as did initial ob-
servations, and (3) to consider various analytical
procedures that can be used to make appropriate
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adjustments in variance derived from sequential
observations,

STUDY AREA AND METHODS

This study was done at the San Joaquin Experimen-
tal Range in March, April, and May 1980, and May
1982, during the breeding season. The Range is located
approximately 32 km north of Fresno in Madera Co.,
California. Vegetation was characterized by intermixed
patches of blue oak (Quercus douglasii, 5.4% cover)
interior live oak (Q. wislizenii, 7.2% cover), gray pine
(Pinus sabiniana, 12.5% cover), chaparral, mainly
buckbrush (Ceanothus cuneatus, 18.6% cover), and an-
nual grassland. Combined cover of the nine remaining
tree and shrub species was 4.5% (J. Verner, unpubl.
data). The climate is characterized by hot, dry summers
and cool, wet winters.

Field observations were made on a 19.8 ha plot (300
x 660 m) gridded into 30-m quadrats, located in ap-
proximately 32 ha of foothill woodland that has not
been grazed by livestock, burned, or otherwise dis-
turbed since 1934,

BIRD OBSERVATIONS

Three observers recorded data in 1980 and five in
1982; two were the same observers in both years. Ob-
servers walked along alternate, numbered lines in the
long dimension of the grid. Lines walked and the di-
rection of travel were selected to ensure even coverage
of all segments of the grid. Walking and stationary
searches for birds were alternated approximately every
15 min. We attempted to obtain an equal number of
observations of each species during each quarter of the
daylight period, from sunrise to sunset, although sam-
ple sizes were smaller during the early afternoon quar-
ter than during other quarters.

Only certain birds were selected for observation. Ob-
servers did not search out singing birds, as this would
have biased our sample toward singing birds, although
most birds sang or called during the period that they
were observed. Only the first bird detected in a flock
or pair was used as a subject, as locations of flock or
pair members might not be independent. Further, a
new individual of a given species was chosen as a sub-
ject only if the observer had traveled at least 30 m or
unless 10 min had elapsed, since the last record of that
species.

When a bird was accepted as a subject, we recorded
its species and several aspects of its behavior and lo-
cation. From the time of first detection, the observer
counted slowly to 5 (approximately 5 s), allowing time
to assess the bird’s activity. Its activity at the count of
““5” was recorded as an instantaneous sample. (We
distinguish between the “state” of foraging, as being
in the process of searching for and/or procuring food,
and the “event” as actually procuring or attempting to
procure a food item; see Altmann 1974, Martin and
Bateson 1986.) If the bird was looking for food (in the
state of foraging, but not the event of foraging) when
the instantaneous sample was taken, but it did not
appear to procure or attempt to procure a food item
at that instant, the observer followed it visually until
it appeared to procure or attempt to procure food. All
subsequent locations of food procurement (sequential
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observations) were recorded, to a limit of 11 in 1980
and without limit in 1982.

In this paper we analyzed two measures of the lo-
cation where a bird appeared to procure a food item,
based on data obtained only in 1980: (1) foraging site
(gray pine, blue oak, interior live oak, buckbrush,
ground, or “other”); and (2) foraging substrate, the part
of the plant or environs toward which a foraging ma-
neuver was directed (air, twig [<5 mm in diameter],
small branch [5 mm to 10 ¢cm in diameter], large branch
[>10 cm in diameter], flower bud, flower, catkin, cone,
staminate cone, forb, fruit, ground, leaf bud, leaf, and
trunk).

The effect of concealing cover on the detectability of
a bird and the time between its subsequent foraging
maneuvers were recorded only in 1982. Concealing
cover for each observation was described as (1) little
(the bird was completely in view), (2) moderate (vege-
tation obscured some of the bird), and (3) much (vege-
tation nearly obscured the bird). Observations ceased
when the observer could no longer see the foraging
behavior of the bird.

STATISTICAL ANALYSES

We used an alpha level of 0.05 for tests of signifi-
cance.

Dependency among sequential observations

We created transition matrices and corresponding
Pearson’s contingency coefficients (Conover 1971:177)
for the sequential observations to compare with ma-
trices and coefficients for the initial observations used
as a standard, assuming that initial observations were
independent. These were then used to investigate de-
pendency between sequential observations with zero,
one, two, and three intervening observations, to com-
pare values for sequential observations to those ob-
tained from initial observations and to evaluate the
effects of repetitive foraging habits on the Pearson’s
value that would be obtained from independent sam-
ples. The chi-square distribution provides a test of the
significance of Pearson’s contingency coefficients. To
examine observations separated by one intervening ob-
servation, we compared the first observation to the
third, the second to the fourth, and so on. A similar
approach was used to compare observations separated
by two and three intervening observations. For ex-
ample, to examine observations separated by two in-
tervening observations, we compared the first obser-
vation to the fourth, the second to the fifth, and so on.
Pearson’s contingency coefficients were corrected by
dividing each coefficient by the maximum value pos-
sible for each contingency table.

Visibility bias

Places where birds were first observed may have
been biased toward locations where they were most
conspicuous. We tested this in two ways. First, we
tested whether initial observations in certain sites or
substrates more often resulted in records of subsequent
observations. We used chi-square analysis to test
whether the frequency of first observations differed by
record length as a function of site or substrate at the
initial location. Bonferroni adjustments (Miller 1981:
67) compensated for multiple comparisons.
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Second, we used McNemar’s test (Conover 1971:
127) to compare first and second observations from
sequences. This test adjusted for dependency between
observations, and Bonferroni adjustments compensat-
ed for multiple comparisons. Qur sample size of
matched pairs from third or later observations in se-
quences was too small for this test. Initial observations
as a group could not be compared statistically to sub-
sequent observations as a group, because not all records
included the same number of observations (i.e., weight-
ing problems and many unmatched initial observa-
tions; some initial observations did not have subse-
quent observations and some had many). Further,
comparison of initial observations as a group with all
observations as a group (as many researchers have done)
is inappropriate, because the initial observations are a
subset of all observations and often comprise a sub-
stantial proportion thereof, and unequal record lengths
result in weighting and matching problems.

Estimating means and standard errors

Because they adjust for dependency within samples,
bootstrap simulations (Efron and Gong 1983) were used
to compare means and standard errors (precision) of
the sample proportions of each class of site and sub-
strate by initial observations and by all observations
(initial + sequential observations). Five hundred ran-
dom samples were drawn, with replacement, from the
observed data.

To see whether large numbers of sequential samples
would provide additional information, we used Mar-
kov chain analyses (Bishop et al. 1975:257-267, Isaac-
son and Madsen 1976) to compare differences in results
based on initial observations and all observations. As-
suming that our initial observations were independent
of each other and that they approximated true pro-
portions, our Markov chain model had characteristics
similar to our data. We further assumed that the gen-
eration of successive observations in a sequence oc-
curred according to a first-order Markov process. Tran-
sition matrices from sequential observations in the 1980
data set were estimated to approximate the true prob-
ability of change from one foraging site to the next and
one foraging substrate to the next. Probabilities of the
length of each sequential record were also estimated
from our sample. Simulations of foraging records were
then created from 500 runs for each species, drawing
the same sample size as in the original data set for each
species, and weighting each record length according to
its proportion in the original data. Means and standard
errors for initial observations as a group and all ob-
servations as a group were then computed for each
simulation.

Both bootstrap and Markov chain analyses were also
used to examine standard errors of all observations
with and without adjustment for dependency among
sequential observations. We compared the bootstrap
estimate of standard error to the usual standard error
created when assuming that all sequential observations
were independent. From the Markov chain analyses,
we compared the standard errors generated from each
of the 500 simulations with the measure of standard
error calculated from the mean estimate of proportions
from all 500 simulations.

Because the means and standard errors generated by
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Markov chain analyses approximate the true values,
based on the assumptions given, statistical compari-
sons are unwarranted. As a conservative criterion, we
assumed that any difference between initial observa-
tions and all observations was biologically meaningful
if the absolute difference exceeded 0.2 times the value
from the initial observations. We used the same cri-
terion to interpret bootstrap results.

RESULTS

The primary data set (1980) used in this study
contained 1070 records of foraging events; 66%
of those were of Plain Titmice and Bushtits, the
two most commonly detected species on the plot.
Sixty-five percent of all observations consisted
of single records of foraging birds. We were sel-
dom able to follow the same individual long
enough to observe five consecutive foraging ma-
neuvers, and records of eight or more consecu-
tive behaviors were rare (Table 1).

In 1982, the only year we timed foraging se-
quences, the duration of a record was highly vari-
able. For example, collective results from the five
species gave a mean of 36 s (SD = 63; N = 173;
range = 5 s to 6 min 38 s) to complete five con-
secutive maneuvers.

Our ability to record sequential observations
differed among the bird species (Table 1). Se-
quential observations were obtained in 59% of
the records of Brown Towhees but in only 31—
34% of the records of the four other species. Data
on the percent of sequences with 10 or 11 ob-
servations indicated that, if Scrub Jays, Plain
Titmice, and Brown Towhees could be followed
at all, they could be followed up to our self-im-
posed limit 7%, 7%, and 20% of the time, re-
spectively. Bewick’s Wrens changed foraging sites
during 29% of the sequential observations, but
the other species did so in only 6—10% of them.
Thus we were more likely to get new information
from sequential observations of Bewick’s Wrens
than from any other species.

DEPENDENCY AMONG SEQUENTIAL OBSERVATIONS

All analyses showed that sequential observa-
tions were highly dependent, with all values ex-
ceeding 0.64 and all but 4 of 40 values exceeding
0.81 (Table 2). For comparison, the Pearson’s
contingency coefficients that we created as stan-
dards using initial observations of foraging sites
were 0.42 (Scrub Jay), 0.35 (Plain Titmouse),
0.38 (Bushtit), 0.57 (Bewick’s Wren), and 0.52
(Brown Towhee); and of foraging substrates were
0.38 (Scrub Jay), 0.52 (Plain Titmouse), 0.59
(Bushtit), 0.42 (Bewick’s Wren), and 0.39 (Brown
Towhee). The transition matrix for foraging sites
of Scrub Jays—for sequential observations with
no intervening observation—had the highest
Pearson’s contingency coefficient (1.00) (Table
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TABLE 1. DISTRIBUTION OF RECORDS ACCORDING TO THE NUMBER OF FORAGING MANEUVERS BY AN OBSERVED
BIRD DURING A CONTINUOUS OBSERVATION (PROPORTIONS SHOWN BELOW THE NUMBER OF RECORDS) IN THE 1980
DATA SET
Number of foraging maneuvers
Species 1 2 3 4 5 6 7 8 9 10 11
Scrub Jay 117 13 15 4 6 1 1 1 0 12 0
0.69 0.08 0.09 0.02 0.04 0.01 0.01 0.01 0.00 0.07 0.00
Plain 230 40 19 15 5 6 2 1 2 23 0
Titmouse 0.67 0.12 0.06 0.04 0.02 0.02 0.01 0.00 0.01 0.07 0.00
Bushtit 244 44 36 20 7 1 0 1 0 6 0
0.68 0.12 0.10 0.06 0.02 0.00 0.00 0.00 0.00 0.02 0.00
Bewick’s 65 9 11 3 6 1 2 2 0 0 0
Wren 0.66 0.09 0.11 0.03 0.06 0.01 0.02 0.02 0.00 0.00 0.00
Brown 41 10 9 6 9 3 1 0 0 16 4
Towhee 0.41 0.10 0.09 0.06 0.09 0.03 0.01 0.00 0.00 0.16 0.04
Totals 697 116 90 48 33 12 6 5 2 57 4
0.65 0.11 0.08 0.05 0.03 0.01 0.01 0.01 0.00 0.05 0.00

3). The transition matrix for foraging sites of
Bewick’s Wrens—for sequential observations
with three intervening observations—had the
lowest coeflicient for sequential data (0.65) (Ta-
ble 4). Transition matrices created from initial
observations for Scrub Jays on foraging sites (Ta-
ble 3) and for Bewick’s Wrens on foraging sites
(Table 4) showed much less emphasis on tran-
sitions between the same foraging sites (visually
depicted in the matrix as a high proportion of
numbers on the diagonal from the upper left cor-
ner to the lower right).

VISIBILITY BIAS

The concealing cover of a bird when initially
located apparently had no effect on whether it
could be followed for subsequent observations.
For example, a similar proportion of initial ob-
servations led to subsequent observations as did
not, irrespective of the initial foraging site or
foraging substrate. Only one of 105 comparisons
had a significant chi-square value.

Percentages of observations in 1982 that were
in little, moderate, and much concealing cover
showed that first and subsequent observations
were made in similarly difficult-to-see locations.
For initial observations (N = 130), 19% were in
little, 54% in moderate, and 27% in much cover.
For subsequent observations (N = 403), 13% were
in little, 61% in moderate, and 26% in much
cover. No statistically significant differences ap-
peared in any of the comparisons of the propor-
tions of foraging sites and substrates that were
used in the first and second maneuvers in a se-
quence. To convince ourselves that there were
no differences, we set a standard for differences
in proportion equal to 0.10 for the half-width of

the 95% confidence interval and 21 of the 105
comparisons were inconclusive. We cannot re-
ject the null hypothesis of no differences for these
comparisons, but we cannot view it as confirmed
either because of the large width of the confi-
dence interval. Twelve of these 21 comparisons
were for Bewick’s Wrens.

ESTIMATING MEANS

All observations sometimes gave markedly dif-
ferent estimates of means than did initial obser-
vations, particularly in the case of uncommon
foraging locations (defined here as representing
10% or less of the observations). Forty-two of §1
bootstrap comparisons met our criterion of a
meaningful biological difference (Table 5). Thir-
ty-seven of the 42 differences were on uncom-
monly used sites and substrates. When compared
to initial observations, Markov chain analyses
indicated that all observations overestimated the
mean in 3% and underestimated it in 13% of the
comparisons of foraging sites; all of these were
on uncommonly used sites. All observations
overestimated the mean in 25% and underesti-
mated it in 31% of 51 comparisons of foraging
substrates. Seventy-one percent of all compari-
sons of uncommon substrates satisfied our cri-
terion of a meaningful biological difference, but
only 15% of all comparisons of common sub-
strates did so.

ESTIMATING STANDARD ERRORS:
ALL OBSERVATIONS VS. INITIAL OBSERVATIONS

Bootstrap and Markov chain analyses differed
slightly in their estimates of standard errors (Ta-
ble 5). In bootstrap comparisons, initial obser-
vations estimated common foraging locations



170

TABLE 2. TESTS OF INDEPENDENCE OF SEQUENTIAL
OBSERVATIONS OF FORAGING SITES AND SUBSTRATES
wITH CORRECTED PEARSON’S CONTINGENCY COEFFI-
CIENTS. A COEFFICIENT OF 1.00 Is THE HIGHEST PossI-
BLE INDEX OF AUTOCORRELATION
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TABLE 3. TRANSITION MATRICES FOR FORAGING SITES
OF SCRUB JAYS BASED ON SEQUENTIAL OBSERVATIONS
wITH NO INTERVENING OBSERVATIONS (TOP) AND BASED
ON INITIAL OBSERVATIONS ONLY (BOoTTOM) (PROPOR-
TIONS OTHER THAN O IN PARENTHESES)

Paerson’s contingency

Number of coefficients®
intervening
observa- Foraging Foraging
Species tions sites substrates
Scrub Jay 0 1.00 0.98
1 0.93 0.97
2 0.94 0.97
3 0.99 0.97
Plain Titmouse 0 0.99 0.94
1 0.90 0.88
2 0.99 0.90
3 0.99 0.84
Bushtit 0 0.97 0.92
1 0.90 0.87
2 0.99 0.91
3 0.99 0.96
Bewick’s Wren 0 0.93 0.79
1 0.90 0.68
2 0.92 0.78
3 0.65 0.88
Brown Towhee 0 0.98 0.92
1 0.93 0.87
2 0.92 0.85
3 0.83 0.82

2 All values statistically significant at P < 0.03.

more precisely than did all observations in 5%
of all cases, but less precisely in only 7%. Con-
versely, all observations estimated uncommon
locations more precisely than initial observa-
tions in 46% of all cases and less precisely in
26%. In the Markov chain analyses, estimates of
standard error from all observations differed from
estimates from initial observations in 79% of the
comparisons of common foraging sites and in
75% of the uncommon foraging sites; the esti-
mates of standard error from all observations
differed from those from initial observations in
46% of the comparisons of common foraging
substrates and 82% of the uncommon foraging
substrates.

ESTIMATING STANDARD ERRORS:
ADJUSTED VS. UNADJUSTED DEPENDENCY IN
ALL OBSERVATIONS

Both bootstrap and Markov chain procedures
generally showed that standard errors estimated
from all observations in the usual (unadjusted)
way, assuming them all to be independent rec-
ords, were smaller than true standard errors after
adjustment for dependency. Using bootstrap, the
usual standard error underestimated the adjusted
standard error in 68% of all cases, using our cri-
terion of a meaningful biological difference. The

. Subsequent foraging site
Initial
foraging site

Blue oak Gray pine Live oak Ground  Other

Sequential observations

Blue oak 80 0 0 0 0
(1.00)

Gray pine 1 60 0 0 0
(0.02) (0.98)

Live oak 0 0 7 1 0

(0.88) (0.13)

Ground 1 0 0 50 2
(0.02) (0.94) (0.09)

Other 0 0 0 1 50

(0.02) (0.98)
Initial observations

Blue oak 29 11 5 13 5
(0.46) (0.17) (0.08) (0.21) (0.08)

Gray pine 10 1 4 7 1
(0.43) (0.04) (0.17) (0.30) (0.04)

Live oak 4 2 1 3 2
(0.33) (0.17) (0.08) (0.25) (0.17)

Ground 14 7 1 25 8
(0.25) (0.13) (0.02) (0.45) (0.15)

Other 6 3 1 6 0
(0.38) (0.19) (0.06) (0.38)

two estimates were similar in 32% of the cases,
and in no case did the usual procedure overes-
timate standard error. Markov chain analyses
showed that the usual procedure underestimated
true standard error for foraging site by a mean
of 45%, and 28 of 30 comparisons were under-
estimated. For foraging substrate, the usual pro-
cedure underestimated true standard error by a
mean of 34%, and 42 of 53 comparisons were
underestimated. The mean underestimate dif-
fered among species, but it was not significantly
correlated with sample size (either for initial ob-
servations or for all observations).

DISCUSSION

Our results suggest that using dependent se-
quential observations is inadvisable for the es-
timation of proportions of foraging locations un-
less appropriate statistical analyses are used to
adjust for autocorrelation. We were not able to
obtain sequential records that were far enough
apart in time to appear independent. We were
seldom able to follow an individual long enough
to obtain more than five sequential records of its
foraging, and all analyses showed that the fifth
observation in a sequence was dependent on the
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TABLE4. TRANSITION MATRICES FOR FORAGING SITES
OF BEWICK’S WRENS BASED ON SEQUENTIAL OBSERVA-
TIONS WITH THREE INTERVENING OBSERVATIONS (TOP)
AND BASED ON INITIAL OBSERVATIONS ONLY (BOTTOM)
(PROPORTIONS OTHER THAN O IN PARENTHESES)

Subsequent foraging site

Initial
foraging site Live oak  Buckbrush  Ground Other
Sequential observations
Live oak 0 1 2 1
0.25)  (0.50) (0.25)
Buckbrush 1 7 0 3
0.09) (0.64) 0.27)
Ground 0 2 8 0
(0.20)  (0.80)
Other 0 1 0 2
(0.33) (0.67)
Initial observations
Live oak 8 6 0 7
(0.38) 0.29) 0.33)
Buckbrush 8 19 1 10
0.21) (0.50) (0.03) (0.26)
Ground 1 2 2 4
0.11) 0.22) (0.22) (0.44)
Other 5 10 6 9
0.17)  (0.33) (0.20) (0.30)

first as indicated by a higher value than those
created for initial observations. However, se-
quential observations of some species ap-
proached an equivalent level of independence to
that obtained by the use of initial observations.
For example, one of the contingency coeflicients
for sequential observations (0.65, Table 2) of
Bewick’s Wrens was nearly as small as that ob-
tained from initial observations (0.57).

Dependency between observations in a se-
quence leads to inaccurate estimates of variance.
Unadjusted standard errors from all observa-
tions were consistently less than those adjusted
for dependency. One is thus more likely to con-
clude erroneously that two sample means are dif-
ferent with unadjusted standard errors that are
artificially small due to the lack of adjustment
for dependency.

The use of initial observations is preferable for
estimating common foraging locations, but we
are not sure which method is better for estimat-
ing uncommon foraging locations. As shown by
bootstrap and Markov chain analyses, estimates
of means of common foraging locations were
similar with both methods, and initial observa-
tions more precisely estimated common foraging
locations. However, the estimates of means and
standard errors from uncommon foraging loca-
tions differed between the two methods, and we
do not know which method estimates the true
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TABLE 5. BOOTSTRAP AND MARKOV CHAIN ANALYSES
FOR COMMON AND UNCOMMON (10% oR LEss oF OB-
SERVATIONS) FORAGING SITES AND SUBSTRATES. AO =
ALL OBSERVATIONS (INITIAL + SUBSEQUENT OBSER-
VATIONS) AND IO = INITIAL OBSERVATIONS ONLY. DE-
SCRIBED DIFFERENCES IN THE MEANS AND STANDARD
ERRORS ARE THOSE FOR WHICH THE ABSOLUTE VALUE
OF THE DIFFERENCE BETWEEN AQ AND IO WAS GREAT-
ER THAN 0.2 IO

Bootstrap Markov chain
Differences Site  Substrate Site  Substrate
Means
Common locations
AO > IO 1 2 0 1
No difference 13 9 14 11
10 > AO 0 2 0
Means
Uncommon locations
AO > IO 3 9 1 12
No difference 5 12 11 11
10 > AO 8 17 4 15
Standard errors
Common locations
AO > IO 10 6 11 4
No difference 4 5 3 7
10 > AO 0 2 0 2
Standard errors
Uncommon locations
AO > 10 4 10 8 14
No difference 5 10 4 7
10 > AO 7 18 4 17

population parameters more accurately and pre-
cisely.

We had no conclusive evidence of a visibility
bias in our habitat; however Recher and Gebski
(this volume) found some evidence of a tendency
for first-recorded prey attacks to be of particu-
larly conspicuous individuals in their study in
an open eucalypt woodland in Australia. We may
not have detected any biases because we waited
5 s before recording any observations. Recher
and Gebski concluded that the problem of over-
representation of conspicuous behaviors or in-
dividuals might be minimized by rejecting initial
observations. Rejecting initial observations may
have the same effect as our 5-s waiting period.
However, this solution may not be tenable in
habitats other than eucalypt woodland. For ex-
ample, we would not want to reject initial ob-
servations in our study, because we were unable
to follow birds for sequential observations for
41-69% of our cases.

At least three solutions can be used to deal
with problems of autocorrelation in sequential
records. First, observers could record only initial
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TABLE 6. SOME APPROPRIATE AND INAPPROPRIATE STATISTICAL TESTS FOR SEQUENTIAL DATA

Suggested analyses to examine or adjust

for dependency among sequential records

Inappropriate analyses with
dependent, sequential records

To estimate variance of
proportions for sequential
records

To compare proportions between
initial and subsequent
observations

To examine dependency among

(e.g., to compare proportions among
foraging locations, to examine

sequential records dependency among sequential records)

Categorial data (e.g., site, substrate)

McNemar’s test Bootstrap Efron
(Fleiss 1981:113-119) and Gong 1983)

Cochran’s Q
(Fleiss 1981:126-133)

Jackknife (Efron
and Gong 1983)

To estimate variance of
means for sequential records

To compare means between
initial and subsequent
observations

Pearson’s contingency

Runs test (Conover

G-test (Bishop et al.
coefficient 1975:125-130),
(Conover 1971:177)
Chi-square (Steel and Torrie
1960:346-387)
1971:349-356)
Two-sample t-test (Steel and
Torrie 1960:73-78,
82-83)
To examine dependency

among
sequential records

(e.g., to compare mean values
of foraging locations)

Continuous data (e.g., dbh, height)

Paired t-test Bootstrap
(Steel and Torrie
1960:78-80) Jackknife

Durbin-Watson D

Two-sample t-test
(Durbin and Watson
1951) Analysis of variance (Steel

and Torrie 1960:99-160,

194-276)

observations from each bird (e.g., Gibb 1954,
Morse 1970, Lewke 1982, Franzreb 1985), or
only second observations as Recher and Gebski
(this volume) have suggested, and use a study
design that ensures that all such records are in-
dependent. This method may not always be easy
or practical for answering certain biological ques-
tions. For example, we designed this study so
that we would rarely observe the same individual
bird more often than once each day. Even if the
design succeeded with this objective, however,
the same individual was likely observed in the
same territory repeatedly over a period of several
days. Our primary objective was to study the
changes in foraging behavior of a particular pop-
ulation over time. The extent to which obtaining
foraging information from the same individuals
over time may have biased results of the present
analysis is unknown. The most obvious way to
obtain completely independent records is to se-
lect new areas with new individuals for each ob-
servation, but many questions that students of
avian foraging behavior choose to answer would
not be compatible with this design.

Second, one could make sequential observa-
tions for extended periods in a pilot study, ana-
lyze for autocorrelations, and select a time in-
terval between observations to ensure
independence. Others have used intervals of 10
s (Wagner 1981a), 15 s (Landres and MacMahon
1980), and 60 s (Morrison 1984a). Because our

average interval between the first and fifth se-
quential records was 36 s, we consider the 10-s
and 15-s intervals probably insufficient to ensure
independence. Porter et al. (1985) followed six
individually marked Red-cockaded Woodpeck-
ers (Picoides borealis) for extended periods and
concluded that records separated by 10-min in-
tervals were independent. But few species are so
amenable to study; we could not have followed
many individuals for 10 min, and most studies
without individually marked birds would likely
have the same difficulty. Further, the effects of
within-season, seasonal, and annual variation on
avian foraging should be considered when estab-
lishing appropriate intervals.

Third, as in this study, one could record all
possible sequential observations from each in-
dividual and analyze the data with procedures
capable of adjusting for autocorrelation. We rec-
ommend bootstrap or jackknife procedures, both
of which can be used with sequential records of
unequal length. However, the discrepancies in
mean proportions for uncommon foraging lo-
cations found for all observations and initial ob-
servations in this study show that the two meth-
ods may give different estimates of proportions,
and we do not know which method would pro-
duce a more accurate estimate of true propor-
tions.

Airola and Barrett (1985) used sequential ob-
servations but treated each sequence as an equal-
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ly-weighted independent sample. Each measure
was expressed as a proportion of the total for
that measure in the sequence, so each individ-
ual’s record was weighted as one in the total sam-
ple. We question the validity of giving equal
weight to records of unequal length, although the
problem may be significant only for relatively
short sequences where biases are high (J. T. Ro-
tenberry, pers. commun.). A solution is to use
only records greater than a standard length, for
example, a 3-min minimum, although this would
require rejection of all records shorter than the
standard, and longer records may be biased to-
ward more visible locations or more visible bird
species or individuals.

Assumptions of statistical analyses have rarely
been achieved in studies of avian foraging be-
havior. First, most errors in the application of
statistics result from assumptions of indepen-
dence among sequential records (see Table 6).
Probably the most common example of such
errors is the use of G-tests or chi-square tests
(that assume independence between records) to
examine differences in proportions of behavioral
measures using sequential records without first
establishing that the records within each se-
quence are independent. Further, when compar-
ing initial observations with sequential obser-
vations, the two data sets must be perfectly
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matched, the sequential observations must be
weighted equally, and a test that deals with
matching must be used. For example, G-tests are
commonly used incorrectly to compare initial
observations with all observations to decide
whether sequential data may be used.

Finally, sequential observations are useful, even
essential, for certain ethological studies of for-
aging, such as transitions among various behav-
iors. They also allow one to include time as a
measure to estimate rates at which birds make
foraging strikes, move from substrate to sub-
strate, and move from one tree or shrub to
another. They may also help to correct for visi-
bility bias, because birds in relatively concealed
locations may not be detected as often by initial
observations. Although our data did not provide
evidence of such a bias, it is probably a valid
concern in some habitats.
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ANALYSIS OF THE FORAGING ECOLOGY OF EUCALYPT
FOREST BIRDS: SEQUENTIAL VERSUS

SINGLE-POINT OBSERVATIONS

HARRY F. RECHER AND VAL GEBSKI

Abstract. Up to five consecutive prey attacks were recorded for each individual encountered of five
species of Australian warblers (Acanthizidae) foraging in eucalypt woodlands near Sydney, New South
Wales. A comparison of the first (single-point observations) against all subsequent prey attacks (se-
quential observations) revealed no significant differences in the use of plant species or foraging heights
for the species studied. First observations were biased towards birds foraging in foliage, but the
differences between first and subsequent observations were not significant. For all species active prey-
attack behaviors (snatch, hover, hawk) were recorded more often on the first than on subsequent
observations. However, only a few of these differences were significant: White-throated Warblers
(Gerygone olivacea) snatched more often (P < 0.005), Little Thornbills (4dcanthiza nana) gleaned less
(P < 0.02) and hawked more often (P < 0.02), and Weebills (Smicrornis brevirostris) hovered more
often (P = 0.054) on the first than the second observations. Differences between the first and subsequent
observations were greatest for the more active species [White-throated Warbler, Weebill and Buff-
rumped Thornbill (4. requloides)] and least for the less active Striated (4. lineata) and Little Thornbills.
The differences between first and subsequent prey attacks were insufficient to affect interpretations of
resource use or of possible interactions between species. Other than for foraging height, where samples
of 110-120 individuals were necessary, observations of 60-70 individuals were required to stabilize
sample variances of the foraging behaviors of all species, irrespective of the number of consecutive
prey attacks recorded. At least for open habitats this suggests that it is necessary to record only one
prey attack for each individual encountered. These estimates of minimum sample sizes generally fell
within the range required for 90-95% confidence intervals. Greater precision requires much larger

samples.

Key Words:
attack behavior.

Studies of the foraging ecology of birds usually
employ one of two methods: single-point or se-
quential observations. With single-point obser-
vations only one set of data, usually obtained at
the first sighting of the bird or whenever it first
performs the behavior being studied, is recorded
for each individual encountered (e.g., Hartley
1953, Morse 1970). Sequential observations re-
quire the bird to be followed and data recorded
continuously (e.g., Hertz et al. 1976) or at inter-
vals (e.g., Morrison 1984a). Most observers em-
ploying sequential sampling procedures have
well-defined rules for stopping and starting which
specify minimum and maximum periods of ob-
servation (e.g., Morrison 1984a, Recher et al.
1985).

A decision as to which method to use may
largely depend on the hypotheses being tested
and the ease of studying the birds in question
(Bradley 1985). It is also necessary to have in-
formation on the extent to which observations
may be biased by conspicuous behaviors, the
importance of inconspicuous or uncommon
events, and the minimum sample sizes required
for an acceptable level of precision (Wagner
1981a, Morrison 1984a). Few studies have pre-
sented data comparing the two methods (Wagner
1981a, Franzreb 1984, Morrison 1984a) and only

Sequential observations; single-point observations; foraging ecology; sample size; prey-

Morrison (1984a) has suggested a minimum
sample size. These studies are from North Amer-
ica and compare closely related or ecologically
similar species.

As part of a study of the foraging ecology of
Australian warblers (Acanthizidae) in eucalypt
woodland near Sydney, New South Wales (Rech-
er 1989 b), data were recorded for up to five
consecutive prey-attacks for each individual en-
countered. Data were obtained for five species
of three genera which differed in their use of
substrates, foraging height distribution, and prey-
attack behavior (Recher 1989 b). In this paper
we compare interpretations of the behaviors of
these species based on the first recorded obser-
vation (single-point method) to interpretations
based on all and subsequent observations (se-
quential method). Minimum sample sizes re-
quired for analysis are also examined.

METHODS
STUDY AREA

The foraging ecology of Australian warblers was
studied during 1984 on a 25 ha plot located within a
large block (ca. 400 ha) of regrowth eucalypt forest at
Scheyville, 40 km northwest of Sydney, New South
Wales. The study site was dominated by narrow-leaved
ironbark (Eucalyptus crebra) (42% of eucalypt foliage)
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and grey box (E. molluncana) (50% of eucalypt foliage).
Other plant genera were absent from the canopy and
understory. Blackthorn (Bursaria spinosa) (>98% of
shrub foliage) dominated the shrub layer. Ground vege-
tation was dominated by exotic grasses and herbs. To-
tal tree canopy cover was 40—45% with the tallest trees
emerging to 25 m from an average canopy height of
14-18 m. Patches of dense sapling regrowth of both
eucalypts occurred throughout the plot.

The study area was flat and forms part of the Cum-
berland Plain, an extensive area of low to undulating
terrain west of Sydney. Soils in this area were primarily
derived from shale formations. The area receives about
775 mm of rain annually with a tendency for spring
(August-October) to be drier and for summer (Decem-
ber-March) to be wetter than other months. Summers
are hot (January mean maximum 30°C) and winters
are mild (July mean minimum 3°C). Recher (1989 b)
provided additional details of the plot.

Data were obtained for five species of birds: Little
Thornbill (Acanthiza nana), Striated Thornbill (4. lin-
eata), Buff-rumped Thornbill (4. reguloides), Weebill
(Smicrornis brevirostris), and White-throated Warbler
(Gerygone olivacea). All foraging data were collected
by H. Recher. He recorded up to five prey-attacks for
each bird encountered. Most birds were located visu-
ally.

Where birds occurred in either single- or mixed-
species flocks, data were recorded for as many indi-
viduals as possible without repeating observations on
the same birds. Generally this meant that fewer than
half the birds present in the flock were recorded. Al-
though it is likely that some of the same individuals
were observed on more than one occasion, observa-
tions were made on different parts of the study site on
successive days to reduce the duplication of observa-
tions on the same individuals.

As it was not always possible to determine success,
all prey-attacks were recorded irrespective of whether
or not they were successful. Bird species, type of prey-
attack behavior (e.g., glean, snatch, hawk), foraging
height, substrate of prey, and plant species, where ap-
propriate, were recorded for each observation. These
are the same procedures used by Recher et al. (1985).
Prey-attack heights were estimated to the nearest meter
and later grouped into height categories (0-0.1 m, 0.1-
2 m, 2.1-8 m, >8 m) corresponding to ground, shrub,
understory, and canopy vegetation layers.

Observations were made during spring (September—
November), summer (January—February), autumn
(April-May) and winter (July-August). With the ex-
ception of spring, when observations were made over
a 6-week period, seasonal data were collected during a
2-week period with most data obtained on 4-6 morn-
ings of fieldwork (20-30 hours). Observations generally
began within an hour of sunrise and ceased at 11:00—
12:00 EST. Additional details are in Recher (1989 b).

DATA ANALYSIS

We compared the proportions of different foraging
behaviors for the first recorded prey-attacks to the pro-
portions for all foraging sequences (i.e., the first through
the fifth prey-attack) and also to those calculated from
foraging sequences where the first observation was de-
leted (i.e., the second through the fifth prey attack).
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The comparison was performed as follows. Suppose
prey-attack heights for 0-0.1 m are being considered.
Then, for each bird of each species, we calculate the
proportion of times the bird is present in the 0-0.1 m
height range. An overall or average proportion of birds
for the species in this height range may then be ob-
tained. We next calculate the proportion of birds pres-
ent in the 0-0.1 m height range using the first obser-
vation only. If there is no bias in the observation, then
this proportion should be substantially similar to that
calculated using all the observations. A formal statis-
tical test such as the chi-squared test may then be em-
ployed. When the data compared are in terms of pro-
portions, the chi-squared test is identical to a two sample
t-test. Each behavior or foraging category was tested
separately.

As the inclusion of observations where only a single
prey-attack was recorded may influence the results to-
wards conspicuous behaviors, the data were re-ana-
lyzed using only sequences where two or more prey-
attacks were recorded and the proportions of foraging
behaviors recorded for the first observation tested
against proportions recorded for the second.

Small changes in the standard error (Sg) of the pop-
ulation mean can be used as a simple estimate of min-
imum sample sizes beyond which further observations
provide little additional information relative to the
“cost” of obtaining more data. To estimate the sg’s of
different sized samples (n) (at increments of 5), we
assumed the proportion (P) of each foraging parameter
for the total sample approximated the proportion (p)
for all sample sizes (i.e., 5, 10, 15, ... #). This is jus-
tified by the large sample sizes available for each species.
The s of p was then calculated from

P
SE(p) = \/;Q

when # is large (i.e.,, nP > 5, nQ > 5), Q= (1 — P):
“When P is the underlying proportion, the sample p is
approximately normally distributed with mean P and
standard error” (Fleiss 1981:13).

As in other analyses, the first recorded observation
was used to estimate sample sizes for single-point ob-
servations. For sequential observations the mean value
for each foraging category was calculated for each for-
aging sequence and these values used to estimate the
proportion (P) for each foraging category. In this in-
stance, P is a weighted average of the proportion of
each foraging parameter. A weighted average is pre-
ferred as sequential observations are not independent.
Thus, for example, we could not observe one bird five
times, another three times, and a third once and say
we had nine individuals. All observations were used
including individuals for which only a single prey at-
tack was recorded. Only sequential data were used in
calculating sg’s for foraging height data. In this instance
SE’s were calculated progressively from the field data.

RESULTS
SINGLE-POINT VERSUS SEQUENTIAL SAMPLES

There were seasonal differences in foraging be-
havior (Recher, 1989 b) and the proportions of
behaviors in each foraging category for single-
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TABLE 1.
(2-5) (B) OF AUSTRALIAN WARBLERS (ACANTHIZIDAE)
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CoMPARISON OF FORAGING DATA, OBTAINED BY SINGLE-POINT (A) AND CONTINUOUS OBSERVATIONS

Species

White-throated

Little Thornbill Striated Thornbill Warbler Buff-rumped Thombill Weebill
Method A B A B A B A B A B
No. individuals 324 200 421 209 84 39 160 110 252 168
No. prey attacks 324 758 421 790 84 207 160 450 252 653
Prey-attack behavior (%)
Glean 61.7 66.5 40.1 46.3 34.1 43.5 63.7 75.6 28.9 33.7
Hang-glean 2.5 2.4 36.7 33.5 0 0 0 0 4.4 9.8
Hover 11.1 10.9 12.3 12.0 7.1 12.1 16.2 13.3 53.6 42.3
Snatch 19.4 15.3 9.0 6.3 51.8 37.5 13.7 3.6 11.1 12.2
Hawk 5.2 4.9 1.8 1.8 7.1 6.9 6.3 7.6 2.0 2.0
Substrate (%)
Foliage 80.8 76.5 90.3 7.2 89.5 86.6 53.1 41.8 94.8 92.6
Bark 13.9 18.0 7.9 11.0 3.9 2.6 21.3 25.1 2.4 3.5
Ground 0 0 0 0 0 0 17.5 24.0 0 0
Aerial 5.3 5.5 1.8 1.8 7.0 10.8 8.1 9.0 2.8 3.9
Plant species (%)
Ironbark 63.9 65.2 62.8 66.4 488 51.7 36.7 339 87.1 88.8
Box 233 19.9 29.3 27.4 39.0 38.6 27.3 26.9 9.5 8.3
Other eucalypts 7.5 7.3 7.9 6.2 12.2 9.7 5.1 4.2 3.3 2.8
Blackthorn 5.2 7.7 2.2 2.0 0 0 30.8 35.0 0.1 0.1
Height intervals (m) (%)
0 0 0 0 0 0 0 16.4 14.4 0 0
0,1-2 5.0 7.6 5.0 4.0 3.3 2.2 42.1 50.1 2.0 1.7
2-8 32.1 31.5 62.7 62.5 63.7 51.3 37.7 32.8 39.6 42.4
>8 62.9 60.9 323 335 33.0 46.5 3.8 2.7 58.4 55.9

point and sequential samples were first tested for
seasonal effects. As seasonal differences did not
affect the proportions of observations recorded
in any of the foraging categories for the first ob-
servation (single-point method) compared to the
total data set or to the second plus subsequent
observations (sequential method) (G-tests, P’s >
0.05), seasonal data were combined in subse-
quent analyses.

The proportions of foraging behaviors for sin-
gle-point observations were similar to those re-
corded for sequential observations (Table 1). This
was the same whether single-point data were
compared to sequential observations with the
first prey-attack deleted (Table 1) or to the total
data set. None of the species studied had rare or
unusual behaviors that required prolonged study
(i.e., >20-25 observations) to observe or that
affected interpretations of their use of resources
and interactions with other individuals (see
Recher 1989 b, for details).

There were no significant differences in the use
of foraging substrates, plant species or height in-
tervals (P’s > 0.05) between the first and sub-
sequent observations. However, there were some

consistent, although not significant, differences
in the proportions of foraging behaviors recorded
for the first and subsequent prey-attacks. For most
species foliage was over-represented whereas bark
and aerial foraging were under-represented on
the first observation (Table 1). The exception was
the White-throated Warbler, for which the pro-
portion of bark foraging decreased with subse-
quent observations.

Apart from Buff-rumped Thornbills, the pro-
portion of prey-attacks by birds foraging in iron-
barks increased after the first observation, where-
as the proportion in grey box and other eucalypts
decreased (Table 1). Ironbark has smaller leaves
and denser foliage than grey box and the other
eucalypts on the plot, which made the detection
of birds in ironbark more difficult. Buff-rumped
Thornbills were the only birds to forage exten-
sively in blackthorn and there was an increase
in the use of blackthorn and a decrease in the
use of ironbark and grey box subsequent to the
first observation (Table 1). The foliage of black-
thorn is much denser than that of the eucalypts
and the detection of birds foraging in blackthorn
more difficult. The increased use of the shrub
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layer by Little and Buff-rumped thornbills with
the second and subsequent observations (Table
1) reflects their use of blackthorn.

Active prey-attack behaviors (i.e., snatch, hov-
er, hawk) were recorded more often and less ac-
tive behaviors (i.e., glean, hang-glean) less often
on the first compared with subsequent obser-
vations (Table 1); these differences were signifi-
cant for two species. Buff-rumped Thornbills
snatched and hovered more often and gleaned
less often on the first than subsequent observa-
tions (P < 0.001). Weebills gleaned and hang-
gleaned less often and hovered more often on the
first than subsequent observations (P < 0.025).

Testing the first against second prey-attacks,
there were no significant differences for any
specices in the proportions of plant species, for-
aging heights, or substrates recorded for the first
and second prey-attacks (P’s > 0.1). However,
there was a tendency for active behaviors to be
recorded more often and less active behaviors to
be recorded less often on the first than on the
second prey-attack. Little Thornbills gleaned less
often (P < 0.02), but hawked (P < 0.02) and
snatched more often (P = 0.1) on the first than
second observation. White-throated Warblers
snatched more often (P < 0.005) and gleaned
less often (P = 0.1) on the first than second ob-
servation. Weebills hovered (P = 0.054) more
often and hang-gleaned less often (P < 0.004) on
the first than second observation. Buff-rumped
Thornbills snatched more often on the first than
the second observation (P = 0.07). Other differ-
ences were not significant (P’s > 0.1).

ESTIMATE OF SAMPLE SIZE

The standard error of the mean for different
sized samples stabilized (i.e., a small change in
value with increasing sample size) at about +0.05
for single-point and sequential methods for all
foraging categories and all species (Figs. 1-3).
This value can therefore be used to estimate sam-
ple sizes beyond which additional observations
add little information on the proportions of dif-
ferent foraging behaviors. Although sample sizes
differed between species, generally observations
of 60-70 individuals were needed before stan-
dard errors stabilized (Figs. 1-3). For the pro-
portional data reported here, samples of 60-70
individuals fall between the sample sizes esti-
mated for 90 and 95% confidence intervals (15-
365 individuals) (Snedecor and Cochran 1980:
441-443). For a 99% confidence interval, sam-
ples exceeding 5900 individuals are required.

Foliage and bark were the two most commonly
used foraging substrates (Recher 1989 b). For
Little and Striated thornbills, which took 70—
80% of their prey from foliage, standard errors
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FIGURE 1. The standard error of the mean for the
proportions of foraging substrates used by Australian
warblers at Scheyville is plotted against sample size for
foliage and bark.

stabilized at a maximum of 50-60 individuals
(Fig. 1). Smaller sample sizes (30—40 individuals)
were required for Weebill and White-throated
Warbler which took more than 85% of their prey
from foliage. The largest sample sizes (65-70 in-
dividuals) were required for Buff-rumped Thorn-
bills which used the greatest diversity of sub-
strates and often foraged on the ground and
among debris as well as taking prey from foliage
and bark.

Snatch, glean, and hover were the most com-
mon foraging behaviors used by Australian war-
blers at Scheyville (Table 1; see also Recher 1989
b). Gleaning was the most frequently used prey-
attack behavior (35-70% of observations). Stan-
dard errors for the proportion of gleaning sta-
bilized for all species at 60-70 individuals (Fig.
2). Hovering by Weebills and snatching by White-
throated Warblers were the most common be-
haviors (40-50% of prey-attacks) used by these
two species. Standard errors for these behaviors
stabilized at 65-70 individuals for Weebills and
White-throated Warblers and for the other species
at 45-50 individuals (Fig. 2).

Ironbark and grey box dominated the study
site and accounted for >90% of foraging by Aus-
tralian warblers on eucalypts at Scheyville (Rech-
er 1989 b.) Weebills foraged almost exclusively
on ironbark (>90% of observations). For Wee-
bills foraging on ironbark single-point observa-
tions stabilized at 55-60 individuals and se-
quential observations at 65-70 individuals (Fig.
3). For all other species standard errors for the
use of ironbark as a foraging substrate stabilized
at 60-70 individuals.
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FIGURE 2. A plot of standard error against sample
size for the three most commonly used prey-attack
behaviors: snatch, glean, and hover.

Apart from White-throated Warblers, which
used grey box as a foraging substrate more fre-
quently (39% of observations) and Weebills which
used it less often (9% of observations) than other
species (Table 1), standard errors for single-point
and sequential observations for grey box stabi-
lized at 55-60 individuals. For White-throated
Warblers 70-75 individuals were required for
sequential observations and 65-70 individuals
for single-point observations (Fig. 3). Standard
errors for the proportion of foraging on grey box
by Weebills stabilized with observations of only
40-45 individuals for both single-point and se-
quential observations.

The most variable foraging parameter mea-
sured was mean foraging height. All species for-
aged from the shrub layer into the canopy and
the Buff-rumped Thornbill foraged extensively
on the ground (Table 1). Relative to other for-
aging categories, large samples were required to
stabilize standard errors. After weighting for the
number of observations per individual (see
Methods), sequential data were used to calculate
the standard error of mean foraging height with
increasing sample size (Fig. 4).

For all species the rate of change in foraging
height standard error decreased markedly after
70-80 observations with standard errors be-
tween =0.2 m for Buff-rumped Thornbills and
+0.4 m for Little Thornbill. Standard errors sta-
bilized between +0.2-0.3 m for all species after
110 observations. Estimates of the minimum re-
quired sample sizes (Snedecor and Cochran 1980:
53) for an 80% confidence interval about the mean
with standard errors between 0.2 and 0.3 m range
from 110 to 140 individuals. For a confidence
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FIGURE 3. The standard error in the use of the two
dominant eucalypts at Scheyville by Australian war-
blers is plotted against sample size.

interval of 95% the required sample size is 440
and for a 99% interval it is 725.

DISCUSSION

Sequential observations of the same individ-
ual are not independent, posing problems for the
statistical analysis of the data (Wagner 1981a,
Morrison 1984a, Bradley 1985). In addition, re-
sults may be biased towards individuals or be-
haviors that are easy to follow (Franzreb 1984,
Bradley 1985). Single-point observations have
the advantage of statistical independence, but
may be biased towards particularly conspicuous
individuals (e.g., singing males) or behaviors (e.g.,
hawking) (Wiens 1969, Wagner 1981a). Single
point observations are also useful in that details
of the substrate (e.g., plant species, substrate
height, prey concentrations) can be recorded
without the necessity of following the bird and
losing track of the foraging stations that had been
used. Sequential observations have the advan-
tage that a large amount of data can be collected
for each bird, and uncommon or inconspicuous
behaviors are more likely to be recorded (Hertz
et al. 1976, Sturman 1968, Austin and Smith
1972). Thus it is tempting to use sequential re-
cording techniques when little is known of a
species’ behavior or when individuals are diffi-
cult to locate. For these reasons sequential ob-
servations have generally when preferred (e.g.,
Hertzetal. 1976, Wagner 198 1a, Morrison 1984a,
Recher et al. 1985), but with the caveat that large
sample sizes may be necessary to overcome
problems of the lack of statistical independence
(Morrison 1984a) or that special methods are
needed to analyze the data (Bradley 1985).

Data collected over 12 months for five species
of Australian warblers suggests that there may
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be a tendency for the first recorded prey-attack
to be of particularly conspicuous individuals.
Despite the openness of the habitat in which ob-
servations were made, birds that foraged in fo-
liage were more readily detected than those for-
aging on bark. Probably this is because eucalypt
foliage tends to be clumped and clustered to-
wards the ends of branches. Foliage gleaners are
seldom concealed by leaves and the terminal po-
sition of the foliage makes them easy to detect.
Similarly, conspicuous foraging behaviors such
as snatching and hovering were over-represented
on the first recorded prey-attack. The reduced
frequency of aerial foraging (an active behavior
usually associated with hawking and/or hover-
ing) on first compared to subsequent observa-
tions may have resulted from a tendency by the
observer to avoid recording particularly con-
spicuous behaviors when birds were first sighted.
For Weebills the greater frequency of hovering
on first observations and the increased incidence
of gleaning and hang-gleaning with sequential
observations results from hovering being an ex-
ploratory as well as a prey-attack behavior, with
hovering birds landing to feed after locating prey.
With the exception of the White-throated
Warbler, none of the species studied was sexually
dimorphic. Male White-throated Warblers were
the only birds studied that sang and which were
located by sound. Although there was a tendency
for singing males to forage in the upper canopy
(Recher 1989 b), first observations tended to be
biased towards individuals foraging in lower
vegetation (Table 1). Thus, there is no indication
that the detection of some birds by song affected
results. Probably this is because of the small
numbers of males located while they were sing-
ing. All other birds were located visually. This
probably contributed to the tendency to first see
birds that were in the outer foliage of trees or
that were foraging actively. The greater propor-
tion of first observations of birds in grey box than
in ironbark may result from the more open fo-
liage and larger leaves of grey box than ironbark,
where birds were more easily concealed.
Despite the tendency to locate individuals that
were conspicuous, there were few significant dif-
ferences between the proportions of the various
foraging parameters recorded on the first prey-
attack (single-point method) versus subsequent
behavior (sequential method). Such differences
did not affect any of the conclusions relating to
the use of resources by these birds or their in-
teractions with each other. At least in the open
eucalypt habitats where this work was done,
problems of conspicuous behavior or individuals
might be minimized by rejecting the first prey-
attack observed for each bird encountered or
having a set waiting period before recording the
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FIGURE 4. A plot of standard error against sample
size for mean foraging height. In this plot standard
errors were calculated for all prey attacks as the data
were collected in the field.

first observation. Either procedure could be used
without greatly increasing the effort required to
obtain adequate sample sizes.

Regardless of the sampling procedure a min-
imum of 60-70 individuals was required to sta-
bilize sample variances for most foraging param-
eters by both single-point and sequential methods.
This estimate of minimum sample size assumes
that the proportion of each foraging behavior
recorded for the total sample approximates the
underlying proportion for the population (Fleiss
1981). As such, the estimate of sample size is
independent of the time period over which the
sample is obtained. Where there are significant
temporal or spatial changes in the proportions
of foraging behaviors within a population, sim-
ilar sized (i.e., 60-70 individuals) samples are
required for each time period or area.

The estimates of minimum sample size pre-
sented here are greater than Morrison’s (1984a)
estimate of a minimum of 30 individuals or 150
sequential observations. Inspection of Morri-
son’s data suggests a sample size of 30-40 in-
dividuals is required for single-point observa-
tions and 60-180 observations is required for
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sequential sampling, although more than 200 ob-
servations may be needed to ensure that some
rare behaviors are sampled. Both our estimates
of minimum sample sizes and those of Morrison
(1984a) fall within the range required for 90-95%
confidence intervals. Greater precision requires
much larger samples.

Although Morrison (1984a), Wagner (1981a),
and Hertz et al. (1976) advocated sequential
sampling, unless the objective of the study was
to record series of events (e.g., rates of move-
ment, search and quitting times), there appears
to be little justification for these procedures in
habitats where it is easy to locate birds. Similar
numbers of individuals are required for both pro-
cedures and sequential recording failed to detect
rare and/or unusual behaviors that might affect
interpretations regarding the use of resources or
the ways in which species interacted with each
other.
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The large sample sizes needed to stabilize sam-
ple variances for mean foraging height can be
used to establish an upper limit for data record-
ing, which is easily calculated progressively in
the field. The time saved by recording only a
single prey-attack for each individual located can
be used to obtain other habitat data (e.g., details
of substrate) or to reduce the time taken to obtain
a sample, thereby reducing effects of weather,
time of day or seasonal changes in food resources
on avian behavior.
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USE OF RADIOTRACKING TO STUDY FORAGING IN

SMALL TERRESTRIAL BIRDS

PAMELA L. WILLIAMS

Abstract. Radiotracking can be used to study foraging of small birds (approximately 30 g and larger),
often allowing a more accurate description of behavior than can be obtained by visual observation. I
describe methods used to study foraging of Northern Orioles (Icterus galbula bullockii) during the
breeding season and compare them with methods used in other radiotracking studies of small terrestrial
birds. Transmitters revealed that nesting orioles foraged as far as 1 km from their nests, returning
repeatedly to foraging sites 200-850 m away. Individuals from different nests within the same valley
used foraging sites within the same general area and in some cases were found within the same patch
of trees, sometimes simultaneously. These distant foraging sites, and this consistent overlap in foraging

activity, were not discovered until transmitters were attached to birds.

Key Words:

Radiotracking is useful for studying the spatial
and temporal distributions of the activities of
individual animals because: (1) it allows studies
of animals where detection might be difficult; (2)
it can locate foraging sites that are distant from
a central place (nest vicinity or roost); (3) itallows
continuous observation of an individual to de-
termine its use of different parts of its home range.
Thus, it allows calibration of the amount of ob-
servational time at different sites so that it is
proportional to the actual use at that site, and
thus is less biased than observational methods.

Sampling of behaviors, as well as locations,
may be improved by radiotracking. The ability
to continuously follow and identify an individual
avoids biasing observations toward conspicuous
individuals or behaviors, a common problem
(Altmann 1974). With radiotracking, an observ-
er can detect with higher confidence differences
between sex and age classes in foraging sites, sub-
strates, and distances (see Grubb and Woodrey
this volume), or follow the behavior of nonter-
ritorial as well as the more obvious territorial
individuals. The option to stay farther away from
an individual also allows testing of the observer’s
effects on behavior and site use at different dis-
tances. Radiotracking can also directly detect
simple changes in behavior. If a bird is not mov-
ing, the signal transmitted is constant, whereas
when the bird moves the signal varies. Addi-
tional activities and orientations can be moni-
tored by using simple radio circuits with variable
resistors (Kenward 1987:39-43).

Reduction in the size and weight of the elec-
tronic components of transmitters and batteries
in the last 20 years has allowed radiotracking of
birds weighing as little as 29 g (e.g., Great Tits
[Parus major; East and Hofer 1986], Catharus
thrushes [Cochran et al. 1967, Cochran and Kjos
1985], and Brown-headed Cowbirds [Molothrus
ater; Raim 1978, Dufty 1982, Rothstein et al.

Radiotracking; Northern Oriole; Icterus galbula bullockii; foraging behavior.

1984, Teather and Robertson 1985]). The greater
horseshoe bat (Rhinolophus ferrumequinum),
which ranges in weight from 17-27 g, is one of
the smallest species that has been radiotracked
(Stebbings 1982).

I radiotracked the foraging activities of nesting
Northern Orioles (Icterus galbula bullockii) at
Hastings Reservation, Monterey Co., California.
While many authors have described Northern
Orioles as nesting and feeding on all-purpose ter-
ritories (Grinnell and Storer 1924, Miller 1931,
Bent 1958), I observed considerable overlap in
space use among individuals of different pairs.
For example, in a case where two pairs nested
in the same tree, I observed at least nine indi-
viduals perching, foraging, and even singing there,
although the nonresidents were not usually pres-
ent at the same time as the resident pairs. Spacing
of nests within a 100-m radius circle varied from
solitary pairs with no neighbors to clusters of up
to 13 pairs (Williams 1988), and I suspected that
although the former pairs might have all-purpose
territories, the latter did not. I used radiotracking
to compare distances of foraging trips from the
nest and the amount of overlap in foraging areas,
if any, in relation to the density of nesting con-
specifics. The technique was used because I could
not otherwise locate an individual’s foraging areas
or determine if individuals overlapped on for-
aging sites. Using my data and a brief literature
review I report here on data obtained by radio-
tracking that could not have been discovered by
traditional observational methods.

METHODS
Equipment

The transmitter package was a Cochran design
(Cochran et al. 1967, Wilkinson and Bradbury 1988)
with a single-stage transmitter, battery (zinc-air, mer-
cury 312, or silver oxide), and a stainless steel fishing-
trace whip antenna. Transmitters were supplied by Bio-
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track, Wareham, Dorset, England BH20 5AJ and AVM
Instrument Co. Ltd., Dublin, CA 94566. Dental acrylic
was used as potting to seal out moisture. A thin piece
of cloth with a finished edge (seam binding) extending
2-3 mm beyond the transmitter was attached. This
created a larger surface area for attachment of the trans-
mitter to the bird. The joint between the antenna and
the transmitter was covered by the manufacturer with
heat-shrunk tubing, and I constructed a cone of silicone
glue around the joint to further protect it from break-
ing. The transmitters came with 15-cm antennae, which
I trimmed to extend 2-3 cm beyond the tail. Weight
at attachment for transmitters from Kenward averaged
2.1 g (N =9, range = 1.8-2.3 g); those from AVM
averaged 2.7 g (N = 3, range = 2.4-3.0 g). Weights of
the birds before transmitters were attached averaged
34.8 g (N = 12, range = 29-39 g), and the transmitters
averaged 6% of body weight (range = 4.9-7.7%).
After I soldered the battery lead to the transmitter
and completed potting over the solder joint, I located
the frequency of the strongest signal and any weaker
signals from the transmitter on each receiver. (Weaker
signals may result from problems in transmitter con-
struction; knowledge of them may be useful later in
locating the signal if it shifts with time or temperature.)
When possible, batteries were activated 24 hours be-
fore needed because early battery failures often oc-
curred within that time and because shifts in signal
frequency sometimes occurred soon after activation. [
used three receivers of model CE-12 from Custom
Electronics (the same as the LA-12 model from AVM).
I located the signal on all receivers, because slight dif-
ferences in fine tuning occurred between receivers.

Attachment

I attached the transmitter while an assistant re-
strained the bird; placing the toe of a baby’s sock over
the bird’s head calmed most individuals. I weighed the
bird and the transmitter before attachment to closely
monitor the effects of the relationship between trans-
mitter weight and individual behavior. The transmitter
was then placed anterior to the articulation of the hu-
meri, as high on the back as possible without interfering
with the movement of the head (see illustrations in
Cochran et al. 1967, Raim 1978, Perry et al. 1981).
Transmitters were attached to six birds with contact
cement and to 11 birds with cyanoacrylate glue. Feath-
ers in an area slightly larger than the transmitter were
trimmed to a length of 1-2 mm and the area was cleaned
with acetone or alcohol. Trimming the feathers rather
than removing them prevented stimulation of the
growth of new feathers that would push the transmitter
off. Before releasing the bird I again located the signal
on the receiver to confirm that the frequency had not
shifted during attachment.

Following the bird

Immediately after release, many newly radioed
Northern Orioles flew to a nearby hillside and foraged
there for several hours. All birds had resumed normal
behavior patterns after 3—4 hours and showed no dif-
ficulty in flying or other activities. Although I usually
followed the birds immediately after release, only data
collected at least three hours after release were ana-
lyzed. By that time I was aware of no differences in
behavior due to the transmitter. I followed individuals
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on foot, carrying a receiver and three-element Yagi
antenna (see Mech 1983 for details on methods of fol-
lowing animals).

RESULTS
SUCCESS OF METHOD FOR NORTHERN ORIOLES

The five radio-tagged, nesting females I fol-
lowed in 1984 returned in 1985 and four of these
again nested on the study area. I recaptured two
about a week after they had lost their transmit-
ters. They had lost the feather quills where the
transmitter was attached but the skin appeared
healthy. I recaptured one of these birds in 1985,
and she showed no evidence of the previous year’s
transmitter attachment. Four of the five nesting
females tracked in 1984 and six of nine nesting
females tracked in 1985 successfully fledged
young, while the average nest success in these
years for the study population was 62% (N = 42)
and 68% (N = 34), respectively (Williams 1988).
1 did not monitor the return of individuals in
1986, but I believe these results indicate that the
transmitters did not adversely affect survival and
reproduction.

I placed transmitters on 17 females and gath-
ered sufficient data to analyze movement pat-
terns of 13. I was able to follow birds an average
of 9 days (range = 3-15 days; sD = 4 days) before
either the battery failed or the transmitter fell off.

The average life of batteries active for more
than 24 hours was 11.9 days (N = 13, sp = 8.0
days). One transmitter retrieved after 13 days
was monitored until the battery failed after 35
days. The zinc-air batteries had a higher failure
rate than the mercury batteries within the first
24 hours after being activated.

It was not always possible to tell if a female
was still carrying a transmitter after it stopped
working, because it was preened into the feathers,
with only the antenna remaining visible. Five
transmitters attached with contact cement re-
mained attached for 14 = 8 days sD, whereas 10
attached with cyanoacrylate glue stayed attached
for 16 £ 18 days spD. Two (one attached with
each type of glue) that fell off after two days were
recovered and re-attached to the same individ-
uals for 13 and 14 days. In most cases the at-
tachment lasted longer than the battery. This was
especially true using cyanoacrylate glue, with two
females carrying their transmitters a minimum
of 42 and 55 days.

Using hand-held equipment, I was able to de-
tect line-of-sight distances up to 1 km. The signal
from a bird on the ground could be detected from
about 300 m.

DISTRIBUTION OF FORAGING SITES

Assuming that the movements of nesting fe-
males were primarily influenced by food avail-
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ability, and that females would minimize the dis-
tance traveled from their nests, I compared the
spatial distribution of foraging sites of females
to the density of conspecifics near their nest site.
Observations along yielded little information. I
located dispersed pairs readily when they were
near the nest, but only rarely after they left the
area. Where nests were clustered, it was easier
to locate a foraging individual, but it was not
possible to follow a particular individual or re-
locate it on enough occasions to adequately de-
scribe its foraging area. Soon after departing the
nest individuals usually disappeared into dense
foliage or over a hill, occasionally flying directly
out of sight. Given that I was often unable to
locate birds foraging, I could not know whether
they were present and camouflaged or had left
the nest area. Although T observed birds from
different pairs foraging sequentially in the same
tree, and sometimes even simultaneously with a
minimum of aggressive interactions, it was not
possible to determine whether these were rare or
common occurrences.

Using transmitters I discovered that individ-
uals sometimes foraged undetected in the canopy
of a tree for as long as an hour and that they
could enter or leave a tree undetected. They
sometimes appeared to move only to the next
tree or over a small hill but were located next at
sites up to 1 km from their nests. I found no
consistent association between the direction they
departed from the nest and the direction of their
destination. In the first month after their arrival
in the spring, I discovered that the orioles aban-
doned their nesting areas during cold or rainy
weather and spent whole days on nearby hill-
sides, sometimes with other individuals in the
same tree, as well as occasionally making trips
of several hours duration to sites at least as far
as 1 km from their nests. Only by using trans-
mitters was I able to determine the proportion
of time females spent foraging at different sites,
the distance traveled from the nest to foraging
sites, or whether there was overlap in foraging
areas among different females either sequentially
or simultaneously.

During incubation I followed seven females,
two in 1984 and five in 1985, for varying num-
bers of days. I used three 3-hour samples from
different days to compare foraging by these fe-
males. Because of considerable individual vari-
ation in movement patterns, even among fe-
males nesting at the same density, I have
presented data for each female separately (Fig.
1). Each female spent on average 2 hours of a
3-hour watch in her nest tree (X = 128 min, SD =
13 min). Females foraged farther than 200 m
from their nests between 10% and 92% of the
time. Four of the seven females spent more than
50% of their foraging time at these distant sites.
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FIGURE 1. The relationship between nest density
and proportion of foraging time spent at increasing
distances from the nest for incubating female Northern
Orioles at Hastings Reservation during 1984-1985.
Each set of three bars represents the mean and standard
error from three 3-hour observations of one female,
with the density of nests within a 100 m radius around
her nest on the X axis below the data for each female.
The first of two females nesting with one nest within
100 m is represented by only two bars because she was
not observed foraging less than 100 m from her nest.

Of the three females that spent less than 50% of
their time at distant sites, one spent 58% foraging
100-200 m from her nest, whereas the other two
did almost half of their foraging (40% and 54%)
within 100 m of the nest. The two females with
only one other pair nesting within 100 m spent
92% and 10% of their time foraging more than
200 m from their nests. A similar contrast was
noted between the two females with four neigh-
boring pairs, who spent 90% and 35% of their
time at distances more than 200 m from the nest.
The variation in distance to foraging sites be-
tween females nesting at the same density, and
the lack of correlation between foraging distance
and nest density, suggest that density of conspe-
cifics near the nest was not an important deter-
minant of foraging patterns. Although this con-
clusion is only tentative because of the small
sample size, the fact remains that I would not
have known about foraging sites beyond 100 m
from the nest without the use of telemetry. This
would have eliminated more than 53%, on av-
erage, of the foraging time of these females.
Between 5 and 23 May 1985, I tracked six
females, each for a varying number of days. Four
were incubating, one nest building, and one lay-
ing. This revealed extensive overlap in foraging
sites among five females nesting in a valley with-
in 0.5 km of each other, but solitary foraging by
the sixth female nesting on a ridge over 0.5 km
from the nearest nest in the valley (Fig. 2). This
female, nesting 230 m from her nearest neighbor,
did more than two-thirds of her foraging 200-
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FIGURE 2. The study area at the Hastings Reservation showing nest sites and foraging sites of six female
Northern Orioles tracked for different numbers of days each between 5 and 23 May 1985. Nest sites of additional
orioles present in the same season are not shown. Big Creek runs through a lowland area with terrain rising
both to south and north as well as along the creek east of nest site 711.

320 m from her nest, by herself or with her mate.
In contrast, the females nesting in the valley
overlapped considerably in foraging areas. They
did the majority of their foraging at sites on
Buckeye Hill and in neighboring ravines at the
north end of the valley, flying 200-850 m from
their nests to these sites. While these five birds
overlapped in general foraging area, they also
sometimes overlapped in exact foraging sites.
Thus, females 711 and 713 foraged near each
other in neighboring trees on one occasion, and
female 612 left a foraging site just before female
717 arrived at that site. It was more common to
detect sequential overlap in foraging sites, as evi-
denced by other observations of these same fe-
males. Additionally, female 717 was observed
overlapping sequentially with females 715 and
711. While at these foraging sites, I could usually

see or hear a number of other Northern Orioles,
either on the sites or flying overhead up and down
the hillside or ravine. In a few cases I could iden-
tify banded individuals in addition to the birds
with transmitters. The only way I could monitor
the females at this time was by following their
signal and seeing them fly in and out of an area.
They left their nests in a variety of directions,
giving no visual cues of their final destinations.
While foraging they were hidden from view in
the canopy. Without the use of radiotracking I
would never have discovered this considerable
overlap in foraging areas.

DISCUSSION

Contrary to the prevailing view regarding
spacing in breeding populations of orioles (e.g.,
Lowther 1975, Orians 1985a), Northern Orioles
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in this study were not consistently territorial. This
is shown by clustered nests and by radiotracking
data, which showed (1) significant overlap in for-
aging areas of breeding birds, and (2) recurrent
use by the same individuals from one breeding
area of a localized foraging area. The latter sug-
gests some form of communication among these
individuals. Their nesting dispersion and feeding
overlap remind one of other icterids such as the
Brewer’s Blackbird (Euphagus cyanocephalus,
Horn 1968).

The occurrence of dispersed as well as clus-
tered nesting in the Northern Oriole may vary
geographically (see Pleasants 1979, Williams
1988). A contributing factor in central California
is the seasonal summer drying and local uncer-
tainties in insect food levels. Thus, overlap in
foraging is not surprising.

OTHER SPECIES

Radiotracking has been used mainly to deter-
mine home-range size and to follow social be-
havior (e.g., Bradbury 1977, MacDonald 1978,
Marquiss and Newton 1981, Pruett-Jones 1985,
Wilkinson 1985, Wood 1986), but is now being
used increasingly for foraging studies to obtain
information that is not available by observation
alone.

East and Hofer (1986) found that Great Tits
foraged intensively at small patches interspersed
among similar-sized areas of low use. This con-
firms laboratory studies showing that Great Tits
concentrate foraging in areas with high food den-
sity while continuing to appraise food availabil-
ity elsewhere. The two territorial males they fol-
lowed ranged over substantial areas outside their
territorial boundaries, foraging on the territories
of other males. The single nonterritorial bird also
ranged over a large area. “Radio signals sug-
gested that Great Tits spent a large percentage
of their time during the late morning and after-
noon foraging near the ground in dense vegeta-
tion, explaining why Great Tits are so difficult
to observe after an active period following dawn”
(East and Hofer 1986).

The Woodcock (Scolopax rusticola) is an elu-
sive and secretive species. Using radiotracking,
Hirons and Owen (1982) established that in win-
ter and early spring birds foraged mainly in pas-
tures at night, returning to woodlands during the
day. As nights got shorter, the birds switched to
feeding in woodland during the day and roosting
at night. As with Great Tits, individual Wood-
cocks used intensively only small patches within
preferred habitat, and these were arcas where
earthworm densities were highest. Hirons and
Johnson (1987) found no evidence that Wood-
cocks preferred swampy patches, as described by
other authors, e.g., Cramp and Simmons (1982).
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Nesbitt et al. (1978) found a consistent pattern
of foraging movements for three groups of Red-
cockaded Woodpeckers. By placing a transmitter
on one bird they followed the daily movements
ofall clan members alonga 1.9-km foraging path.
Each clan began moving and feeding soon after
leaving the roost hole in the morning and moved
quickly until late morning or early afternoon,
reaching the farthest distance from the roost, 0.72
km on average, early in the afternoon; they re-
turned in the late afternoon, sometimes in one
direct flight.

Radiotracking of two species of brood para-
sites, Brown-headed Cowbirds and the Common
(or European) Cuckoo (Cuculus canorus) sup-
ported qualitative information that these birds
have separate breeding and feeding ranges. Wyl-
lie (1981:96) found that cuckoos moved 4 km
between breeding areas in reed beds and feeding
areas in orchards and scrublands. Several males
and females used the same feeding areas, al-
though foraging was usually solitary. Rothstein
et al. (1984) found that Brown-headed Cowbirds
spent the early mornings on breeding areas, and
in late mornings and afternoons flocked at fa-
vored feeding areas. Females visited fewer feed-
ing sites, traveled shorter distances between sites,
and spent more time at feeding sites than males.
Some males commuted between disjunct breed-
ing and feeding sites; others stayed at feeding
sites all day.

Common Grackles (Quiscalus quiscula) at three
roosts in Oklahoma foraged on successive days
at sites an average of 11.9 km apart, and did not
always return to the same roost (Bray et al. 1979).
European Starlings (Sturnus vulgaris) wintering
in Oregon also foraged at different sites each day,
although they returned to the same roost each
night. The average distance between sites used
on succeeding days was 4.8 km (Bray et al. 1975).
In contrast, in New Jersey this species used sev-
eral roosts, with individuals using up to five dur-
ing the 4-month study, while each bird returned
regularly to the same diurnal activity center
(Morrison and Caccamise 1985). Multiple roost
sites may have been used to exploit rich sources
of supplemental food near those roosts, while
maintaining foraging territories in areas of per-
sistent food abundance.

CONCLUSIONS

Radiotracking allows the gathering of impor-
tant qualitative and quantitative information on
the foraging activities of individuals that could
not be discovered otherwise. Large amounts of
data can be accumulated, albeit on a small num-
ber of individuals. However, the procedure is
both expensive and time-intensive, and equip-
ment failures are not uncommon. Using auto-
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matic monitoring equipment can save consid-
erable time, but at great initial expense and loss
of direct observations of behavioral details, and
the procedure is not appropriate for all studies.
Despite these problems, radiotracking is an im-
portant component of thorough modern studies
of resource use in avian populations.
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INFLUENCE OF SAMPLE SIZE ON INTERPRETATIONS OF
FORAGING PATTERNS BY CHESTNUT-BACKED CHICKADEES

LEONARD A. BRENNAN AND MICHAEL L. MORRISON

Abstract.

We used sequential sampling techniques and statistical estimation of sample size to analyze

the influence of sample size on interpretations of seasonal patterns of foraging by a resident population
of Chestnut-backed Chickadees (Parus rufescens). We found that estimates of central tendency and
dispersion for use of tree species, use of foraging substrate, and foraging behavior stabilized when 40
or more samples were used and that 30-50 samples were usually required for 95% confidence that an
estimated mean would be within 10% of the mean of the entire sample. Although seasonal patterns
obtained from two month and one month sampling periods were similar, the one month period
provided greater information on changes in foraging patterns.

Key Words:

Sample size analysis; scasonal foraging patterns; use of tree species; use of substrates;

foraging behavior; Chestnut-backed Chickadee.

Variations in sample size can have a strong
and potentially confounding influence on ob-
served patterns of behavior (Kerlinger 1986:109);
yet, little attention has been paid to the influence
of sample size on analyses of avian foraging be-
havior. There are techniques for determining the
minimum number of samples needed to see
whether an estimate of a parameter falls within
a selected confidence interval (see Cochran 1977,
Scheaffer et al. 1986, and references therein). Un-
til recently, however, ornithologists have gen-
erally neglected the use of statistical and graph-
ical procedures for assessing factors that influence
analyses of foraging behavior and habitat use
(but see Wagner 198 1a; Morrison 1984a, b; Block
etal. 1987). Typically, most investigators collect
as many samples as possible and then base their
analysis on all samples collected, without regard
to the adequacy of their sample size. This study
was designed to expand upon Morrison (1984a)
by extending the assessment of the influence of
sample size to include seasonal changes in for-
aging behavior. Using the Chestnut-backed
Chickadee (Parus rufescens) as an example, our
objectives were to (1) determine the number of
samples required for obtaining precise (based on
the stability of means and variances) estimates
of foraging behavior during different times of the
year, and (2) evaluate how different time scales
affect the outcome of patterns of seasonal changes
in the use of tree species, use of foraging sub-
strates, and foraging behaviors.

METHODS
STUDY AREA

We studied the foraging behavior and habitat use of
Chestnut-backed Chickadees in the mixed-conifer for-
est zone of the western Sierra Nevada approximately
8 km east of Georgetown in El Dorado County from
May 1986 through April 1987. Data were collected on
and around the Blodgett Forest Research Station, Uni-
versity of California, at approximately 1100 meters

elevation. This area is a mature mixed-conifer second-
growth forest dominated by Douglas-fir (Pseudotsuga
menziesii), white fir (4bies concolor), incense cedar
(Calocedrus decurrens), ponderosa pine (Pinus pon-
derosa), sugar pine (P. lambertiana) and California black
oak (Quercus kelloggii). See Morrison et al. (1986) for
a description of the study area.

DATA COLLECTION

The data used in this study were collected as part of
an ongoing study of seasonal variation in foraging and
habitat use by chickadees in the western Sierra Nevada.
Observers walked random transects through the forest
and recorded timed (8-30 s) observations of foraging
chickadees. The observer waited a minimum of 10 s
after seeing the bird, and then recorded a series of
variables which corresponded to the tree species, sub-
strate, and mode of foraging. We used the focal animal
technique described by Altmann (1974) and Martin
and Bateson (1986). Each recorded observation con-
sisted of between two and ten records, or lines of data.
Each time a bird changed tree species, substrate, for-
aging mode, or foraging height, a new record, or line
of data, was added to the observation until the bird
was lost from sight. Thus, each observation consisted
of 1-9 sequential records of foraging observations. Each
sequential series of 1-9 foraging records was treated as
a single (N = 1) sample (see Data Analysis section
below).

When flocks were encountered, we allowed at least
10 min to elapse between recording foraging obser-
vations. At Blodgett, chickadees forage in flocks from
July until late March or April, and as solitary birds or
pairs during nest building and breeding (mid to late
April through early July; Brennan, pers. obs.). Thus,
the detectability of foraging chickadees varied during
the annual cycle. During the breeding season, most
foraging observations were of breeding birds near
(within 100 m) nests. Foraging observations of family
groups (parents and fledglings) make up a major part
of the July and August observations. Family groups of
chickadees and mixed species-flocks were treated in a
similar manner when foraging observations were made.
Mixed flocks of Chestnut-backs and other species (e.g.,
Mountain Chickadee [P. gambeli], Red-breasted Nut-
hatch [Sitta canadensis)], Golden-crowned Kinglet [Re-
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FIGURE 1. Percent use of two tree species (Douglas-
fir and white fir) by Chestnut-backed Chickadees dur-
ing four different sampling periods at Blodgett Forest
Research Station, 1986-1987. Solid dots represent mean
values at sample sizes ranging from 10 to 80 obser-
vations, vertical bars represent one standard deviation.
Horizontal lines represent means calculated from all
80 samples.

gulus satrapal) also foraged on the study area for much
of the year.

Observations were made during all daylight hours
and under the range of climatic conditions of the west-
ern Sierra Nevada (30°C during summer to freezing
rain and snow in winter). Data were collected by four
different people. Interpretations of observations were
standardized during training exercises every time an
observer had not continuously collected data during
the previous three week period.

DATA ANALYSIS

We selected variables that represent three important
aspects of foraging by Chestnut-backs: (1) use of tree
species, (2) foraging substrate, and (3) foraging mode.
Chestnut-backs spent nearly 99% of the time foraging
in six species of trees, using four different substrates
and eight foraging modes (Brennan and Morrison, un-
publ. data). For this study we used data that illustrate
the variability of foraging by Chestnut-backs on two
species of trees (Douglas-fir and white fir), in two sub-
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FIGURE 2. Percent use of two foraging substrates
(tree foliage and tree twigs) by Chestnut-backed Chick-
adees during four different sampling periods at Blodgett
forest Research Station, 1986—1987. Symbols as in Fig-
ure 1. Asterisks denote means that were statistically
significant from the remaining homogeneous subset (P
< 0.05, SNK-ANOVA).

strates (tree foliage and tree twigs), and using two for-
aging modes (gleaning and hanging). We selected these
variables because they represent aspects of foraging
that are used in varying amounts during different sea-
sons.

The raw data from each foraging observation were
transformed into a matrix of percentages of the total
time Chestnut-backs used each tree species, substrate,
and foraging behavior. Transforming the data from a
discrete (e.g., frequency of tree species use) to a con-
tinuous form (percent of observation time), by math-
ematically combining the frequency data with corre-
sponding seconds of observation time, allowed us to
analyze the data using standard one-way analysis of
variance and associated tests for homogeneity of means
and variances (see below). It also served to standardize
the data because of the variation in observation time
(8-30 s). Furthermore, this method allowed us to cal-
culate confidence intervals around mean values. In-
corporating sequential records of foraging behaviors
into a single sample allowed us to circumvent problems
of dependency that arise when each sequential record
is treated as an individual sample.
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We selected two-month intervals for our sample size
analyses for several reasons. First, we needed sufficient
samples to insure stability of means and variances. We
considered estimates of means and variances to be sta-
ble when they converged with the estimates obtained
from all (N = 80) samples used within a sampling
period. The sample size of 80 was selected because this
represented the largest number of samples collected
during sampling periods in the fall and winter. Second,
a two month period can be aligned with significant
biological events during the chickadees” annual cycle:
May through June is typically the core of the breeding
period; family groups frequently forage as flocks during
July and August; the onset of fall rains and leaf ab-
scission for deciduous trees (most notably Q. kelloggii)
occurs during September and October; the onset of
winter and the first snows begin in the western Sierras
during November and December; January and Feb-
ruary are typically the coldest months; pre-breeding
events (pair bonds and nest building) begin in March
and April.

During each two month sampling period, we ran-
domly subsampled (with replacement) each data set
ten times, using sample size increments of ten. We used
Student-Newman-Keuls multiple comparisons with
one-way analysis of variance (Zar 1974:151) to test for
differences in means of each different sample size for
each variable.

For the statistical estimation of sample size, we used
Stein’s two-stage technique (Steel and Torrie 1960:86),
which employs the following equation:

n = ((s?)/(d)

where ¢ is the z-value for the desired confidence interval
with n — 1 degrees of freedom for the sample used, s
is the standard deviation, and d is the half-width of
the desired confidence interval. To be 95% confident
that the mean of a given variable would be within 10%
of the mean from all 80 samples from a particular
sampling period, we sequentially calculated the stan-
dard deviations from 10, 20, 30 ... » samples until
the estimated sample size converged with the sample
size of the subset being used. To analyze the effect of
the length of sampling period on seasonal patterns of
foraging we compared one month and two month sam-
pling periods. This allowed us to examine seasonal
patterns in relation to 6 and 12 intervals, each of which
represents a different portion of the annual cycle.

RESULTS
INFLUENCE OF SAMPLE SIZE

Qur data indicated that the size of the sample
significantly affected the outcome of the analysis.
At sample sizes >30, the estimated means ap-
peared to converge with the mean value of a
particular variable for the entire sampling peri-
od. Along with convergence of mean values, the
standard deviations of the estimates also stabi-
lized when 40 or more samples were used (Figs.
1-3).

Although the mean values varied widely be-
tween some sampling periods (see, for example
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FIGURE 3. Percent time spent gleaning and hanging

by Chestnut-backed Chickadees during four different
sampling periods at Blodgett Forest Research Station,
1986-1987. Solid dots represent mean values at sample
sizes ranging from 10 to 80 observations, vertical bars
represent one standard deviation. Horizontal lines rep-
resent means calculated from all 80 samples. Asterisks
denote means that were statistically different from the
remaining homogeneous subset (P < 0.05 SNK-AN-
OVA).

the use of white fir [Figs. 1E,F], or the use of
twigs [Figs. 2E,F]), time of year did not appear
to affect the number of samples required for a
stable estimate of means and variances.

In all cases involving variables and sampling
periods, variances were not equal with different
sample sizes (Bartlett’s test for homogeneity of
variances, P < 0.001). In four instances the mean
values of the subsample estimates did not equal
the other means from the subsamples of each
variable (P < 0.05 Student-Newman-Keuls one-
way analysis of variance [SNK-ANOVA]). These
were: N = 10 for the May-June analysis of tree
foliage use (Fig. 2A); N = 20 for the July-August
analysis of gleaning behavior (Fig. 3B); N = 10
for the July—August analysis of hanging behavior
(Fig. 3F) and N = 10-20 for the September—
October analysis of hanging behavior (Fig. 3G).
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TABLE 1. SaMPLE S1zES REQUIRED FOR 95% CONFIDENCE THAT THE ESTIMATED MEAN Is wiTHIN 10% OF THE
MEAN VALUE, CALCULATED FROM THE ENTIRE GROUP OF 80 SAMPLES FOR EACH FORAGING BEHAVIOR VARIABLE
UsING CHESTNUT-BACKED CHICKADEE FORAGING DATA COLLECTED AT BLODGETT FOREST, MAY-DECEMBER 1986.
MEAN VALUES AND STANDARD DEVIATIONS USED FOR THE SAMPLE SiZE CALCULATIONS ARE GIVEN IN FIGURES
1-3

Size of sample used Number of samples

Sampling period Variable for calculation required*

May-June Use of Douglas-fir 10 97
20 30

Use of white fir 10 91
20 105

30 36

Use of tree foliage 10 17
Use of tree twigs 10 203
20 54

30 30

Gileaning behavior 10 10
Hanging behavior 10 135
20 59

30 33

July—August Use of Douglas-fir 10 204
20 79

30 70

40 40

Use of white fir 10 156
20 25

Use of tree foliage 10 85
20 20

Use of tree twigs 10 153
20 25

Gleaning behavior 10 10
Hanging behavior 10 117
20 33

September—October Use of Douglas-fir 10 148
20 126

30 92

40 73

50 50

Use of white fir 10 112
20 48

Use of tree foliage 10 22
Use of tree twigs 10 40
20 22

Gleaning behavior 10 43
20 20

Hanging behavior 10 21
November-December Use of Douglas fir 10 140
20 41

Use of white fir 10 305
20 198

30 57

40 41

Use of tree foliage 10 27
Use of tree twigs 10 61
20 21

Gleaning behavior 10 22
20 16

“ Based on Stein’s two-stage technique, see text lor equation.
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FIGURE 4. Seasonal variation in use of tree species, use of substrates, and foraging modes by Chestnut-backed
Chickadees at Blodgett, using a one month interval. Dots represent mean values, vertical bars represent one

standard deviation.

Otherwise, the means derived from subsampling
10-80 samples represented homogeneous groups
of estimates that were not statistically different
(P < 0.05; SNK-ANOVA).

SAMPLE SIZE ESTIMATION

The number of samples required to be within
10% ofan estimated mean 95% ofthe time varied
widely (Table 1). For example, common foraging
behaviors, such as percent time foraging on fo-
liage, or percent time gleaning from all substrates
generally required 10-20 samples, whereas un-
common or highly variable behaviors such as use
of white fir, use of Douglas-fir, or use of tree twigs
required 30-50 samples (Table 1). In only one
case were more than 40 samples required for
estimating a variable: the use of Douglas-fir in
September—October (Table 1).

LENGTH OF SAMPLING PERIOD

We found similar patterns for both the one
month and two month sampling periods (Figs. 4
and 5). The use of tree species, substrates, and
foraging modes varied dramatically across the
year in both analyses. For example, use of Doug-
las-fir decreased during the summer and then
rose during late fall and early winter. Use of white
fir increased dramatically during July and Au-
gust, but was low during the rest of the year. The
use of twigs increased and the use of foliage de-
creased during the fall (Figs. 4 and 5). Gleaning
peaked during late summer, whereas time spent
hanging from terminal buds, twigs, and foliage
varied widely (Figs. 4 and 5).

DISCUSSION
SAMPLE SIZE ANALYSES

The number of samples required to obtain re-
liable estimates of the relative amounts of time
chickadees spend foraging was variable. Com-
mon behaviors typically required 10-20 samples
for estimates of central tendency and dispersion,
whereas less common behaviors required up to
40 (and in one case 50) samples. These results
generally support Morrison’s (1984a) findings that
confidence intervals and mean values remained
virtually unchanged at sample sizes =40 or larg-
er; he concluded that samples from at least 30
individuals were required for a reliable estimate.
We found, however, that some estimates based
on 20 or fewer samples differed from the overall
(all 80 samples) mean. These differences may be
related to the different species studied: Morrison
studied two species of migrant Dendroica, where-
as we used a resident parid. Morrison collected
data from April to July; thus, his results are most
comparable with ours from May-June. None of
the mean values calculated for the different sam-
ple sizes in our analyses was statistically different
from the overall means for each variable during
the May-June sampling period; perhaps there is
less variation in behavior of foliage-gleaning birds
during the breeding scason than at other times
of the year, and this accounted for the lack of
statistical differences in the means for this sam-
pling period.

Our estimates of the number of samples re-
quired for a reliable estimate of foraging behav-
ior were considerably lower than those calculated
by Petit et al. (this volume), who found that sev-
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eral hundred samples were generally needed. The
differences are most likely a function of analytical
approaches., We used individual variables,
whereas Petit et al. considered sets of foraging
behavior categories simultaneously. As a result,
behaviors used less than 5% of the time strongly
influenced their calculations of sample sizes.

INFLUENCE OF SAMPLING TIME SCALE

Although the one month and two month sam-
pling periods showed similar seasonal foraging
patterns, much detail was lost as the length of
sampling period increased. Whether this is im-
portant depends on the questions being asked.
For example, an assessment of interactions be-
tween a population of birds and changes in food
availability would require numerous, short sam-
pling periods, whereas a gencral assessment of
foraging behavior could be done using longer (2—
3 month) sampling intervals. The inherent vari-
ability and shifts in foraging behavior are
“smoothed out” as the time interval is increased.

Chickadees are, in many respects, generalists
with a wide repertoire of foraging behaviors. Our
results indicated that reliable estimates of their
foraging behavior require at least 40-50 behavior
samples per sampling period. Year-round anal-
ysis would require a minimum of 240-480 sam-

ples, depending on sampling interval (two months
vs. one month). For a year-round investigation
of an assemblage of, say, ten species, 2 minimum
of 2400 behavior samples would be required,
depending on the behavioral variability of in-
dividual species. Species with less varied behav-
ior would probably require fewer samples. There
is no sound biological or statistical justification
for attempting such community-level analyses if
adequate numbers of samples cannot be collect-
ed; even cursory survey work would be suspect.
Thus, researchers would be advised to restrict
their sampling to the number of species for which
adequate samples—and thus meaningful re-
sults—can be obtained. In all cases sample size
analysis is essential.
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PRECISION, CONFIDENCE, AND SAMPLE SIZE IN THE
QUANTIFICATION OF AVIAN FORAGING BEHAVIOR

Lisa J. PETiT, DANIEL R. PETIT, AND KIMBERLY G. SMITH

Abstract. We used equations presented by Tortora (1978) to estimate minimum sample sizes for
avian foraging data. Calculations using absolute precision provided considerably lower estimates of
sample size than those using relative precision. When sample sizes were estimated using absolute
precision more observations were required to accurately represent foraging behavior of a generalist
than of a specialist, but, for a precision of +5% with k = 3 categories, no more than 572 observations
were ever required. The opposite trend was observed with relative precision, such that, for extreme
specialists, with k = 3 categories, > 100,000 observations were needed to achieve relative precision
of 5% around extremely rare behaviors. Because foraging studies typically focus on common behaviors,
absolute precision is usually adequate for estimating sample size. Estimates of sample size acquired
using Tortora’s (1978) equations are dependent upon desired levels of confidence and precision. The

estimation method can also be used a posteriori to determine precision associated with a sample.

Key Words:

The increased use of statistics over the last two
decades to analyze avian foraging behavior has
heightened awareness of the problem of obtain-
ing enough observations for proper analysis.
Sample size clearly has a considerable effect on
one’s ability to make statistical inferences; yet,
few attempts have been made to determine the
number of observations needed to quantify avian
foraging behavior. It would appear that most re-
searchers simply gather the greatest number of
observations possible, without much regard for
which sample sizes may be appropriate for their
analyses. Thus, a great variation in sample sizes
of foraging behavior has been reported in the
literature, ranging from 20-30 (e.g., Eckhardt
1979, Tramer and Kemp 1980, Maurer and
Whitmore 1981) to >1000 (e.g., Holmes et al.
1979b, Sabo 1980, Landres and MacMahon
1983) single point and sequential foraging ob-
servations on individual species. Data collected
in two or more field seasons are often combined
to increase sample sizes, but that practice may
not be appropriate because of between-year dif-
ferences (e.g., Landres and MacMahon 1983).

Only Morrison (1984a) has directly assessed
influence of sample size. Based on stabilization
of means and narrowing of confidence intervals
with increasing sample size, he suggested that a
minimum of 30 independent observations (i.e.,
individual birds) were necessary to quantify for-
aging behavior of two species of warblers. The
point at which confidence intervals are sufficient-
ly narrowed, however, may be difficult to ascer-
tain through simple inspection. In addition, be-
cause avian foraging behavior data often are made
up of multiple variables dissected into many cat-
egories (e.g., “glean,” “hover,” and ““hawk” within
the variable, ““foraging mode’’), Morrison’s
(1984a) method involved calculating confidence

Sample size; avian foraging behavior; generalist; specialist; precision.

intervals for each category of observations sep-
arately, such that minimum sample sizes in his
study varied among different categories within
the same variable. Further, it is not clear whether
Morrison’s estimate of sample size is readily gen-
eralizable to other passerine species.

Another factor that may influence sample size
is variation of behavioral repertoires among
species. For example, for a species with a fairly
limited repertoire, with most observations falling
into one or very few categories (i.e., a specialist;
Morse 1971a), adequate sample sizes might be
smaller relative to those required to quantify the
more diverse repertoire of a foraging generalist.
On the other hand, Tacha et al. (1985) indicated
that large sample sizes were needed to capture
rare behavioral events. If so, more observations
will be needed to characterize a specialist’s be-
havior compared to that of a generalist because
of difficulty associated with quantification of rare
events.

To maximize efficiency in collecting foraging
data, some criteria are needed to determine a
minimum sample size necessary to quantify such
behaviors. Goodman (1965) introduced a pro-
cedure based on calculation of simultaneous con-
fidence intervals for a multinomial population.
Tortora (1978) modified that procedure for ap-
plication to the situation in which a random sam-
ple of observations (i.e., independent and un-
biased observations) are classified into k
mutually-exclusive categories, and the propor-
tions in those categories sum to one. (While we
acknowledge that there are difficulties associated
with obtaining a truly random sample of behav-
iors in avian foraging studies [e.g., Altmann 1974,
Wagner 1981a, Morrison 1984a, Tacha et al.
1985], this is an assumption of all sample size
estimation techniques [e.g., Cochran 1977, Steel
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FIGURE 1. Estimation of sample sizes with absolute

precision (b,) of 5% as a function of the frequency of
observations in one of 3, 5, or 10 mutually-exclusive
categories (k). Confidence level («) for these estima-
tions is 0.05. See text for further explanation.

and Torrie 1980], and it is our intention only to
present one of these techniques rather than to
discuss the related but separate question of how
foraging data are obtained.) In contrast to the
methods used by Morrison (1984a), Tortora’s
(1978) procedure considers all categories simul-
taneously and allows for estimation of the sample
size needed to achieve a specified level of con-
fidence (a-level) such that percentages in all k
categories are within some specified range (pre-
cision) of the true population values.

Our objectives were to: (1) determine a min-
imum sample of independent observations nec-
essary to quantify foraging behavior, and (2) de-
termine whether minimum sample sizes are
different for specialist and generalist species.

METHODS

Tortora (1978) presented equations for calculating
sample sizes based on either absolute or relative pre-
cision. (Precision is a measure of variance around the
true population mean. Therefore, for these equations
we assume that the true population mean is known
[i.e., representation of the true mean is accurate]. We
discuss below what can be done when the true mean
is not known.) Absolute precision refers to the situation
in which the acceptable variation around a small pro-
portion is relatively greater than that around a larger
proportion. This means that we are more interested in
the ability to quantify the most common behavior at
the expense of the precision associated with the rarest
behaviors. For example, assume that gleans, hovers,
and hawks occur with frequencies of 96%, 2%, and 2%,
respectively, for a hypothetical foliage-gleaning bird.
If we specify an absolute precision of 5%, we would
accept foraging behavior estimates of 91-100% (96%
+ 5%) for glean and 0-7% (2% =+ 5%) for both hover
and hawk. The equation given by Tortora (1978) for
calculating sample size (n,; the subscript refers to the
type of precision used) with absolute precision is:

n, = BII(1 — ILYb,
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where B is the critical value of a x2 with 1 degree of
freedom at a probability level of a/k (kK = number of
categories), b, is a specified absolute precision (i.c., ac-
ceptable deviation from the true value) for each cate-
gory , and II; is the proportion of observations in the
ith category. Sample sizes (n,) increase to a maximum
as II, approaches 0.50 (see Results). Thus, if b, = b for
all categories, one calculates », using the II; closest to
0.50. If that frequency is >50%, its complementary
frequency (i.e., | — percent frequency) is used. If b, =
b for all categories, the largest #n, is chosen as the min-
imum sample size, and if the true population mean is
unknown, one can calculate a “worst case’” sample size
by using I, = 0.50 (see also Discussion).

Relative precision refers to when the acceptable rel-
ative variation around the smallest proportion is the
same as around the largest proportion. For the example
mentioned above, we would accept estimates between
91.2-100% for glean for a relative precision of 5% (i.e.,
+5% of 96%), but we would now only accept estimates
between 1.9-2.1% for hover and hawk (i.e., =5% of
2.0%). Here, sample sizes will be greatly influenced by
attempting to quantify precisely the rarest foraging
event. Tortora’s (1978) equation for calculating sample
sizes (n1,) with relative precision is:

n, = B(1 — IL)/ILb/?,
where b/2 = b/I1,, and, if b/ = b’ for all categories, II,
is the minimum proportion of the k observed propor-
tions (e.g., 2% in the example above). As with absolute

precision, if b/ = b’ for all k, choose the largest n,
calculated for the sample size.

RESULTS
APPLICATION OF EQUATIONS

We calculated sample sizes necessary to rep-
resent with absolute precision means for six dif-
ferent frequency combinations, for k = 3, 5, and
10 categories (Fig. 1). The relationship between
II, and sample sizes with absolute precision (n,)
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is such that, as any one categorical frequency
approaches 50%, sample size increases for a giv-
en « and b;. Thus, the curve in Figure 1 is sym-
metrical around IT; = 0.50. Consider the situation
in which k& = 3 categories, « = 0.05, B = 5.724
(x? critical value for P = 0.05/3 = 0.0167), and
b = 0.05 (absolute precision of 5%). If 98% of
the observations are in one category and 1% are
in each of the two remaining categories, about
45 independent observations would be necessary
to have 95% confidence that the observed (sam-
ple) mean is within 5% of the true population
mean (Fig. 1). Based on this approach, no more
than 572 independent observations would ever
be needed to quantify a variable with & = 3 cat-
egories (e.g., glean, hover, and hawk) at our spec-
ified levels of & (=0.05) and « (=0.05). Note,
however, that n, increases as number of cate-
gories (k) increases, particularly as II, approaches
0.50 (Fig. 1). Assuming those frequency com-
binations are representative of specialist or gen-
eralist species, the results suggest that: (1) min-
imum sample size is smaller for a species that is
specialized in its foraging behavior (i.e., fre-
quency in any category diverges substantially
from 50%); and (2) influence of k¥ on minimum
sample size is greater for a generalist than for a
specialist (Fig. 1).

A potential problem with an absolute precision
of 0.05 is that, for example, in the extreme spe-
cialist case (98%, 1%, 1%), an acceptable mean
would range from 93-100% for the first category
and 0-6% for the others, which produces an ac-
ceptable range of 600% around the means for the
two “‘rare event” categories. This problem can
be remedied by calculating », with a relative pre-
cision (b;") for each category. Unfortunately, this
results in a large increase in minimum sample
sizes (Fig. 2). Those data show that, contrary to
estimations using absolute precision, sample sizes
estimated with relative precision increase sub-
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stantially as a species becomes more specialized
(i.e., min [IT,, . .., II,] approaches 0). Thus, in
the case of an extreme specialist with a repertoire
of three foraging modes with percent frequencies
of98%, 1%, and 1%, the minimum required sam-
ple size (with b,/ = 0.05) is 226,670 independent
observations. Again, as with absolute precision,
sample sizes calculated with relative precision
increase as number of categories (k) increases
(Fig. 2). Increases in both specified « and b, levels
cause decreases in sample size estimates with the
greatest influence being exerted by changes in b,
(Figs. 3 and 4).

We applied the equations above to foraging
data (Table 1) to determine how precisely sample
sizes have allowed estimations of “true” popu-
lation values. Note that all but Morrison’s (1984a)
are based upon sequential observations. Thus,
the assumption of independence of observations
for Tortora’s equations may be violated, such
that precisions we report probably are lower (i.e.,
better) than the actual precisions associated with
those data sets (Tacha et al. 1985).

Table 1 shows that, for example, Morrison
(1984a) reported that Hermit Warblers gleaned
78.8% of the time, hover-gleaned 11.5%, fly-
caught 3.8%, and performed some other maneu-
ver 5.8% of the time. Assuming those are the
true proportions for the population then, based
on a sample of 60 independent observations, with
k =4 and B = 6.239 (for a/k = 0.0125), we
calculated an absolute precision of 0.1319, or
13.2% (Table 1), meaning that one can expect to
estimate within 13.2% of the true values for that
distribution of proportions using 60 observa-
tions. To achieve 5% absolute precision, Mor-
rison would have needed approximately 417 in-
dependent observations (n,). To achieve relative
precision of 5%, he would have required 63,178
independent observations (#,)!
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Absolute precisions (b,) associated with re-
ported sample sizes (n) in Table 1 ranged from
0.02 (Petit et al., unpubl. data) to 0.22 (Maurer
and Whitmore 1981) and, in general, most ob-
served sample sizes corresponded to absolute
precisions within 10% of the true proportions
(with 95% confidence) in each category of for-
aging mode (Table 1). It is perhaps not surprising
that none of the observed sample sizes () pro-
vided acceptable relative precisions.

DISCUSSION

Tortora’s (1978) equations provide a useful
and straightforward method for estimating sam-
ple sizes for quantifying foraging behavior. How-
ever, such dramatic differences between sample
sizes calculated using relative and absolute pre-
cision prompts the question: How much preci-
sion is necessary? A minimum necessary sample
size of 600 is infinitely more attractive (and at-
tainable) for field researchers than is one of
50,000. Although some attention has been paid
to methods that quantify rare events (e.g., Wag-
ner 1981a, Morrison 1984a, Tacha et al. 1985),
most studies have focused only on common be-
haviors, because extremely rare behaviors (e.g.,
1-5% of all maneuvers) are usually relatively un-
important in characterizing the general foraging
behavior. Thus, for most studies, it may be suf-
ficient to calculate sample size based on absolute
precision, provided that the acceptable confi-
dence interval is relatively small. The decision
of what constitutes an acceptable absolute pre-
cision or confidence level may depend on the
objectives of the study in question and is always
at the discretion of the investigator. We chose «
= (.05 and b, = 0.05 based on standard statistical
criteria (i.e., a-level of significance [a/k is similar
to calculating an experimental error rate]). How-
ever, these specifications may be unnecessarily
stringent. Several recent papers (e.g., Thompson
1987; Angers 1979, 1984) have criticized Tor-
tora’s method for being too conservative (i.e.,
estimating larger sample sizes than necessary),
and proposed variations in the estimation tech-
nique, making it more liberal (i.e., lowering es-
timated sample sizes). The technique proposed
by Angers (1979, 1984), however, involves te-
dious calculations. Moreover, the methods pro-
posed by both Thompson (1987) and Angers
(1979, 1984) do not improve greatly on the ap-
plicability of Tortora’s original modification of
the estimation technique, and thus, do not de-
crease its validity.

Given the conservative nature of Tortora’s
method, one may be justified in relaxing levels
of confidence or precision or both when using
the equations. It is reasonable to set a/k = 0.05

197

and/or to accept a precision of 10% or even 15%,
either of which will lower the minimum number
of samples needed (Figs. 3 and 4).

An implicit assumption in using Tortora’s
equations is that the theoretical frequency to be
observed in each category does not change
through time. This is difficult to meet in foraging
studies because a species’ behavior can differ be-
tween sexes (e.g., Morse 1968), within a season
(Morse 1968, Sherry 1979), and between years
(Landres 1980). To meect that assumption, sam-
ple sizes would have to be estimated for each
category depending on the temporal or spatial
scale at which the research is conducted and the
objectives of that research. Using the equations
presented in this paper, researchers can estimate
arequired sample size at any required confidence
level («) or precision.

Although sample sizes calculated using abso-
lute precision are considerably lower than those
using relative precision, it still may be difficult
for researchers to obtain even 100 independent
observations (depending on how one achieves
that independence; e.g., single point observa-
tions) for a population. The estimation method
presented here allows researchers to assign a pre-
cision, a posteriori, to any sample of independent
observations, thereby getting an idea of the
“power” of their sample and attaining a certain
level of confidence in their data.

SUGGESTED SAMPLING PrROTOCOL

To estimate sample size using techniques de-
scribed above, one must have some a priori idea
of the number of categories (k) and the propor-
tions of observations that will be found in each
category. Because those proportions usually are
not known, one may consider using the ‘“worst
case” (e.g., using II, = 0.50 in the equation for
absolute precision above) sample size in order
to ensure an adequate sample. While this ap-
proach is justifiable, it could lead to gross over-
sampling. One might also rely on published data
to gain an idea of the proportions for a particular
species, provided that those data are accurate
representations of behaviors exhibited by the
species. However, many species exhibit highly
plastic foraging behaviors (Petit, Petit, and Petit,
this volume), such that predicting foraging be-
haviors for one population based on previous
studies conducted at other locations, or even at
the same location using different methods or ob-
servers, may be tenuous.

A more reasonable approach would be to col-
lect a preliminary sample of observations (say N
= 100; these would not necessarily have to be
independent observations) to estimate the pro-
portions II,, ..., II,. For each estimate of II,,
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decide the acceptable absolute precision, b;, and
confidence («) levels (see above) for II, and cal-
culate the estimated sample size (n,) using the
formula above, realizing that it will be necessary
to then collect n, — N additional observations (if
N is made up of independent observations). As
for the formula above, if b, = b for all categories,
the II; closest to 0.50 should be used. Because
the required sample size will increase with an
increase in number of categories within a vari-
able, researchers perhaps should calculate a re-
quired sample size based on the minimum #;

STUDIES IN AVIAN BIOLOGY
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required for the variable with the most k cate-
gories.
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INTEROBSERVER DIFFERENCES IN RECORDING FORAGING
BEHAVIOR OF FUSCOUS HONEYEATERS

HuGH A. FORD, LYNDA BRIDGES, AND SUSAN NOSKE

Abstract. 'We independently recorded foraging of the Fuscous Honeyeater (Lichenostomus fuscus), a
small, generalized insectivore-nectarivore, at the same site in northern New South Wales, SN from
January to July 1981, LB from August 1981 to January 1982, and HF throughout this period. Single
observations were recorded for each bird at each encounter, with behavior being classified by method
and substrate. All observers recorded leaf-gleaning as the most frequent activity (47-59%) with probing
flowers second (12-27%). Hawking, hovering at foliage, gleaning and probing at bark, and ground
foraging were less frequent. Significant differences were noted in the use of some categories by HF
and the other two observers for the common time periods. HF apparently overestimated feeding at
flowers, perhaps because he was attracted to flowering trees. All three observers differed in the incidence
of aerial foraging, probing into bark for insects, and hovering they recorded. Nevertheless, all three
observers presented the same general pattern of foraging. Interobserver overlaps were high (73-83%),
despite the latter two observers recording data at different times. Differences in the foraging behavior
of the species between the two periods were not great, as HF’s data overlapped 91% between the two

periods.
Key Words:

Quantifying an animal’s behavior in the field
is difficult. Species, individuals, and activities
differ in their conspicuousness. In addition, be-
cause field recording is a skill requiring many
hours of practice, it is usually impossible to em-
ploy naive recorders, as can be done in the lab-
oratory (Balph and Romesburg 1986). Observers
will probably bias their results compared with
the true behavior, and bias may differ among
observers. For instance observers may differ in
experience, which will not only result in different
levels of skill but also different expectations. They
could also differ in visual or aural acuity and in
classification of behaviors.

This paper describes differences among three
observers in their observations of foraging be-
havior of the Fuscous Honeyeater (Lichenosto-
mus fuscus). We sought significant differences in
foraging methods or substrates. If these occurred,
using the same method in the same area, they
would indicate caution when comparing obser-
vations between different observers in different
areas or years.

METHODS

Most data were collected in about 30 ha of Eastwood
State Forest, 10 km SE of Armidale (30°35’S, 151°44'E),
with a few collected at Hillgrove Creek State Forest,
12 km E of Armidale (<10% for each observer). Both
sites have been described in detail elsewhere (Ford et
al. 1985). They were both in eucalypt woodland with
345415 trees/ha and a canopy cover of 16-32%. The
habitat was open with good visibility into the canopy.
As eucalypts are evergreen, the conspicuousness of birds
in the canopy varied little through the year. Fuscous
Honeyeaters are small (18 g), active, vocal, and ag-
gressive throughout the year. They were also the com-
monest bird in eucalypt woodland near Armidale (3-

Foraging behavior; observer bias; honeyeaters; eucalypt woodlands; Australia.

S birds/ha at Eastwood) at the time of the study. SN
collected data from January to July 1981, LB from
August 1981 to January 1982, and HF throughout this
period. We compared data between HF and SN and
between HF and LB (same sites and periods in both
cases, and between SN and LB (same sites, different
periods). In a separate study, Fuscous Honeyeaters
showed seasonal changes in foraging (Ford, Huddy,
and Bell, this volume), though these were not substan-
tial.

Foraging observations were recorded by walking
slowly through the habitat until a bird was sighted. It
was then observed until it foraged, when a single record
was taken. For birds that were already foraging when
sighted, the next foraging move was recorded to reduce
the bias in favor of conspicuous activities. No partic-
ular effort was made to seek Fuscous Honeyeaters, be-
cause we collected data on all species. Although the
sites were not homogeneous, we made an effort to cover
different sub-habitats in the proportion in which they
occurred. Data were analyzed and observers did not
discuss their results until after field work was com-
pleted.

The overall foraging behavior of Fuscous Honey-
eaters has been discussed previously along with that of
39 other species (Ford et al. 1986). Here we concentrate
on foraging substrates and methods. Substrates were:
flowers, leaves, bark (twigs, branches and trunks),
ground, and air. Methods were: gleaning, probing, hov-
ering (includes snatching), and hawking.

Observers were compared usinga 2 X N contingency
test in which N = 5 substrates and 4 methods. If a
significant difference was found, cells were examined
to identify the factors that contributed to this differ-
ence.

RESULTS

Fuscous Honeyeaters spent about half of their
foraging time gleaning from leaves (Fig. 1). They
also hovered to take insects from leaves, and
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FIGURE 1. Percentage of foraging moves for each

observer in the two time periods (using a method-
substrate classification). An * next to the column des-
ignates an activity recorded significantly more fre-
quently by one observer than the other in the same
time period (based on x? value in individual cells in
contingency tests). Sample sizes at base of each column.

took insects from bark, from the air, and rarely
from the ground. Many of these foraging moves
were directed at items such as manna (exudate
from damaged leaves), honeydew, lerp (sugary
coats of psyllids), as well as at arthropods. Fus-
cous Honeyeaters also visited flowers of euca-
lypts and mistletoes (4myema) for nectar.

Results of SN and LB both differed signifi-
cantly from those of HF for the common periods
for substrates (x> = 24.1 and 38.4, df = 4), and
for methods (x2 = 28.8 and 47.3, df = 3); P <
0.01 in all cases. SN and LB also differed for
substrates (x2 = 51.4, df = 4) and for methods
(x> = 48.1, df = 3), P < 0.01 in both cases. In
the case of SN and LB, observed differences may
include seasonal effects. HF’s observations did
not differ significantly between periods, either for
substrate (32 = 4.23, df = 4, P > 0.30) or method
(x?® = 0.96, df = 3, P > 0.80). As method and
substrate were not independent (e.g., all hawking
was in the air and all flowers were probed), we
have shown interobserver differences in Figure
1 by six substrate-method categories. These dif-
ferences were evident in most categories, HF re-
corded more foraging on flowers than both SN
and LB, SN recorded the most aerial feeding,
and LB the most foraging at leaves.

STUDIES IN AVIAN BIOLOGY

NO. 13

The magnitude of differences was not great,
however, ranging up to 14.5% of total observa-
tions for a category. Overlaps (100[1 — Z|P; —
P, |1, where P; and P, were proportions of ob-
servations in category i for observers j and k)
between observers were also high: SN x HF =
80% (common period), LB x HF = 73% (com-
mon period), and SN x LB = 83% (different
periods). Overlap was highest (91%) between data
from the two periods for HF.

A few significant differences also occurred
among some of the lesser categories that were
not represented in Figure 1. Twigs (a subset of
bark) were recorded significantly more frequent-
ly by SN than HF (x> = 6.56, df = 2, P < 0.05),
but significantly less often by LB than HF (x2 =
15.7,df = 2, P < 0.001) when comparing twigs,
branches, and trunks within the bark category,
between observers. Within the bark-foraging cat-
egories, HF recorded significantly more probing
than SN (x2 = 34.4, df = 2, P < 0.01) and less
gleaning than LB (x> = 11.2, df = 2, P < 0.01).

DISCUSSION

The size and number of statistical differences
between data collected by the observers indicate
that such differences are not due to sampling
error. However, observations were collected by
each observer on a small number of days, and
usually on different days. If differences among
days in weather, for instance, influence behavior
of the birds, then apparent differences between
observers may have been accentuated. The facts
that Fuscous Honeyeaters displayed only small
seasonal changes in foraging (Ford et al., this
volume), and that these data for the two periods
collected by HF were very similar, argue against
day-to-day differences causing interobserver dif-
ferences.

The observers’ levels of experience differed,
perhaps influencing perception and expectation.
For instance, HF’s greater experience with hon-
eyeaters may have caused him to be attracted to
flowering trees, thus overestimating feeding at
flowers. Classification of less frequent activities
may have been imprecise (e.g., twigs could be
classified as leaves [petioles] or branches).

In any event, comparisons between the same
species in different areas or years, recorded by
different observers, need to be treated cautiously,
especially when observers have not previously
agreed on standard methods of observation, or
classification of terms. Adoption of a universal
classification for foraging methods and sub-
strates would reduce, but probably not eliminate,
interobserver variability. Indeed it may be un-
realistic to attempt to differentiate between some
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categories. As implied above, experience may
reduce or increase bias.

Perhaps the most important result from this
study was the basic similarity in the results from
the three observers. We should emphasize sim-
ilar patterns in comparative studies rather than
seek too carefully to demonstrate statistical dif-
ferences that may not have much biological sig-
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nificance, as they may represent idiosyncrasies
of individual birds or observers.
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Interspecific, Spatial, and Temporal Variation

WITHIN-SEASON AND YEARLY VARIATIONS IN

AVIAN FORAGING LOCATIONS

SALLIE J. HEJL AND JARED VERNER

Abstract. We studied monthly and yearly differences in the foraging sites and substrates of Plain
Titmice (Parus inornatus) and Bushtits (Psaltriparus minimus) in a foothill oak-pine woodland in the
central Sierra Nevada during the breeding seasons of 1979 and 1980. The greatest intraspecific dif-
ferences observed for both species were monthly changes in the use of foraging sites (primarily plant
species) and substrates (plant part to which the foraging maneuver was directed) and yearly differences
in foraging substrates. The main interspecific differences were in foraging sites used overall and in
monthly usages of substrates. Several patterns of resource use paralleled phenological changes in the
plant species upon which the birds foraged. For example, both species foraged more on buckbrush
(Ceanothus cuneatus) during the flowering stage, and Plain Titmice foraged more on blue oak (Quercus
douglasii) as new leaves reached full growth. Pooling data across months in the same breeding season
would have hidden these variations. Furthermore, ignoring site-substrate interactions makes it difficult

to interpret patterns in avian foraging.

Key Words:
woodlands; California.

Researchers have commonly pooled obser-
vations of avian foraging behaviors within sea-
sons and across years (James 1976, Holmes et
al. 1979b, Holmes 1980, Conner 1981, Holmes
and Robinson 1981, Morrison 1981, Lewke 1982,
Franzreb 1983a, Airola and Barrett 1985, Mor-
rison et al. 1985). Seasonal differences in foraging
behavior have often been acknowledged (Conner
1981, Lewke 1982, Morrison et al. 1985), but
within-season and yearly differences usually have
not, in spite of the fact that such differences are
reflected in diets (Holmes 1966, Root 1967, Bus-
by and Sealy 1979, Rotenberry 1980a) and be-
haviors of birds (Holmes 1966; Root 1967; Bus-
by and Sealy 1979; Alatalo 1980; Wagner 198 1b;
Ford, Huddy, and Bell, this volume; Sakai and
Noon, this volume; Szaro et al., this volume).
Pooling heterogeneous data sets in this manner
could obscure important short- and long-term
differences in avian foraging and lead to incorrect
interpretations of ecological relationships.

Within-season and yearly differences in diets
and foraging behaviors have been demonstrated
in many habitats. In five seasons near Barrow,
Alaska, Holmes (1966) documented within-sea-
son and yearly changes in prey availability and
in the associated foraging behavior and diet of
Dunlins (Calidris alpina). Root (1967) recorded
seasonal and yearly differences in prey avail-
ability and in the associated diet of Blue-gray
Gnatcatchers (Polioptila caerulea) in a coastal
oak woodland in California. Both the sandpiper
and the gnatcatcher also selected certain prey
types. On the other hand, although Busby and
Sealy (1979) found monthly and yearly differ-

Foraging; within-season variation; yearly variation; Plain Titmouse; Bushtit; oak-pine

ences in the foraging behavior and diet of Yellow
Warblers (Dendroica petechia) in Manitoba, the
warblers consumed prey in proportion to their
availability. Alatalo (1980) studied the foraging
behaviors of five bird species in coniferous for-
ests in Finland throughout 1 year and for 3
months of another year, observing within- and
between-season shifts in their foraging behav-
iors. Similarly, Rotenberry (1980a) found with-
in-season, between-season, and yearly differ-
ences in diets of three ground-foraging passerines
in shrubsteppe habitats of southeastern Wash-
ington during two breeding seasons and one com-
plete year. Wagner (198 1b) documented seasonal
and yearly differences in foraging behavior of a
foliage- and bark-gleaning guild in a California
oak woodland.

We studied the foraging locations of Plain Tit-
mice (Parus inornatus) and Bushtits (Psaltripa-
rus minimus) in a foothill oak-pine woodland to:
(1) discern possible intraspecific variations in
foraging locations between years or from month
to month in the same year, (2) assess the simi-
larities and differences in foraging locations of
the two species during the same time periods, and
(3) learn whether monthly and yearly differences
in foraging locations of either species reflected
observed changes in plant phenology.

STUDY AREA AND METHODS

Study area. The study was done during the breeding
season of both species at the San Joaquin Experimental
Range in March, April, and May during 1979 and 1980.
The Range is located approximately 32 km north of
Fresno, in Madera Co., California. Elevation ranges

202



WITHIN-SEASON AND YEARLY VARIATIONS—Hejl and Verner

from 215 to 520 m. The climate is one of hot, dry
summers and cool, wet winters.

Field observations were made on a 19.8 ha (300 x
660 m) plot gridded at 30-m intervals and situated
within approximately 32 ha of foothill woodlands that
had not been grazed by cattle or managed in any other
significant way since 1934. Vegetation on the plot was
mainly oak-pine woodland, with some small patches
of blue oak (Quercus douglasii) savanna, chaparral, and
annual grasslands. Buckbrush (Ceanothus cuneatus),
with 18.6% crown cover, was the most abundant shrub
on the plot. Among the trees, gray pine (Pinus sabi-
niana) had a crown cover of 12.5%, interior live oak
(Q. wislizenii) had 7.2%, and blue oak had 5.4%. The
nine remaining tree and shrub species contributed only
4.5% crown cover.

Bird observations. One observer recorded datain 1979
and three did so in 1980; the observer in 1979 also
observed in 1980. Observers walked along alternate,
numbered lines in the long dimension of the grid. Lines
walked and the direction of travel were regularly se-
lected to ensure even coverage of all segments of the
grid. Walking and stationary search for birds were al-
ternated approximately every 15 min. Observations
were made from sunrise to sunset.

Only certain individuals were selected for observa-
tion. To avoid bias toward singing birds, observers did
not hunt out singing birds. However, most birds sang
or called during the observation period. Only the first
bird detected in a flock or pair was used as a subject,
as locations of flock or pair members would not be
expected to be independent. A new individual was cho-
sen as a subject only if the observer had traveled at
least 30 m or at least 10 min had elapsed since the last
record of a given species. This constraint was imposed
in an attempt to increase independence among sam-
ples.

From the time a bird was selected, the observer
counted slowly to 5 (approximately 5 s) to give time
to assess the bird’s activity. Its activity at the count of
“5” was recorded as an instantaneous sample. If the
bird was obviously searching for food at that instant,
observations continued until it executed a distinct for-
aging maneuver (assumed to indicate an attempt to
secure food). Two aspects of the location of the foraging
maneuver will be examined in this paper as follows:
(1) site (gray pine, blue oak, interior live oak, buck-
brush, and other, including all other plants, air and
ground); and (2) substrate, the exact part of the plant
or environs toward which a foraging maneuver was
directed (twig [<5 mm in diameter], small branch [5
mm-10 cm in diameter], large branch [>10 c¢cm in
diameter], flower bud, flower, catkin, fruit, leaf bud,
leaf, trunk, air, and ground).

Plant phenology. Phenology of the major woody plant
species was sampled weekly during both years and
summarized by 2-week periods. Trees sampled were
gray pine, blue oak, interior live oak, and California
buckeye (Aesculus californica). Shrubs sampled were
buckbrush, redberry (Rhamnus crocea), California cof-
feeberry (R. californica), mariposa manzanita (Arc-
tostaphylos mariposa), bush lupine (Lupinus albifrons),
poison oak (Toxicodendron diversilobum), bush pen-
stemon (Keckiella breviflora glabrisepala), and blue
elderberry (Sambucus mexicana).
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Random samples of 10 shrubs and trees of each
species were selected, except for species with fewer than
10 individuals on the plot, in which case all individuals
were sampled. Eight branches (two each on the north,
east, south, and west sides) were selected on each plant,
at approximately breast height, and labeled with small,
numbered, metal tags. The phenology of each branch
was recorded weekly during both growing seasons. Some
branches were grazed during the course of the study;
these were replaced with the nearest neighbor. All phe-
nological stages present on a given branch were noted.
Vegetative growth was recorded as budding, swollen
buds, elongated buds, new leaves, stem elongation, and
full-sized leaves. Reproductive phenological states in-
cluded intial budding, swelling of the bud, opening of
the bud, full flowers present, fruits set, fruits devel-
oping, fruits developed, catkins emerged, and pollen
released when evident.

Statistical analyses. Because log-linear models can
be used to describe data from a multiway contingency
table (Fienberg 1970, 1977; Bishop et al. 1975), we
searched for log-linear models that best fit our data.
We would have preferred to analyze our data in one
comprehensive analysis, since we know that important
interactions between foraging site and substrate exist.
However, data on foraging sites were analyzed sepa-
rately from foraging substrates, because our data set
was too small to classify each record by site and sub-
strate as well as by year, month, and bird species in a
multiway contingency table. (Too many sampling zeros
would have occurred. According to our statistical con-
sultant, the total number of observations should be at
least four times the number of cells in the contingency
table; J. A. Baldwin, pers. comm.) Because birds may
use a hierarchical decision-making scheme in which
they first choose a site and then a substrate within that
site (an extension of the habitat selection ideas of Hutto
[1985a]), we thought it reasonable to analyze site and
substrate separately.

To find the best model for foraging site, we catego-
rized each record into four variables: (1) bird species,
(2) year, (3) month (= March [the first two phenological
periods], April [the second two phenological periods],
or May [the last two phenological periods]), and (4)
site. The result wasa 2 X 2 x 3 x 5 contingency table.
To find the best model for foraging substrate, we pooled
across foraging sites. We categorized each record by
bird species, year, month, and foraging substrate for
the second model. The month variables were defined
as above. Foraging substrate included four categories:
(1) bark surface (= twig, small branch, large branch, or
trunk), (2) foliage (= leaf or leaf bud), (3) reproductive
parts (= flower bud, flower, catkin, or fruit), and (4)
other (= air or ground). The result wasa 2 x 2 x 3 X
4 contingency table. Foraging site and foraging sub-
strate were treated as response variabl