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Symposium Overview 

AUKS AT SEA: PROSPECTS FOR FUTURE RESEARCH 

SPENCER G. SEALY 

Like other birds, seabirds interact with envi- 
ronments that are variable. Ernst Haekel(l890) 
recognized this variability when he proposed his 
then-controversial notion that the plankton 
composition of oceans was irregular and its dis- 
tribution unequal in time and space. Farther up 
the trophic scale, the relationships between fine- 
scale oceanographic events and fish aggregations 
became better known, in 1938, with the publi- 
cation of Uda’s important study. Thus, not sur- 
prisingly, the early surveys of birds over large 
areas of the sea (e.g., Jespersen 1929, Wynne- 
Edwards 1935, Murphy 1936), and studies of the 
interrelations of birds and the oceans (e.g., Kul- 
lenburg 1947, Hutchinson 1950), began to reveal 
that the numbers, species, and movements in a 
given region were influenced by physical and bi- 
ological attributes of the surface waters. Al- 
though Murphy (1936) had showed that some 
seabirds have affinities for certain fine-scale fea- 
tures of the sea such as special current systems 
and gyres, the interactions between birds and the 
marine environment were still regarded generally 
simplistically, in part because ornithologists 
lacked ways of elucidating the complexities of 
the birds’ behavior in the vastness of the oceans. 
Phillip Ashmole (197 1:224) characterized this 
dilemma when he lamented that “. . . few marine 
biologists have given due weight to sea birds as 
components of marine ecosystems, and few or- 
nithologists have also been oceanographers.” This 
situation soon changed, however. It was Ash- 
mole, and his wife, Myrtle, whose classic study 
(1967) of the feeding ecology of seabirds nesting 
on Christmas Island in the Pacific Ocean, caused 
oceanographers almost overnight to look once 

I again at animals. The Ashmoles recorded sea- 
birds feeding their young with midwater myc- 
tophids that existing knowledge suggested should 
be hundreds of meters below the surface, and out 
of reach of the surface-feeding birds! They dis- 
covered that plankton, concentrated near the sur- 
face by oceanic fronts, attracted schools of tuna 
whose foraging activities made available to birds 
prey that was otherwise out of their reach. 

The oceanic study of birds soon became rec- 
ognized as an important branch of ornithology. 
The timing was right because the early 1970s saw 
a world-wide, economic crisis arise over the 
availability and price of oil, and exploration for 

new reserves increased throughout the world’s 
oceans. We urgently needed to learn quickly the 
extent of our seabird resources and to determine 
their vulnerability to disturbances and accidents 
considered by many to be inevitable. This meant, 
too, that we had to learn more about birds at 
sea. Seabird biologists had been largely land-based 
up to that time, but they responded swiftly to the 
availability of new funding, and marine omi- 
thology matured rapidly. The disciplines and tools 
of oceanography and ornithology were merged, 
and the rapidly developing technology was used 
imaginatively. Bourne’s ( 1963) concern about the 
dearth of knowledge of birds at sea began to dis- 
sipate. Marine ornithologists now publish regu- 
larly in journals of oceanography and marine sci- 
ence, and some oceanography departments have 
ornithologists on their staffs. 

The family Alcidae dominates other groups 
within its range in terms of the number of species 
and biomass. It includes 22 living species of pri- 
marily wing-propelled diving birds confined 
mainly to the colder waters of the Northern 
Hemisphere. Sixteen of the species are restricted 
to the Pacific Ocean and adjacent waters, four 
are confined to the Arctic/Atlantic oceans, and 
two others occur in both oceans. Bedard (1969a: 
189) noted that “the [Alcidae are] interesting 
among birds in being the only one that in the 
Northern Hemisphere has achieved adaptive ra- 
diation within a broad and diversified ecological 
zone, the subsurface waters of the ocean. Since 
no other sea-bird family occupies this ecological 
zone, the family . . . gives us an opportunity to 
examine a group remarkably free of interactions 
with other groups, a condition seldom encoun- 
tered in terrestrial situations.” 

Like other truly marine birds, auks cannot feed 
at their breeding stations. They must commute 
varying distances to find their prey, often out of 
sight of their colonies, and of observers. Having 
discovered food, they usually obtain it under the 
water’s surface. Thus, the determinants of alcid 
foraging niches have remained largely specula- 
tive. This contrasts sharply with species in many 
terrestrial communities where we can often watch 
individuals forage. 

Early attempts to determine the foraging rang- 
es of breeding auks were hampered by an inabil- 
ity to maintain or regain contact at sea with in- 
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dividuals known to be breeding, and a failure to 
recognize the short-term influences the sur- 
rounding physical features of the marine envi- 
ronment probably exerted on the foraging birds 
(e.g., Pearson 1968, Cody 1973). Bottom fish 
taken near shore by guillemots (Cepphur spp.) 
revealed the often shallow depths to which they 
dived (e.g., Drent 1965, Preston 1968), but at 
the same time obscured the true nature of the 
distances many individuals travelled. Using 
transects around colonies along which were re- 
corded the positions of feeding and flying birds, 
marked with specially-designed streamers color- 
coded to reveal their colony of origin, Cairns 
(1987) measured foraging ranges that were great- 
er than those suggested from previous, largely 
anecdotal observations (e.g., Slater and Slater 
1972, Asbirk 1979). Although the birds foraged 
near shore, Cairns determined that maximum 
ranges were not normally attained, as was sug- 
gested when foraging distances were calculated 
from intervals between chick feedings (e.g., Pear- 
son 1968, Wiens et al. 1984). 

Conducting transects, however, is costly, time- 
consuming, and often impractical. Although a 
speed/distance meter has been used successfully 
with penguins (Wilson and Achleitner 1985) it 
remains to be tested on alcids. Conventional ra- 
dio-telemetry has limited applications for deter- 
mining the foraging movements of widely rang- 
ing animals (e.g., Wanless et al. 1985; but see 
Trivelpiece et al. 1987). Satellite tracking may 
be the way of the future for quantifying the flight 
speeds and foraging ranges of pelagic birds over 
large areas of the sea. Multiple locations can be 
obtained night and day, from a stationary base 
position. Using this technique, Jouventin and 
Weimerskirch (1990) found that Wandering Al- 
batrosses (Diomedeu exuluns) travelled at speeds 
between 63 and 81 km per h and covered be- 
tween 3664 and 15,200 km in a single foraging 
trip, while their partners incubated. Knowledge 
of species’ foraging ranges, especially while 
breeding, also has important conservation im- 
plications. For example, commercial fishing lim- 
its may have to be established in the future around 
islands to safeguard colonies or known feeding 
areas from competition (e.g., Carter and Sealy 
1984). 

We know little about the depths to which al- 
cids dive to capture prey. Incidental drownings 
in stationary gill nets set at known depths (Piatt 
and Nettleship 1985) and miniature gauges at- 
tached to free-living birds (Burger and Wilson 
1988) have provided important data on maxi- 
mum diving depths, which appear to be related 
directly to body size (Piatt and Nettleship 1985). 
However, we still know little about the amount 
of time auks forage at different depths (but see 

Wilson and Bain 1984) the habitat parameters 
that influence the nature of dives, and the clues 
birds use when deciding to give up and try some- 
where else. Comparisons of dive and pause times, 
obtained relatively easily on the surface of the 
water, may provide important insight into how 
auks exploit prey patches (see Ydenberg and 
Forbes 1988). 

Extremely important in their own right, diet 
studies have preoccupied many workers over the 
past 20 years or so. Prey removed from stomachs 
were often the closest we could get to “sampling” 
the prey at sea. Seasonal and year-to-year changes 
in prey choice, among other things, were iden- 
tified and interpreted by synthesizing the often- 
scanty literature on the natural history of the prey 
species identified (e.g., Bedard 1969b, Sealy 
1975). Many species taken had been largely ig- 
nored by fisheries biologists because they had no 
commercial value, and therefore little informa- 
tion existed on their natural history. Now, some 
of the common prey species are being exploited 
commercially, and seabirds presumably must 
compete against man for their food (reviewed by 
Evans and Nettleship 1985). Indeed, some auk 
populations have declined in recent years (this 
volume), and it is easy to blame the declines on 
overfishing and its presumed alteration of year- 
class stocks. But the associations, though facile, 
are often questionable. Sorting out the links be- 
tween seabird numbers and their prey will re- 
quire serious attention by physical oceanogra- 
phers, meteorologists, and fisheries and seabird 
biologists working together. 

Quantifying prey abundance, let alone prey 
availability and its accessibility, is difficult in all 
habitats (Johnson 1980), and demonstrations of 
the relationship between the abundance of for- 
aging birds at sea and the availability of their 
prey remain elusive, especially over small spatial 
scales. The foraging success of the birds them- 
selves still may be the best indicator of prey 
availability. More diet studies are needed, pref- 
erably conducted over several years at many 
points in the breeding and non-breeding ranges 
of species, and selected carefully in terms of sur- 
rounding hydrographic features of the marine en- 
vironment. However, changing ethical values 
have forced biologists to justify the initiation of 
large-scale studies that require large numbers of 
birds to be collected and to seek other, nonde- 
structive ways to obtain dietary information (see 
review in Duffy 1986). 

Auks do not find their prey at sea by randomly 
flying over the surface of the water. Large-scale 
transects have provided evidence (this volume) 
that they track their food resources, as some ter- 
restrial birds apparently do (e.g., Cody 1981). 
The “information-center” hypothesis focuses on 



PROSPECTS FOR FUTURE RESEARCH-Se&y 3 

the discovery of patchily distributed prey, and 
circumstantial evidence from alcid studies sup- 
ports it. Indeed, the nesting dispersion in the 
Alcidae ranges from solitary through large col- 
onies, which should facilitate the testing of this 
and other related hypotheses. Birkhead (1985) 
noted that nonrandom departures of Thick-billed 
Murres (Uris lomvia) could be correlated with 
colony size and the location of food patches. 
However, individuals must be followed or en- 
countered again at sea, and food predictability 
must be measured accurately, before support for 
this hypothesis is more than just correlative. 

We know almost nothing about the behavior 
of auks once they have discovered prey. Deci- 
sions they make while hunting probably are af- 
fected by the complexity of the visual field and 
the dispersion of the prey, as Fitzpatrick (198 1) 
noted in tyrant flycatchers. Fitzpatrick argued 
that these variables are intimately associated with 
overall foraging-mode differences and combine 
to determine the minute-by-minute movement 
pattern within each species. Although birds in 
general are highly visual animals, the optical as- 
pects of their foraging remain virtually unex- 
plored. In 1972, MacArthur commented on some 
predictable effects of visual field characteristics 
of two species of kingfishers in Panama, the 
smaller (38 g), Green Kingfisher (Chloroceryle 
americana) and the larger (300 g), Ringed Ring- 
fisher (CeiyZe torquata). MacArthur stated (p. 68): 

“The green kingfisher must eat small fish and 
hence must perch near the water, where the 
small fish are close enough to be visible. The 
ringed should perch where the greatest number 
of grams of fish per day can be captured, so it 
perches high enough to search a wide area for 
big fish. But notice how this restricts its diet: 
by perching so high that it can survey a large 
area, it can no longer see the very small fish, 
or if they are visible, the energy it would get 
by eating one would not compensate for the 
energy expended in the long dive. Hence the 
ringed kingfisher is largely confined to eating 
big fish, and its feeding position has affected 
its diet.” 

Characteristics of surface waters, such as clar- 
ity and light intensity, possibly influence the 
searching strategies of seabirds. Ainley (1977) 
hypothesized that turbidity may limit species’ 
distributions, and noted that the pursuit-diving 
alcids, as well as other species, are found pri- 
marily in the more turbid waters of polar regions, 
while plunge-divers are more common in clear, 
tropical oceans (but see Haney and Stone 1988). 
Implicitly, foraging alcids operate under condi- 
tions of lowered light where the detection of prey 
probably involves contrast discrimination (see 

Lythgoe 1979). Concomitant retinal oil droplet 
constitutions should be expected, and prelimi- 
nary information from diving birds suggests this 
is the case (Begin and Handford 1987). Further- 
more, auks foraging over shallow bottoms, es- 
pecially with pale substrates, will be faced with 
different light environments (see Munz and 
McFarland 1977). Interestingly, plumage color- 
ation of pursuit-diving seabirds seems to be re- 
lated to the depths at which different species for- 
age (Cairns 1986). The visibility and behavior 
of prey under different lighting regimes may in- 
fluence their prey choice. This is a wide-open 
area of research, ideally suited for experimental 
manipulations under controlled conditions in 
aquaria. 

Research on the oceanic biology of birds has 
lagged behind that of terrestrial communities with 
regard to long-term and manipulative studies. 
Seabird biologists must move beyond the cor- 
relational approach and experimentally manip- 
ulate habitat variables, because quantitative and 
manipulative studies are needed to test such ba- 
sic questions as which sets ofvariables are critical 
for habitat selection (Morse 1985). It may never 
be realistic to do this at sea, and hence the de- 
velopment of suitable research aquaria seems to 
be necessary. These facilities already exist (see 
Everett and Todd 1988), and seabird biologists 
may be able to answer important questions using 
captive birds. For example, Dully et al. (1987) 
determined that larger auks dived longer and beat 
their wings more frequently. Six of the seven 
captive species studied propelled themselves un- 
der water with only their wings, while Pigeon 
Guillemots (C. columba) used both their feet and 
wings, and hung their heads down while they 
probed the bottom. Among the species observed, 
behavioral differences in foraging also were ap- 
parent. 

An important natural manipulation occurs ev- 
ery so often at sea. This is the meteorological and 
physical oceanographic results of El Nifio- 
Southern Oscillation events (ENSOs) that affect 
prey resources and thus their seabird predators 
(Schreiber and Schreiber 1984). Here, long-term 
monitoring of seabird numbers and distribution 
at sea, and studies of population parameters at 
the colonies, are vital ifwe are to identify changes 
that occur during and after ENSOs. Unfortu- 
nately, long-term studies of pelagic bird com- 
munities are generally lacking. One exception is 
Briggs et al.‘s (1987) study, which is the first to 
examine comprehensively and exclusively the 
pelagic biology of seabirds occupying a specific 
coastal region. This study sets a standard that 
future workers should strive to achieve. 

Seabirds often feed in large, conspicuous 
mixed-species flocks. Recent evidence reveals that 
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auks contribute importantly to the dynamics of 
these flocks in northern waters. Perplexed to find 
euphausiids, known to migrate to deeper water 
during daylight hours, in the stomachs of surface- 
feeding species, Hunt et al. (1988) put SCUBA 
divers in the water near a feeding flock off St. 
Matthew Island. They discovered that murres 
routinely dived more than 30 m to capture eu- 
phausiids hovering above the shelf, but in doing 
so stunned or injured many of the invertebrates, 
forcing them to the surface where they were picked 
off easily by gulls and other surface-feeding spe- 
cies. Schneider et al. (this volume) confirmed 
hydrographically that the feeding sites were at 
confluences of different water masses, or fronts, 
areas long-recognized as important sources of 
food for seabirds (e.g., Martin and Myres 1969). 
These observations suggest that seabird com- 
munities may sometimes partition resources by 
access to prey rather than by diet. 

The Alcidae is unique among families of birds 
because of the diverse behaviors found shortly 
after hatching (e.g., Sealy 1973, Gaston 1985). 
The precocial murrelets (Synthliboramphus spp.) 
spend only a couple of days in the nest, and then 
are reared at sea. The intermediate species (Uria 
spp. and Alca) complete the first part of their 
development in the nest, and finish it up at sea. 
The other (semi-precocial) species are reared in 
the nest sites until fully grown. We know little 
about diets, feeding and growth rates, and at-sea 
parental care of the precocial and intermediate 
species, although much information exists for 
many of the semi-precocial species (see Gaston 
1985). Scott (this volume) determined that fam- 
ily groups of Common Murres (U. aalge) at sea 
consisted of single young accompanied by only 
one parent, usually the male. Opportunistic ob- 
servations of family groups of Ancient Murrelets 
(S. antigus) provided incomplete information 
on movement patterns (Sealy and Campbell 
1979), but parallel transects near colonies showed 
that the groups moved to the continental shelf, 
apparently the rearing area (Vermeer et al. 1985). 
Using radio-telemetry, Duncan and Gaston (this 
volume) determined that murrelet families 
moved rapidly and steadily away from the col- 
ony during the first 24 hours after departure, and 
that the groups became scattered at sea. Because 
they followed only a handful of families, more 
information is needed, despite the difficulty and 
expense in obtaining it. 

The founders of the Pacific Seabird Group 
(PSG) emphasized cold and temperate water sys- 
tems and, not surprisingly, the auks have been 
popular subjects among group members over the 
years. Up to and including 1987, four symposia 
have been held at PSG meetings that dealt spe- 
cifically with aspects of alcid biology, but the 

present one is the first to examine auks exclu- 
sively at sea. Most of the studies in this volume 
were centered in the Bering Sea and western At- 
lantic Ocean, and were conducted by North 
Americans. Although this has cast a somewhat 
parochial air on the proceedings, it reveals a re- 
ality to be overcome, and challenges us to rec- 
ognize the differences between the faunas of these 
oceans, and to be careful not to generalize from 
the narrow data bases. Furthermore, and not sur- 
prising considering that fewer species of auks oc- 
cur in the north Atlantic, the Common and Thick- 
billed murres received most of the attention; only 
five of the 17 papers did not deal directly with 
one or both of these species, while 12 species 
received little or no attention at all. Five major 
subject areas emerged from the topics discussed 
in this volume. Six papers identified hydographic 
cues auks use to locate food, which is often dis- 
tributed patchily in time and space. Once food 
is located, in often-distant prey patches, its ef- 
ficient utilization is examined in three papers. 
The precocial auks reduce commuting distances 
and travelling times during chick-rearing by tak- 
ing their portable young to the food source at 
sea. Two papers deal with this challenging and 
little-studied aspect of alcid biology. Diets are 
examined in three papers. Croll’s and Elliot et 
al.‘s studies point out the need for more cross- 
seasonal studies in the breeding and non-breed- 
ing seasons. In my remarks above, I have antic- 
ipated some of the topics that will be discussed 
in this volume, and have attempted to identify 
some of the areas where research by seabird bi- 
ologists is likely to be concentrated in the future. 
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Patch Use 

THE INFLUENCE OF HYDROGRAPHIC STRUCTURE AND PREY 
ABUNDANCE ON FORAGING OF LEAST AUISLETS 

GEORGE L. HUNT, JR., NANCY M. HARRISON, AND R. TED COONEY 

Abstract. We investigated the foraging distribution of Least Auklets (Aethia pusilla) near their breed- 
ing colonies in the Chirikov Basin, northern Bering Sea, to determine the physical and biological 
aspects of the ocean important in their use of foraging areas. In this paper we report on a series of 
transects radiating out from colonies on St. Lawrence and King islands, along which we examined the 
importance to foraging Least Auklets of vertical structure in the water column. We counted birds, 
collected them for food samples, described the hydrography using conductivity-temperature-depth 
casts, and obtained data on the distribution and abundance of prey from net tows and high-frequency 
acoustic surveys. Copepods (Neocalanus spp.) were prominent in the diets, and auklets foraged in 
greatest numbers in waters where Neocalanus was present and where the water was strongly stratified. 
Auklet numbers were correlated more strongly with plankton biomass in the upper water column than 
with biomass in the water column as a whole. Within the upper water column, it appeared that these 
correlations were stronger at a scale of 9-22 km than at 1.84 km and that auklets select their foraging 
habitat in a coarse-grained fashion. 

Key Words: Least Auklet; Aethiapusilla; foraging habitat; Bering Sea; predator-prey studies; stratified 
water. 

The pattern of marine bird distribution at sea Implicit in studies of seabird habitat prefer- 
results from the selection and use of foraging ences is the assumption that the birds aggregate 
areas. Ocean habitats vary in scale from major where their preferred prey is most readily ob- 
portions of ocean basins that may be occupied tained. The rate of prey capture will depend not 
continuously for months or years, to tidal rips only on the number of prey present (abundance), 
that are attended for, at most, hours at a time but also on their degree of aggregation (density), 
(Hunt and Schneider 1987). Descriptions of these and availability, which is a function of their ac- 
marine foraging habitats have usually focused on cessibility (e.g., depth in the water column). Rel- 
the physical characteristics of the surface layer atively few investigators, however, have been able 
(sea surface temperature and salinity) (e.g., Pock- to measure prey density or accessibility. Most 
lington 1979, Brown 1980, Ainley et al. 1984, investigators who have attempted to link bird 
Fraser and Ainley 1986). In the nearshore zone, abundance to prey availability have found either 
features such as fronts separating stratified and weak to moderate correlations (Schneider and 
well-mixed water (Pingree et al. 1974, Schu- Piatt 1986, Cairns and Schneider 1990, Safina 
macher et al. 1979, Kinder et al. 1983), eddies and Burger 1988, Heinemann et al. 1989) or no 
at headlands and islands (Ashmole and Ashmole correlation (Woodby 1984, Safina and Burger 
1967, Pingree et al. 1978, Hamner and Hauri 1985, Obst 1985) at small and intermediate scales 
198 l), and sills that force currents to the surface (but see Piatt [ 19871 and McClatchie et al. [ 19891). 
(Vermeer et al. 1987, Brown and Gaskin 1988), At larger scales, from 100s of kilometers to whole 
are predictably attended by foraging seabirds. In ocean basins, strong positive correlations have 
the open ocean, physical features also act as foci emerged between bird numbers and the abun- 
to aggregate seabirds (Schneider 1982, Briggs et dance of presumed prey or marine secondary 
al. 1984, Schneider and D&y 1985, Haney and productivity (Jesperson 1930, Heinemann et al. 
McGillivary 1985, Briggs and Chu 1987). The 1989, Erikstad et al. 1990). In studying seabird 
strength of fronts in the Bering Sea is an impor- foraging, quantifying prey availability is even 
tant correlate of their attendance by seabirds more difficult than measuring prey abundance. 
(Schneider et al. 1987), and it is likely that to- Foraging success is possibly the best indicator of 
pographically fixed inshore features, with steep prey availability, even though numerous factors 
gradients and high kinetic energy, are attractive other than prey availability may influence cap- 
for similar reasons (Roseneau et al. 1985, Schnei- ture rates (Dunn 1973, Birlchead 1976, Searcy 
der et al. 1986). Unfortunately, in many studies 1978, Morrison et al. 1978, Hunt et al. 1988). 
oceanographic and ornithological data have not The poor correlations often found between the 
been gathered simultaneously, and virtually no abundance of marine birds (particularly subsur- 
study has investigated how prey abundance or face foragers) and their prey may result from their 
availability affects the linkage between physical inadequate knowledge of prey distributions. Sur- 
features and birds. face cues may promote local, ephemeral corre- 

7 
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FIGURE 1. Study area and transect lines. Lines 
crossing transect lines indicate locations of stations. 
Stations were 18.5 km apart except on NWC where 
they were 9.8 km apart. 

lations between birds and their prey. In some 
cases, prey are forced to the surface where they 
become apparent to flying birds. In other cases, 
surface characteristics, such as foam lines or 
narrow regions of choppy water, indicate the 
presence of subsurface processes that frequently 
concentrate prey (Hamner and Ham-i 1981). 
However, subsurface foragers, such as alcids, may 
have few or no clues about the presence of prey 
many meters deep. 

Although clues to the distribution of prey in 
the horizontal dimension may be lacking, prey 
distribution in the vertical dimension may be 
relatively predictable. Property gradients are of- 
ten steep, resulting in stratification of the water 
column where marked changes in density (pyc- 
noclines), due to rapid changes in salinity (halo- 
clines) or temperature (thermoclines), impair 
vertical mixing. Plankton may be concentrated 
at or in these gradients (Harder 1968, Barro- 
clough et al. 1969, Turner and Dagg 1983). As 
suggested by Briggs et al. (1987), when prey is 
concentrated at haloclines or thermoclines, par- 
ticularly those near the surface, subsurface-for- 
aging birds should be able to locate prey pre- 
dictably and capture food more readily than when 
an equal abundance of prey is dispersed through- 
out an unstratified water column. 

The Least Auklet (Aethiu pxsillu) is a small 
planktivorous alcid that specializes on various 

species of copepods during the summer breeding 
season (Bedard 1969, Springer and Roseneau 
1985, Hunt and Harrison 1990). Auklets obtain 
these prey while diving beneath the surface, and 
frequently take the large oceanic copepods Neo- 
calanus cristatus and N. plumchrus (Springer and 
Roseneau 1985, BMard 1969, Hunt and Harri- 
son 1990). Neocalanus spp. are known to form 
dense layers in the ocean and respond to steep 
property gradients in the laboratory, which could 
lead to dense concentrations of these prey in the 
vertical dimension in a stable water column 
(Harder 1968, Barroclough et al. 1969). Thus, 
Least Auklets might be expected to concentrate 
their foraging in well-stratified water. 

In this study we examined the foraging distri- 
bution of Least Auklets in the Chirikov Basin 
between St. Lawrence Island and Ring Island 
with respect to hydrographic structure and prey 
distribution in the vertical and horizontal planes. 
Using observations from transects that radiated 
from Least Auklet colonies on the north side of 
St. Lawrence Island and from Ring Island in the 
northern Bering Sea, we quantified bird distri- 
bution, water column structure, and the hori- 
zontal and vertical distribution of acoustically- 
determined biomass, the composition of which 
was determined by net tows. 

STUDY AREA AND METHODS 

Study area 
The Chirikov Basin averages less than 50 m in depth 

and is bounded by St. Lawrence Island to the south, 
Siberia to the west, the Seward Peninsula ofcontinental 
Alaska to the east and Bering Strait to the north (Fig. 
1). Water enters the basin in two major currents: the 
Anadyr Current along the west side, and the Alaska 
Coastal Current along the eastern edge. Between these, 
Bering Shelf Water enters the basin from the south, 
passing primarily around the east end of St. Lawrence 
Island. The Anadyr Current originates in the deep Be- 
ring Sea, mixes with cold saline water in the Gulf of 
Anadyr, and sweeps northeasterly between Siberia and 
St. Lawrence Island into the basin and then out through 
Bering Strait (Coachman et al. 1975). The Alaska 
Coastal Current originates in Norton Sound. Com- 
pared to the Anadyr Current, the Alaska Coastal Cur- 
rent is a relatively warm, low salinity water mass that 
is similar to the coastal domain water of the south- 
eastern Bering Sea (Coachman et al. 1975, Kinder and 
Schumacher 798 1): Water in these currents is usually 
unstratified. 

Bering Shelf Water is of intermediate salinity, com- 
pared to Anadyr Current Water or Alaska Coastal Cur- 
rent Water, and is a mixture of water from the deep 
Bering Sea to the south and cold bottom water present 
on the seasonally frozen northern Bering Sea shelf. Be- 
ring Shelf Water forms a broad expanse of water that 
flows northward more slowly than the currents on ei- 
ther side, and it is usually strongly stratified in summer 
(Coachmanetal. 1975, HuntandHanison 1990). Near 
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the northern shore of St. Lawrence Island, Bering Shelf 
Water may be diluted by freshwater runoff, and may 
be unstratified due to a combination of tidal and wind 
mixing, as seen elsewhere in the Bering Sea (Kinder 
and Schumacher 198 1, Kinder et al. 1983). 

The boundaries of these three water masses in the 
Chirikov Basin are not static. The area occupied by 
the stratified Bering Shelf Water varies greatly over 
short periods depending on the positions of the Anadyr 
and Alaska Coastal currents. Both currents meander, 
and large horizontal excursions on the order of tens of 
kilometers have been observed over the period of 2- 
4 days, as well as from year to year (Hunt and Harrison 
1990). 

The copepod community of the Anadyr Current is 
dominated by the very large Neocalanus cristatus (10 
mm), N. plumchrus (5 mm), and Eucalanus bungii (8 
mm) (Brodskii 1950; Smith and Vidal 1984; Springer 
et al. 1987, 1989). In contrast, the Alaska Coastal Cur- 
rent lacks these large species and is dominated by the 
smaller Calanus marshallae, Acartia spp. and Pseu- 
docalanus spp. (Motoda and Minoda 1974, Cooney 
and Coyle 1982, Smith and Vidal 1984). The Bering 
Shelf Water contains representatives of both copepod 
communities, but in our experience, the larger oceanic 
forms predominate (Table 1, but note 1986, and Hunt 
and Harrison 1990). These oceanic copepods originate 
in the Anadyr Water and are advected into the Bering 
Shelf Water in the Chirikov Basin; their presence in 
the stratified waters of the basin is an indication of the 
mixture of oceanic water and Bering Shelf Water there 
(Springer et al. 1987, 1989). 

Methods 

We studied Least Auklets at St. Lawrence Island 
from 8 July to 10 July 1984, 4 August to 13 August 
1985,and 11 Augustto 15 August 1986. In 1984,1985, 
and 1986, one, seven and three transects, respectively, 
were run from the Savoonga-Kookoolik area. Of these 
11 transects, nine had sufficient bird sightings on them 
to permit analysis and they are illustrated here, as are 
examples from the Northwest Cape area of St. Iaw- 
rence Island and from King Island. The proximal ends 
of transects at St. Lawrence Island were within 2-5 km 
of the nearest Least Auklet colonies. All transects but 
one (18 August 1986) were started no earlier than an 
hour after dawn and all were complete before dark. 
Times given are local time (GMT- 10). 

To determine the foraging distribution of Least Auk- 
lets, we counted birds from the bridge (eye height 7.7 
m above the sea surface) of the R/V Alpha Helix while 
underway at speeds of 6-10 knots. All birds within an 
arc from 300 m ahead of the vessel to 90” off the beam 
were counted and data entered in a handheld micro- 
computer to the nearest 0.1 minute from time of entry 
for later processing. Time of entry was then used to 
correlate bird numbers with location and acoustic sur- 
vey data. Distinction was made between birds on the 
water (assumed to be or have recently been foraging) 
and flying birds. Additionally, we recorded environ- 
mental conditions and the ship’s position each half- 
hour, whenever we arrived at or departed an oceano- 
graphic station, or when significant changes were 
observed. For the analysis in this paper, for which 
changes along a transect line are more important than 

absolute numbers or density, we used only counts of 
birds on the water, reported as birds per five- or ten- 
minute time interval. 

Prey use was ascertained by collecting birds on the 
water along the transects in August 1985 and August 
1986, the period when auklets were raising chicks. We 
also mist-netted auklets returning to the Kookoolik 
colony on St. Lawrence Island in August 1985 and 
recovered the regurgitated contents of the gular pouch- 
es. All samples were preserved in 85% ETOH for ex- 
amination in the laboratory. Percent occurrence was 
calculated as the percentage of all birds containing a 
particular class of prey. Percent composition of prey 
was calculated as the percentage of individuals of a 
particular prey type in each food sample collected, 
averaged over all samples. 

We obtained vertical profiles of water column struc- 
ture by lowering a conductivity-temperature-depth 
(CTD) probe to within 3-5 m of the bottom at stations 
usually spaced 18.5 km apart along transects (Fig. 1). 
Although salinity is a more conservative marker for 
the various water masses, we have presented temper- 
ature profiles for this study as they indicated where the 
sharpest property gradients were located. Density pro- 
files were similar, but gradients were less steep and the 
depth of the pycnocline was less easily determined. 

We used two methods to determine zooplankton dis- 
tribution and abundance. The species composition of 
the copepod community was determined using vertical 
tows of a 1 -m, 505 pm mesh plankton net at each CTD 
station, weather permitting. Plankton were identified 
to the lowest taxon possible in the laboratory. Identi- 
fications were complete prior to the description of Neo- 
calanusflemingeri (Miller 1988, Miller and Clemons 
1988) and therefore our taxon N. plumchrus includes 
an unknown number of N. jlemingeri. 

We investigated both the horizontal and vertical dis- 
tribution of plankton biomass using a BiosonicsO Model 
10 1 echo-sounder (200 kHz) with the transducer towed 
in a V-fin depressor at about 6 knots. The calibrated 
system source level at maximum power was +224.8 
dB re 1 PPa at 1 m. The receiver sensitivity under 20 
log R time varied gain was - 135.3 dBv re 1 PPa at 
1 m. 

A Biosonics Model 120 scientific echointegrator was 
used to integrate measures of volume scattering in ver- 
tical intervals of two meters from 5 m below the surface 
to the bottom. At ship speeds of 6-8 knots, each in- 
tegration sequence of 60 pings covered 0.1 to 0.2 
nautical miles (0.185 to 0.37 km) of transect line. 
Individual integrations were read immediately by a 
micro-computer, which applied corrections for water 
temperature, salinity, and previously determined sys- 
tem calibration (source level and gain, transducer di- 
rectivity). Estimates of acoustically determined bio- 
mass were obtained by using the results of Richter 
(1985) to estimate target strengths for the commonest 
large zooplankters in the Chirikov Basin. At a wave- 
length of 7.5 mm, the largest copepodid stages of Neo- 
calanus spp. and Ecualanus bungii were expected to 
contribute significantly to the sound-scattering. The 
resulting conversion, - 80 dB g- I, was used to estimate 
the wet weight of plankton beneath the transect line. 
This was derived from an empirical relationship for 
target strength as a function of body size and frequency 
(Richter 1985). This procedure would overestimate the 



10 STUDIES IN AVIAN BIOLOGY NO. 14 

TABLE 1. PREY IDENTIFIED IN LEAST AUKLETS NEAR ST. LAWRENCE ISLAND AND COMFQSITION OF PLANKTON 
IN VERTICAL NET Tows 

prey type 

1985 1986 
- 1985 at sea I985 colony - 1986 at sea 

X % in- X % in- 
dividuals % oc- ic % in- %OC- ic % in- dividuals %OC- ic % in- 

in net cummce dividuals cmnce dividuals in net cumeme dividuals 
,OWS in prey in prey in prey in prey tows in prey in prey 

Sample size 
All Neocalanus 

N. cristatus 
N. plumchrus 

Eucalanus bungii 
Calanus marshallae 
Pseudocalanus spp. 
Metridia 
Pandalidae 
Hippolytidae 
Euphausiids 
Hyperiids 
Gamarids 
Crab larvae and zoea 
Limacina 
Other 

12 37 37 
36.3 78 33.7 

1.2 73 29.4 
35.1 24 4.3 
4.7 13 1.4 
7.8 - - 

12.8 - - 
1.3 - - 
0.3 78 33.5 
0.1 16 3.0 

35.1 30 12.5 
1.9 35 12.1 
- - 
1.3 16 2.2 
1.1 - - 
- - 1.6 

25 25 9 25 24 
100 89.5 28.3 92 78.2 
56 4.7 1.1 68 19.5 

100 84.8 27.2 72 58.7 
4 0.1 0.9 - - 

- - 64.7 - - 
- - 1.6 - - 
- - 0.8 - - 
80 4.8 - - - 
40 0.5 - - - 
44 2.4 2.2 8 0.0 
32 1.5 0.4 28 10.1 
4 0.3 0.4 8 3.0 

60 1.5 0.7 - 0.0 
4 0.0 - 0.0 

- - 0.3 - 8.7 

contribution to integrated biomass from the larger fish- 
es in the area, but these fish were rarely encountered. 

The major problem with the use of single frequency 
acoustic observations is associated with converting 
measures of volume scattering to estimates of biomass, 
due to the relationship between body size and char- 
acteristics and backscattering efficiency (i.e., target 
strength). The use of 200 kHz probably eliminated 
detectable acoustic returns from most organisms <2- 
3 mm long. Thus, although we present our data in terms 
of g of zooplankton, our results are primarily useful as 
relative estimates of large zooplankters beneath the 
transect line and not of absolute levels of total plankton 
biomass. 

To quantify the use of stratified waters by foraging 
auklets near St. Lawrence Island, we used two ap- 
proaches, one focusing on the location of peaks in the 
number of foraging auklets, the other on whether more 
auklets foraged over stratified water than expected by 
chance. Stratified water was defined as having a ther- 
mocline in which there was a change of 24°C in a five 
meter depth-interval. A peak was defined as a 10 min 
sampling period in which the number of foraging auk- 
lets exceeded the mean for the whole transect plus 1.96 
times the standard deviation for the transect. 

To examine the relationship between auklet num- 
bers and the strength of the thermocline, we standard- 
ized data to allow combining of data from several tran- 
sects. For auklets, the standardized number was 
computed by dividing the mean for the four ten-minute 
counts nearest a station by the maximum number for 
any ten-minute count on a particular transect; for the 
thermocline we divided the change in temperature per 
unit depth for the thermocline at the station by the 
maximum thermocline strength observed on the tran- 
sect in question. 

RESULTS 

Data on prey obtained from Least Auklets at 
sea and at the Kookoolik colony are presented 
in Table 1, as are data from vertical plankton 
tows. For both 1985 and 1986, Neocalanus spp. 
were prominent in the diet. The occasional use 
of other prey, such as euphausiid larvae and 
shrimp larvae (Pandalidae), probably results from 
year-to-year changes in their relative abundance. 
Pandalid larvae were relatively large and were 
apparently a preferred prey of Least Auklets in 
1985, as the larvae were relatively rare in our net 
samples of zooplankton (Table 1). Auklets took 
euphausiids in the year that they were abundant 
in net tows, but to a lesser extent than would 
have been expected based on their relative abun- 
dance. Evidently euphausiids were less preferred 
than Neocalanus spp. Least Auklets at King Is- 
land fed primarily on Neocalanus spp. (Hunt and 
Harrison 1990). 

There were striking differences between 1985 
estimates of auklet diets based on birds shot and 
birds mist-netted in the colonies. The prey col- 
lected in the colony was exclusively the regur- 
gitated contents ofgular pouch-loads destined for 
chicks. The at-sea collections, including many 
subadults in heavy primary moult that were un- 
able to take flight, or did so only with great dif- 
ficulty, usually yielded small numbers of items. 
The use of calanoid copepods would likely be 
underestimated in these birds, as many of these 
birds contained a large proportion of unidenti- 
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FIGURE 2. Temperature profiles and numbers of 
foraging Least Auklets on a series of lines north of 
Savoonga, St. Lawrence Island for (A) 13 August 1986, 
11:45 to 16:30, (B) 4 August 1985,05:00 to 12:00 and 
(C) 8 July 1984, 11:19 to 16:45. Variations in bottom 
profile represent soundings for each line or date run. 
Stations were 18.5 km apart. 

fiable mush that was almost certainly derived 
from copepods. The difference in the species 
composition of the Neocalanus identified in the 
two sets of samples is of interest but we have no 
explanation for it. 

We encountered three different classes of phys- 
ical profiles on the transects at St. Lawrence Is- 
land (Fig. 2). The commonest pattern showed a 
relatively warm, well-mixed water inshore and 
stratified water with a strong thermocline be- 
tween 18.5 and 37 km offshore (Fig. 2A). In these 
cases, the water inshore and on the surface was 
slightly fresher than the offshore, deeper water 
(32.2 vs. 32.6%). Less commonly, we found 
poorly stratified water at the distal end of the 
transect (Figs. 2B and 3A), in areas where exten- 
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FIGURE 3. Temperature profiles and numbers of 
foraging Least Auklets per 10 min of counting north 
of St. Lawrence Island. A. A line due north from Koo- 
koolik starting at 05:44 for 56 km in stormy weather, 
with a change in course at KON-3 (at 12:32) toward 
the southwest toward Northwest Cape on 7 August 
1985. B. A line to Kookoolik from the northeast on 
11 August 1985 between 05:OO and 10:43. On both 
lines auklet numbers reach their maximum where a 
strong thermocline is near the surface. 

sions of the Anadyr Current had intruded east- 
ward close to the north side of St. Lawrence Is- 
land. In these cases, the long, sloping thermoclines 
indicate the breakdown (or setting up) of struc- 
ture offshore. At times the thermocline was ab- 
sent and the offshore region had cold water mixed 
top to bottom, with a thermal front marking the 
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FIGURE 4. Temperature profiles and numbers of 
foraging Least Auklets per 10 min of counting along 
two lines on 4 August 1985 (A) to the south to Sa- 
voonga, run between 05:OO and 12:00 and (B) to the 
NW from Savoonga, run between 12:30 and 18:45. 
Stations were 18.5 km apart. 

region where the thermocline surfaced (Figs. 2B, 
3A, 3B). The offshore thermal front varied in its 
distance from the island and in its strength (Figs. 
2B and 3A vs. 3B), presumably in response to 
the extent of the Anadyr Current intrusion. In 
one instance (Fig. 2C), cold unstratified water 
was found for the entire length of the transect 
and there was no evidence of a thermocline. 

240- n 

KON 0 I 2 3 4 

FIGURE 5. Temperature profiles, counts of Neocu- 
Ianus spp. and Least Auklet numbers per 10 min of 
counting on a line north from Kookoolik, 10 August 
1985 between 13:20 and 19:56, in calm weather. Sta- 
tions were 18.5 km apart. Letters at the base of Figure 
5A show location of profiles given in Figure 7B. 

The distribution of Least Auklets varied with 
the type of temperature profile encountered (Fig. 
2). When there was a strong thermocline off- 
shore, peak numbers of auklets were found, al- 
though not necessarily where it was strongest (Fig. 
2A). Concentrations above the thermocline, par- 
ticularly where it bent toward the surface, were 
particularly striking on 7 and 11 August 1985 
(Figs. 3A,B). In contrast, where the thermocline 
was closer inshore, with a front marking its off- 
shore transition to unstratified water, we found 
two relatively small peaks in auklet numbers, one 
inshore near the commencement of the stratified 
layer, and one offshore at the outer end of the 
stratified layer (Figs. 2B, 4A, and for the inner 
end, 4B). On two of these three transects, num- 
bers dropped immediately when auklets encoun- 
tered the unstratified water offshore (Figs. 2B, 
4A). Their distributions were relatively even over 
the unstratified water encountered in July 1984 
(Fig. 2C). 

Foraging auklets were most abundant in regions 
where Neocalanus spp. were present, and where 
the water was also strongly stratified. The tran- 
sect north from Kookoolik on 10 August 1985, 
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PIGURE 6. A. Echogram of acoustically determined biomass in the region of the inner front as seen in Figure 
5 just inshore of station KON- 1. The scale bar equals 1.85 km. B. Echogram of acoustically determined biomass 
between stations KON-2 and KON-3 where the plankton is in dense layers at and above the thermocline. 

for example (Fig. 5A), revealed large concentra- 
tions of auklets between stations KON-2 and 
KON-3, approximately 40-65 km from shore. 
Neocalanus spp. were present in net tows at all 
stations (Fig. 5B). Acoustic estimates taken con- 
currently with the bird counts showed that total 
plankton biomass, inshore where few birds were 
present, was widely dispersed in the upper water 
column, with evidence of concentrations rising 
toward the surface in the vicinity of the inshore 
front (Fig. 6A). In contrast, beneath the offshore 
concentration of Least Auklets, plankton in the 
upper water column was concentrated above the 
thermocline (Fig. 6B). Plankton distribution along 
the transect was extremely patchy, with numer- 
ous biomass peaks in the upper 9-15 m of the 
water and in the water column as a whole (Fig. 
7A). Acoustically determined biomass showed 
peak abundances near the bottom inshore, and 
at 7-10 m depth offshore, where the auklets were 
most abundant (Fig. 7B). A strong thermocline 
was present offshore starting near station KON- 
1, which appeared to rise from about 10 m depth 
at station KON-2 to 5-7 m depth at KON-3 (Fig. 
5B). Thus, the birds were most concentrated 
where a strong, shallow thermocline coincided 
with an accumulation of plankton. 

The transect on 14 August 1986, NE from Sa- 
voonga, provided a similar association. We saw 
virtually no auklets until just before we reached 
station SAVNE-3, approximately 40 km offshore 
(Fig. 8A). Between SAVNE-3 and SAVNE-4 
numbers increased and then dropped off as we 
progressed toward SAVNE-5. Plankton hauls in- 
dicated that Neocalanus spp. were scarce or ab- 
sent inshore (stations SAVNE- 1 and 2), but were 
present at SAVNE-3, 4, and 5. The physical 
structure of the system also changed at SAVNE- 
3. Farther inshore the water column was rela- 
tively well mixed from top to bottom; offshore 
a strong thermocline developed. Again, the pres- 
ence of Neocalanus spp. coincided with the pres- 
ence of a stratified water column. 

To examine in detail the relationship between 
the distribution of auklets and plankton we re- 
turned down the transect from station SAVNE-5 
to SAVNE-3 with counts of birds and an acoustic 
survey of plankton (Fig. 9). The bird distribution 
had shifted somewhat inshore from the previous 
survey that day, but there was still a major peak 
near where we had taken station SAVNE-4 four 
hours earlier (Fig 9A). Biomass also showed a 
broad peak in the vicinity of station SAVNE-4 
(sections C, D), with a large portion of the de- 
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FIGURE 7. A. Horizontal profile of acoustically de- 
termined biomass obtained concurrently with bird 
counts reported in Figure 5 on 10 August 1985. B. 
Selected vertical profiles of acoustic biomass at the 
positions indicated. For each section, three adjacent 
profiles are presented to give a sense of the variation 
in vertical plankton distribution. 

tected biomass above 24 meters (Figs. 9B,C). 
Although birds and plankton biomass were not 
well matched up over the smallest measurable 
scales, over larger scales (5.5-9.3 km) there was 
greater concordance. 

We used two approaches to examine the small- 
scale distribution of plankton within the strati- 
fied zone offshore. First, we obtained acoustically 
determined vertical profiles of the prey distri- 
bution between SAVNE-5 and SAVNE-3 (Fig. 
9). Peaks in biomass were found consistently 13 
to 17 m below the surface in the area where 
foraging auklets were most abundant (C and D). 
Similar but smaller biomass peaks were present 
at A and B, where birds were less abundant. These 
patches of biomass were all apparently above the 
thermocline (See Fig. 8C). Second, we conducted 
net tows with single replicates at five stations, 
3.7 km apart, between SAVNE-3 and -4 (Fig. 
10). We found that tows taken at the same po- 
sition, one immediately after another, often dif- 
fered as much as those from stations 18.5 km 
apart. There were individual tows that sampled 
biomass peaks, and their results supported those 

500 - A 

FIGURE 8. The distribution of Least Auklets, Neo- 
cuZunus spp., and sea temperature along a transect NE 
from Savoonga, St. Lawrence Island, 14 August 1986 
between 05: 15 and 12:04. The stations are 18.5 km 
apart. 

from the acoustic survey that high plankton bio- 
mass occurred near SAVNE-4. 

The 8 August 1985 transect northeast from 
Kookoolik also showed most auklets foraging 
over stratified water, but without a single strong 
peak (Fig. 11). All plankton tows along this line 
contained Neocalanus spp., including the inshore 
station where there was no thermocline. Thus, 
in this case most auklets overflew unstratified 
water containing appropriate prey to forage in 
more distant, stratified water, and missed the 
area of greatest prey concentration. 

We conducted an acoustic survey concurrently 
with the bird counts depicted in Figure 11 and 
found that the distribution of plankton differed 
strikingly from that of the birds (Fig. 12A). For 
the water column as a whole, biomass was ex- 
tremely patchy. Plankton was scarce in the upper 
layers for most of the transect of the offshore 
stratified water. In contrast, in the unstratified 
water inshore, there were dense small patches of 
plankton in the upper layers. However, vertical 
profiles showed that most of the biomass was 
near the bottom throughout the transect (Fig. 
12B). Inshore, biomass in the upper water col- 
umn was widely dispersed in depth, with great 
km-to-km variability (A); offshore the small 
amount of biomass present in the upper water 





STUDIES IN AVIAN BIOLOGY NO. 14 16 

60 
Depth 

h60-9M 

50 

7 

A15- 9 M 

&- A 

A B ( 

I3 Acoustic Biomass (g/m31 
,3 123 123 12 

FlGURE 12. A. Horizontal profile of acoustically de- 
termined biomass along the same transect as depicted 
in Figure 11. B. Vertical profiles of the distribution of 
acoustically determined biomass at the positions in- 
dicated. Three adjacent profiles are presented for each 
station. 

in plankton biomass between 9 and 13 m depth 
(interference from entrained bubbles obliterated 
the record above 7-9 m). Two days later, most 
foraging auklets were near KID-4, well within 
the region with a strong thermocline (Fig. 14). 
Biomass was patchily distributed along the whole 
transect, but concentrated near the bottom. Sev- 
eral broad areas of concentration were evident 
in the upper water column, one of which coin- 
cided with the concentration of auklets near 
KID-4. Vertical plankton tows showed Neoca- 
lams spp. at all stations, but more abundant west 
of RID-2 (Table 2). Vertical profiles from the 
acoustic measurements showed that in the region 
where the thermocline was strong (IUD-3 to 
KID-$ most biomass in the upper water column 
was concentrated at 11-16 m (Fig. 15) above 
the top of the thermocline at 16-20 m (Fig. 14). 

Structures, such as thermoclines, that rise to- 
ward the surface sometimes (Figs. 4, 5 and 1 l), 
but not always (Fig. 3), had foraging auklets above 
them. This relationship can be particularly strik- 
ing in the vicinity of fronts where prey may be- 
come available near the surface (Fig. 16). A tran- 
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FIGURE 13. Distribution of Least Auklets (A) and 
acoustically determined biomass (B) along a transect 
west of Ring Island on 16 August 1986, 05:45-l 1:35, 
during stormy weather. The distance between IUD-1 
and RID-5 is 74 km. 

sect run 12 August 1986, from Northwest Cape 
to the boundary between United States and So- 
viet-controlled waters, encountered a remark- 
able peak in foraging auklets as we approached 
a front between Bering Shelf Water and the 
Anadyr Current. In the region of the front, the 
isohalines bent toward the surface (between 
NWC-4 and NWC-5) and Least Auklet numbers 
increased from I 10 to over 2500 in 5-min counts 
(Fig. 16). 

Least Auklets occurred more frequently over 
stratified water than was expected by chance. Of 
the 24 transect segments between stations over 
stratified water, 42% contained peaks in auklet 
numbers, as contrasted with only 7% over un- 
stratified water (x2 = 5.60, P < 0.05). Data from 
interstation observations provided similar re- 
sults (unpubl.). When we compared total counts 
of auklets over stratified and unstratified water 
near St. Lawrence Island, we found that although 
only 50% of the transects were over stratified 
water, 82% of all foraging auklets were seen over 
this habitat (unstratified R = 139.75 + SD 
154.23; stratified ii: = 649.79 f 642.58, N = 24 
for both). 

The number of foraging auklets in the vicinity 
of a station was positively correlated with the 
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FIGURE 14. Distribution of (A) Least Auklets over 
10 min of counting, (B) acoustically determined bio- 
mass and (C) sea temperatures along a line from 18.5 
km west of Ring Island to 74 km west of the island, 
18 August 1986,04:18 to 12:08. Letters along the bot- 
tom of(B) refer to the patterns of vertical profiles in 
Figure 15. 

steepness of the thermocline at that station, when 
both auklet numbers and thermocline strength 
were standardized (Fig. 17, Spear-man Rank Cor- 
relation rs = 0.34, P < 0.05). The lack of auklets 
in the upper left hand and lower right hand por- 
tions of the figure shows that the correlation is 
driven by both the auklets’ avoidance of weakly 
stratified water and their use of the most strati- 
fied water available on a given transect. A similar 
examination revealed no significant negative 
correlation of auklet numbers with thermocline 
depth. 

We examined the extent to which the corre- 
lation of numbers of foraging Least Auklets with 
acoustic estimates of biomass depended on the 
depth interval over which biomass was estimat- 
ed, and on the horizontal scale at which corre- 
lations were sought. At horizontal scales of 1.9- 
3.7 km and 9.4-22.2 km, we found that auklets 

FIGURE 15. Vertical profiles of the distribution of 
acoustically determined biomass at the positions in- 
dicated along the transect of 18 August 1986 in Figure 
14. Three adjacent profiles are presented for each sec- 
tion. 

may be better correlated with estimates of prey 
biomass at and above the thermocline than with- 
in the whole water column (Tables 3A,B). For 
the upper water column, there is also some ev- 
idence that correlations were stronger at 9.3-22.2 
km (4 of 5 cases). Since at the small measurement 
scales (1.9-3.7 km) autocorrelation is a problem, 
effective sample sizes are smaller than the num- 
ber of segments compared. Therefore, accep- 
tance of the null hypothesis is conservative, and 
apparently significant P values can lead to a false 
rejection of H,. When auklet numbers were com- 
pared with plankton biomass over 1.9-3.7 km 
intervals for the 9.3-22.2 km runs between 
stations, values of rs were consistently low (Ta- 
ble 4). 

Although small sample sizes and autocorre- 
lations make establishing the statistical signifi- 
cance of differences in the strength of correlations 
at different spatial scales difficult, our data sug- 
gest that Least Auklets show their strongest cor- 
relations with presumed prey when correlations 
are based on biomass estimates for the upper 
water column over relatively long distances. We 
can assert with considerable certainty that cor- 

TABLE 2. PRESENCE OF CALANOID PREY OF LEAST 
AUKLETS AS SAMPLED BY VERTICAL PLANKTON Tows 
ALONG A LINE WENT OF KING ISLAND, 18 AUGUST 1986. 
DATA ARE EXPRESSED AS INDMDUALSM 

Species 

Station 

KID-2 KID-3 KID-4 KID-5 

Calanus marshallae 11.9 6.1 41.1 21.3 
Neocalanus 

plumchrus 1.5 36.6 86.8 42.7 
N. cristatus - 0.9 4.9 0.7 
Eucalanus bungii 3.0 0.8 0.6 - 
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FIGURE 16. Distribution of (A) Least Auklets per 
10 min of counting and (B) salinity along a line north- 
ward from Northwest Cape to the International Date- 
line, 12 August 1986 between 05:OO and 08:lO. At 
station NWC-5 we were close to, but not yet in, Anadyr 
Current Water. Stations are 9.8 km apart. 

relations between Least Auklets and acoustically 
estimated biomass are weak when estimates of 
biomass are based on the whole water column. 

Quantification of the relationship between the 
numbers of Least Auklets and Neocalanus spp. 
is limited by the paucity of net hauls in unstrat- 
ified water. However, for the 10 suitable stations 
at St. Lawrence Island we obtained Neocalanus 
spp. at eight. On at least two dates, 8 and 10 
August 1985, Neocalanus spp. were present in 
unstratified water but there were no concentra- 
tions of Least Auklets nearby (Figs. 4, 5). We do 
not know whether Neocalanus spp. were less 
abundant in the unstructured water because we 
are unable to partition acoustically-measured 
biomass among the various species of plankton 
in the water column. However, distinct layers of 
biomass in the unstructured water were unusual 
(Fig. 7B, section A, but see Fig. 12) and con- 
centration of biomass (g/m3) may be more im- 
portant to the auklets than overall abundance in 
the water column as a whole (g/m2). 
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FIGURE 17. The relationship between the percent 
of the maximum number of Least Auklets seen on a 
given transect and the strength of the thermocline as 
defined by the percent of the maximum change in tem- 
perature per change in depth for a given transect. Dot- 
ted lines represent position of median values. 

DISCUSSION 

We think three aspects of the marine environ- 
ment operate simultaneously to influence selec- 
tion of foraging areas by Least Auklets in the 
Chirikov Basin: the presence of preferred types 
of prey (e.g., Neocalanus spp. copepods), their 
abundance in the water column, and their avail- 
ability as determined by their vertical distribu- 
tion in the water column. The relative contri- 
bution of the three elements is difficult to assess. 

At King Island, Least Auklets overfly Alaska 
Coastal Water to forage in Bering Shelf Water 
(Hunt and Harrison 1990, this study). Two vari- 
ables, water stratification and the prey commu- 
nity present, vary in parallel. Near King Island, 
Alaska Coastal Water is unstratified and lacks 
Neocalanus spp., and farther offshore the Bering 
Shelf Water is stratified and contains Neocalan- 
us. Still farther from King Island, where Bering 
Shelf Water abuts the Anadyr Current, there is 
a change from stratified shelf water to unstrati- 
fied Anadyr Current Water, with both water 
masses containing Neocalanus spp. Auklets for- 
aged more commonly in the stratified water (Hunt 
and Harrison 1990) suggesting that they prefer 
foraging areas with a stable vertical structure. 

Our work near St. Lawrence Island provided 
the opportunity to test the importance of vertical 
structure. There we found Least Auklets overfly- 
ing nearshore unstratified water containing Neo- 
calanus spp. to forage in stratified water offshore. 
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TABLE 3. h%JLTS OF SPEARMAN RANK CORRELATIONS BETWEEN FORAGING LW\ST AUKLETS AND ACOUSTICALLY 
DETERMINEDBIOMASSOVERTWODE~IXRANGESATA,AHORIZONTALSCAIEOF~.~~-~.~KMANDB,AHOIUZ.ONTAL 
SCALE OF 9.3-22.2 KM 

Transect Date 
km over which 

biomass integrated N botto2to 5 m thermoclke to 5 In 

A. 
KONE 
KON 
SAVNE 
KID 
KID 

B. 

KONE 
KON 
SAVNE 
KID 
KID 

8 Aug 85 
10 Aug 85 
14 Aug 86 
16 Aug 86 
18 Aug 86 

8 Aug 85 18.5 
10 Aug 85 18.5 
14 Aug 86 9.3 
16 Aug 86 18.5 
18 Aug 86 18.5 

3.7 17 0.24 
3.7 18 -0.12 
1.85 20 0.47* 
3.7 35 -0.20 
1.85 26 -0.07 

0.40 -0.60 
-0.80 0.80 

0.40 1 .oo* 
-0.54 0.77 
-0.40 0.90* 

-0.24 
-0.07 

0.46* 
0.77*** 
0.64*** 

l P < 0.05. 
*** P < 0.001. 

And, as at Ring Island, relatively few Least Auk- 
lets foraged over unstratified Anadyr Current 
Water. Along transects, the large feeding flocks 
nearest shore usually occurred when we first en- 
countered stratified water. Frequently additional 
feeding flocks were encountered up to 90 km 
offshore in areas where the thermocline was strong 
and shallow. In virtually all cases, Least Auklets 
were the only species present on the water. Al- 
though the occasional Parakeet Auklet (Cyclor- 
rhynchuspsittaculu) or small numbers of Crested 
Auklets (A. cristatella) were encountered, we 
rarely observed mixed-species foraging aggrega- 
tions. 

We have too few samples of prey biomass in 
unstructured water in which Neocalanus spp. oc- 
curred to determine whether the abundance of 
Least Auklets foraging in stratified water was due 
to differences in food availability (density and 
accessibility) or differences in food abundance in 
the two habitats. Therefore, we cannot rule out 
the possibility that the auklets were responding 
to differences in prey biomass. However, two 
types of evidence suggest that Least Auklets se- 
lected their foraging areas in a coarse-grained 
fashion on the basis of vertical stratification (and 
prey availability) and only secondarily on the 
basis of local prey abundance. First, correlations 
between the presence of foraging Least Auklets 
and presence of stratified water were stronger 
than correlations between auklet numbers and 
estimates of local prey abundance. Second, with- 
in the stratified water Least Auklet numbers 
tended to be greatest where the stratification was 
strongest. The vertical profiles of acoustically- 
estimated prey biomass revealed consistent peaks 
in the concentration of biomass at or above the 

thermocline, and Neocalanus spp. are known to 
form dense layers 20-40 m below the surface in 
the open ocean (Barroclough et al. 1969); N. 
plumchrus occurs mostly above the seasonal 
thermocline (C. Miller, pers. comm.), while N. 
cristatus occurs mostly below the thermocline 
(see also R. Le Brasseur in Vermeer 198 1). Thus, 
stratification partitions the water column verti- 
cally and sets up the potential for “vertical com- 
pression” and increased density of plankton bio- 
mass. Data from our net tows indicate that the 
biomass in the surface waters was dominated by 
Neocalanus spp. Our replicate net tows showed 
a consistent species composition in the plankton 
over scales of up to 19 km, despite considerable 
local patchiness. Thus, we tentatively conclude 
that auklets are foraging in the stratified water 
because prey is more likely to be concentrated 
at or above the thermocline there. Auklet use of 
fronts or areas where the thermocline approaches 
the surface is the extreme expression of this pat- 
tern. 

TABLE 4. SPEARMAN RANK CORRELATIONS BETWEEN 
FORAGING LEAST AUKLETS AND ACOUSTICALLY DETER- 
MINED BIOMASS AT A SCALE OF 1.85-3.7 KM WITHIN 
INTERSTATION SEGMENTS (9.3-22.2 KM) 

TmSect 

KONE 
KON 
SAVNE 
KID 
KID 

NO. Mean r, 
inter- Mean r, themm- 

station bottom cline 
Date segments to5m to 5 In 

8 Aug 86 4 0.43 0.08 
lOAug86 4 -0.15 -0.28 
14Aug86 5 0.00 0.18 
16Aug86 5 0.54 0.48 
18Aug86 4 0.25 0.30 
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In the Southern California Bight, vertical strat- 
ification of the water column has been shown to 
be important to Xantus’ Mm-relets (Synthlibo- 
ramphus hypoleuca). Murrelets delayed repro- 
duction in a year when storms increased the depth 
of the mixed surface layer of the water column 
&asker 1979, Hunt and Butler 1980). The 
murrelets’ apparent dependence on a stable wa- 
ter column involves a different, though related, 
phenomenon to that found in Least Auklets. 
Xantus’ Murrelets prey extensively on larval 
northern anchovies (Engraulis mordax) (Hunt et 
al. 1979). The anchovies in turn depend upon 
high concentrations of phytoplankton if they are 
to survive the first-feeding stage; if turbulence in 
the upper water column disperses their prey, they 
fail to survive &asker 1979, Peterman and Brad- 
ford 1987). Thus, in the mm-relet-anchovy sys- 
tem, the importance of a stable upper water col- 
umn is mediated through an additional link in 
the food chain. 

These instances in which a stable vertical 
structure enhances food availability differ from 
those in which more dynamic physical processes 
are involved. In the case of vertically stable sys- 
tems, prey are aggregating in a narrow zone to 
enhance their own energy intake and growth. In 
systems with high kinetic energy, currents may 
cause the passive accumulation of prey in eddies 
(Alldredge and Hamner 1980, Hamner and Hau- 
ri 198 1) or the active accumulation of organisms 
resisting either upwelling or downwelling (Pin- 
gree et al. 1974, Brown 1980, Barstow 1983). 

The relatively poor correlation between Least 
Auklets on the water and the distribution of 
acoustically determined plankton biomass at 
scales of 2-5 km may be the result of the methods 
we used, or an important aspect of the foraging 
biology of these birds. Three aspects of our meth- 
ods could have contributed to an apparently 
weaker correlation between the auklets and their 
prey than actually existed. First, we could not 
obtain data on plankton distributions in the top 
5-7 m of the water, and we do not know if it 
held significant prey populations that were not 
correlated with deeper, measured prey popula- 
tions. However, the four (of a possible five) strong 
positive correlations between auklets and bio- 
mass in the upper water column at a scale of 9- 
22 km suggest that acoustically-estimated bio- 
mass in the upper water column was a reasonable 
indicator of potential prey abundance. Second, 
the transect width over which we counted birds 
was considerably wider than the cone-shaped area 
beneath the ship that was scanned by the echo- 
sounder. Given our evidence for patchiness in 
the plankton at very small scales, the birds may 
have been responding to different distributions 
of prey than we could detect. Third, we assumed 

that birds on the water were foraging or had been 
foraging in the recent past. If long periods elapsed 
since their foraging, auklets could have drifted 
away from the food patch, especially since the 
water mass below the thermocline may have been 
moving with respect to the surface waters. At 
present, we cannot eliminate or even estimate 
the magnitude of these sources of error. 

There exist, however, at least two related rea- 
sons why auklets might not be well correlated 
with small-scale variations in the abundance of 
their prey. First, overall prey abundance may be 
sufficiently high that it would not pay auklets to 
search out the peak concentrations, as suggested 
by Woodby (1984) for murres (Uria spp.) in the 
southeastern Bering Sea. An alternative, though 
not mutually exclusive, hypothesis is that sea- 
birds are not particularly good at locating the 
best prey patches, and instead of searching for 
such patches, they join birds already foraging 
(Hoffman et al. 198 1, Obst 1985). In this sce- 
nario, the first bird to find an adequate, “thresh- 
old” concentration of prey would have a dispro- 
portionate effect on the distribution of foraging 
birds with respect to prey. Piatt (1990) has found 
evidence for threshold densities of prey necessary 
to attract foraging Common Murres (U. aalge) 
and Atlantic Puffins (Fratercula arctica), and ob- 
servations of seabirds joining others already on 
the water are commonplace. 

We suggest that Least Auklets locate suitable 
foraging areas by using a combination of physical 
and biological cues. Sea surface temperature in 
some instances is indicative of water column 
structure in the Bering Sea (Schumacher et al. 
1979, Kinder et al. 1983). Near St. Lawrence 
Island, cool surface temperatures offshore indi- 
cate unstratified water, as is also frequently the 
case close to the island. We suggest that Least 
Auklets may seek areas with the warmer surface 
temperatures that can indicate subsurface strat- 
ification. The auklets commence foraging either 
when they encounter some minimum “thresh- 
old” concentration of plankton by chance, or by 
joining other birds already engaged in foraging. 
We interpret the stronger correlation of predators 
and presumed prey at larger scales as due to the 
auklets’ being better at locating generally rich 
foraging areas than at locating specific prey 
patches. 
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ALCID PATCHINESS AND FLIGHT DIRECTION NEAR A 
COLONY IN EASTERN NEWFOUNDLAND 

DAVID C. SCHNEIDER, RAYMOND PIEROTTI, AND WILLIAM THRELFALL 

Abstract. Topographic features, including shape of the coastline and shape of the bottom, generate 
spatially predictable flow gradients that can concentrate seabird prey. We hypothesize that bathy- 
metrically induced flow gradients influence the distribution, flight orientation, and patch scale of 
foraging alcids around colonies. Two potentially important sites were identified from hydrographic 
charts of the waters around the colony at Witless Bay, in eastern Newfoundland. One site was a bank 
70 km southeast of the colony. The second was a strip of high topographic relief running along the 
western margin of the Avalon Channel, which carries the inshore branch of the Labrador Current 
southward past the colony. Surveys in 1985 showed that murres (primarily Common Murres, Uris 
aalge) and Atlantic Puffins (Fratercula arctica) were present in abundance at the offshore bank. Both 
species brought fish to the colony from this bank. Surveys also showed that the abundance of murres 
and puffins was greater along the coastal strip south and north of the colony than at similar distances 
east of the colony. Surveys in 1987 showed that murres and puffins on the water were aggregated at 
the scale of the first internal Rossby radius, which is the characteristic scale of flow gradients at water 
mass boundaries (fronts). Our results suggest that multiple rather than single focus spatial models are 
required to describe the foraging behavior of colonial &ids. 

Key Words: Alcids; habitat selection; oceanography; upwelling; Newfoundland. 

Habitat selection by birds has been investi- 
gated in many terrestrial environments (Cody 
1985); little work has been done in marine en- 
vironments. Preliminary models of foraging dis- 
tribution and energetics of marine birds have 
assumed that rate of encounter with prey is either 
spatially uniform or unpredictable in oceanic 
(Diamond 1978) and continental shelf ecosys- 
tems (Cody 1973, Furness 1978). A growing body 
of evidence indicates that, at least in shelf eco- 
systems, rates of encounter with prey are likely 
to be predictable in space (Brown 198Oa) and 
time (Schneider et al. 1987). One important 
source of spatially predictable variability in shelf 
ecosystems is topography, including shape of the 
coastline and shape of the bottom. Bathymetric 
features generate spatially predictable flow gra- 
dients in shelf ecosystems (Csanady 1982, Allen 
et al. 1983) with important effects on the pro- 
duction and local distribution of marine organ- 
isms(Holligan 1981,0wen 1981,Richards 1981). 

Plow gradients, which are defined as changes 
in water velocity in horizontal or vertical direc- 
tions, can concentrate the prey of marine birds 
in at least four different ways. Convergent flow 
(downwelling) can increase the patchiness of ver- 
tically migrating prey such as myctophids (Olson 
and Backus 1985) and gelatinous zooplankton 
(Hamner and Schneider 1986). Divergent flow 
(upwelling) can bring prey to the sea surface, 
where it can be captured by non-diving species 
(Brown 1980a). Coastal upwelling can increase 
subsurface concentrations of negatively photo- 
tactic prey such as euphausiids (Simard et al. 

1986). Flow gradients can also maintain tem- 
perature gradients to which nekton can respond 
directly (Laurs et al. 1977, Magnuson et al. 198 1, 
Olla et al. 1985). 

Several recent studies indicate that bathymet- 
rically induced flow gradients influence the dis- 
tribution of alcids around breeding colonies. In 
the Bering Sea, murres (Uris spp.) occurred at 
greater densities near the shelf break southwest 
of the Pribilof Islands than at similar distances 
to the northwest of the Pribilof Islands (Schnei- 
der and Hunt 1984). Nearer to the islands Kinder 
et al. (1983) reported an increase in the number 
of murres at a shallow sea front associated with 
a change in bottom slope. In Hudson Bay Cairns 
and Schneider (this volume) showed that the 
abundance of Thick-billed Murres (U. lomvia) 
was related to depth gradient as well as to water 
depth. 

If areas of bathymetrically induced flow gra- 
dients are important to foraging seabirds, then 
several predictions can be made about the dis- 
tribution and behavior of alcids foraging near 
colonies. First, alcids should be more abundant 
in areas of high topographic relief than in areas 
of less relief. Second, alcids should be observed 
commuting to areas of high topographic relief. 
Third, patchiness of alcids on the water should 
be observed at the scale of the first internal Ross- 
by radius, which is the characteristic scale of flow 
gradients at water mass boundaries (fronts) in 
the ocean (Gill 1982:207). To test these predic- 
tions we measured the distribution and flight 
orientation of murres and Atlantic Puffins (Fru- 

23 
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FIGURE 1. Seabird colonies, topographic features, and experimental transects in the Avalon Channel. 

tercula arctica) in relation to bathymetric gra- 
dients in the Avalon Channel, which carries the 
inshore branch of the Labrador Current south- 
ward past the breeding colony at Witless Bay 
(Fig. 1). 

A variety of standard statistical methods has 
been used to test hypotheses about the distri- 
bution and abundance of marine birds. Confirm- 
atory analyses have been carried out using F-dis- 
tributions (Abmms and Griffiths 198 1, Schneider 
1982, Kinder et al. 1983, Brings et al. 1984), chi- 
square distributions (Haney 1986), and non- 
parametric methods based on ranks (Woodby 
1984, Schneider and Duffy 1985) or on random- 
izations (Schneider and Piatt 1986). Counts of 
marine birds rarely conform to the assumptions 
underlying parametric methods based on F or 
chi-square distributions; yet, attempts to identify 
an appropriate statistical model (Schneider and 

DufIy 1985) have been rare. Non-parametric tests 
based on ranks are relatively insensitive, and can 
fail to detect a true effect. Diggle (1983) has rec- 
ommended the use of Monte Carlo randomiza- 
tions to evaluate Type I error (erroneous rejec- 
tion of a null hypothesis) in the analysis of spatial 
data. This non-parametric method makes no as- 
sumptions about the error structure of the data, 
and has greater sensitivity (lower Type II error) 
than rank-based tests. 

PHYSICAL AND BIOLOGICAL SETTING 

The study area is strongly influenced by the 
Labrador Current, which brings cold (< O°C) wa- 
ter of relatively low salinity (28-30%) southward 
to the Grand Banks. The main branch of the 
Labrador Current flows around the east side of 
the Grand Banks, while a secondary branch flows 
through the Avalon Channel between the Grand 
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Banks and the Avalon Peninsula (Fig. 1). Strat- 
ification of the water column is delayed until 
June, when a thermocline forms above the cold 
core of the Labrador Current. Figure 2 shows the 
typical depth of the upper layer that forms above 
the cold core of the Labrador Current in the Av- 
alon Channel. Upward deflections of the ther- 
mocline, which indicate strong local flow gra- 
dients, are associated with shoaling water on the 
eastern side of the Avalon Channel (Hollibaugh 
and Booth 1981). A temperature profile along 
the 47th parallel (Fig. 2) shows an upward dom- 
ing of isotherms approximately 50 to 100 km 
east of the Avalon Peninsula; the forces respon- 
sible are not known. Upward doming of the ther- 
mocline also occurs along the coast of the Avalon 
Peninsula during the summer (Piatt and Meth- 
ven 1986). The thermocline can rise to the sur- 
face during a single day; rises are associated with 
southwest winds, which favor upwelling (Schnei- 
der and Methven 1988). 

Two major alcid colonies occur in the Avalon 
Channel-one at Witless Bay and one on Bac- 
calieu Island (Fig. 1). Alcids at Witless Bay nest 
on Great Island, which is located at the western 
end of transect D (Fig. l), on PeePee Island, which 
is just northwest of Grand Island, on Gull Island, 
which is located at the western end of transect 
E, and on Green Island, which is located just 
south of Gull Island. Recent estimates of breed- 
ing populations at Witless Bay are listed in Ta- 
ble 1. 

Capelin (Mallotus villosus) is the predominant 
prey species in the diet of alcids at these colonies 
during the nesting period (Brown and Nettleship 
1984, Burger and Piatt 1990). Capelin appear 
along the coast when the water temperature rises 
to ca. 5°C (Templeman 1948). Near the Witless 
Bay colony schools concentrate in the warm up- 
per layer (Piatt and Methven 1986). During early 
July the upper layer varies in thickness from 10 
m in a cold year such as 1984 to 30 m in a warm 
year such as 1987. At the time scale of days, 

Distance east (Km) 
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FIGURE 2. Thermal profile across the Avalon Chan- 
nel and Grand Banks during the summer. Redrawn 
from Hollibaugh and Booth (198 1). 

episodic rises of the thermocline concentrate 
capelin near the sea surface (Piatt and Methven 
1986). The horizontal scale of the rise in the 
thermocline is the first internal Rossby radius, 
which was calculated as 4.7 km in late July in 
the Avalon Channel (Appendix I). 

METHODS 

Nautical charts were used to identify regions of high 
bathymetric gradient within 100 km of the Witless Bay 
colonies. Salinity and temperature profiles from Hol- 
libaugh and Booth (198 1) and Lively (1983) were used 
to identify hydrographic gradients associated with 
bathymetric features. Two areas of bathymetrically- 
associated hydrographic gradients were identified. The 
first was an offshore bank 70 km southeast of Witless 
Bay (Fig. l), where hydrographic profiles showed up- 
ward doming of the thermocline on the western side 
(Fig. 2). The second area was the coastal strip on the 
west side of the Channel, where episodic upwelling 
occurs in response to winds from the southwest. 

To test for enhanced abundance and foraging activity 
along the coast, we ran transects in July of 1985 along 
the coast (transects A, B, and F, Fig. 1) for comparison 
with those running away from the coast (transect E and 
the central third of transect D). To test for enhanced 
abundance and feeding activity at the offshore bank we 
compared a transect across the bank (transect D) to a 

TABLEl. APPROXIMATENUMBEROFBREEDINGPAIRSOFSEABIRDSNESTINGONIS LANDS AT WITLESS BAY (FROM 
CAIRNSETAL. 1986) 

Gull PeePee Great 

Fulmarus glacialis 
Oceanodroma leucorhoa 
Law argentatus 
Larus marinus 
Rissa tridactyla 
Uria aalge 
Uria lomvia 
Alca torda 
Cepphus grylle 
Fratercula arctica 

530,000 
3850 

113 
10,140 

687 

60 
present 
60,000 

present 
300 

50 
10,000 
74,000 

600 
170 

present 
17,000 

20 
250,000 

75 2700 
3 80 

23,230 
2800 

present 
1200 

120 
present 
148,000 
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TABLEZ. NUMBER OF Brarxs ENCOIJNTEREDAU~NG ~TRAN.sE~~~~N THEAVALONCHANNE L IN 1985. Tm 
ARE LOCAL (GMT + 3.5 HR) 

A B C D D E F 

Date 
Start 
Duration (min) 
Distance (km) 
Area (ha) 

Species 

Fulmarus glacialis 
Pujinus spp. 
Pufinus gravis 
P. griseus 
P. pu&lus 
Hydrobatidae 
&da bassanus 
Phalaropus fulicarius 
Sterocorarius spp. 
Catharacta skua 
Lams spp. 
Lam marinus 
Lams argentatus 
Rissa tridactyla 
Alca torda 
Uria spp. 
Fratercula arctica 

24 Jul 24 Jul 
07:35 15:58 

360 120 
76.28 25.53 

763 255 

0 3 25 20 28 26 0 
1 0 0 0 0 250 0 
0 11 20 32 15 32 1 
2 6 4 7 17 11 0 
3 0 0 0 1 1 1 
0 0 95 45 59 2 0 
9 4 1 4 2 0 5 
7 0 0 0 1 0 0 
1 0 0 1 0 0 0 
0 0 0 3 0 0 2 
0 0 1 3 0 0 0 
2 0 0 0 3 2 0 

48 2 2 0 12 5 85 
174 0 19 12 58 7 23 
22 0 2 0 4 0 1 

1404 245 11 32 188 334 171 
1457 62 33 138 492 303 27 

5 Aug 
06:39 

113 
46.5 1 

5 Aug 
09:oo 

191 
79.90 

25 Jul 
05:35 

345 
71.08 

711 

25 Jul 
12:35 

275 
56.64 

566 

26 Jul 
05:45 

195 
29.85 

299 

control transect through a nearby area of low bathy- 
metric gradient (transect E). To test whether murres 
and puffins on the water aggregate at the scale of the 
first internal Rossby radius, we first calculated the ra- 
dius for typical summer conditions in the Avalon 
Channel, then compared variability at this scale to 
variability at tlte scale of the count resolution, which 
was 300 m in 1985. The analysis was repeated using 
higher resolution data obtained in 1987 (transects G 
and H). 

Bird abundance and behavior were recorded during 
1985 in a 100-m wide strip on one side of a 30-m 
sailing vessel moving at speeds greater than 9 km/hr. 
All birds were identified to the lowest possible taxo- 
nomic level, usually species. Behavior of each bird was 
recorded in two categories: on the water or flying. The 
presence of fish in the bill was noted in flying birds. 
Flight directions were recorded in 45” sectors. 

To determine whether spatial patterns observed in 
July were repeatable, transect D was re-surveyed in 
early August. Counts were made from the R/V Dawson, 
using a strip transect out to the horizon, The difference 
in method does not preclude comparison of spatial 
patterns in August to those in July because pattern was 
measured as a dimensionless number, the ratio of two 
variances. The difference in method does preclude 
comparison of average abundance in August to average 
abundance in July. 

Temperature measurements were not made during 
the 1985 surveys, so a theoretical model was used to 
calculate the approximate scale of the first internal 
Rossby radius for conditions typical of the Avalon 
Channel in summer (Appendix I). Variability in abun- 
dance at the scale of the calculated Rossby radius (R, 

= 4.7 km) was compared to variability at the scale of 
minimum resolution, which was the product of tem- 
poral resolution (2 minutes) and vessel speed along 
each transect. Pattern at the scale of L = R, was mea- 
sured as: 

F(L) = [n, - 1 IWMW1[Var(No) - var(NJlP, 

where n,_ denotes the number of segments of length L 
along a transect of total length T = Ln,, Var(&) de- 
notes variance among counts within contiguous seg- 
ments of length L, and Var(N,) denotes variance among 
counts within segments of length equal to the minimum 
spatial resolution. The null hypothesis, no increase in 
variability at the scale of the first internal Rossby ra- 
dius, was accepted if the observed F-ratio F(L) was not 
significant at the 5% level. Significance was evaluated 
by comparing each observed F-ratio to 500 ratios com- 
puted from random permutations of the vector of counts 
N,. Randomizations were obtained by assigning a se- 
quential number to each section of a transect, e.g., 258 
sections of length 300 m on transect A. Counts were 
then shuffled by location, using random permutations 
of the sequence of numbers (GGPER routine, Inter- 
national Mathematics and Statistics Library, Houston, 
Texas, U.S.A.). Each call to this routine generated a 
random number that was used as the seed in the next 
call to the routine. The frequency of identical permu- 
tations due to identical seeds was found to be less than 
lo-‘. Type I error was computed as pM, the proportion 
of randomized F-ratios exceeding the observed ratio. 
Aggregation at scale L = R, was declared significant if 
pM was less than the criterion level, 5%. Sokal and 
Rohlf (198 1) describe a similar randomization test. 
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FIGURE 3. Distribution of murres and puffins along transects A (left) and B (right), 24 July 1985. Solid dots 
indicate density on water in contiguous 4.7 km sections of the transect. Height of circles above the abcissa 
indicates number of flying birds. Filled areas within each circle indicate percent flying in a given direction. Flight 
directions are relative to ship direction, which is the same as the abcissa (left to right). North is shown as a tic 
mark on the circumference of each circle. Cl = Gull Island, at base of transect E. Gn = Green Island. Gt = 
Great Island, at base of transect D. CB = Cape Broyle. 

RESULTS 

ABUNDANCE AND FLIGHT ORIENTATION OF 
MURRES AND PUFFINS 

Murres and puffins were the most abundant 
birds along coastal transects A and B on 24 July 
1985 (Table 2). Procellariids (Northern Fulmar 
Fulmarus glacialis, Greater Shearwater Pufinus 
gruvis, and storm-petrels) were more abundant 
along offshore transects than along coastal tran- 
sects (Table 2). 

A more detailed analysis of murre and puffin 
distribution was obtained by mapping numbers 
seen per 4.7 km segment of each transect. Murres 
were abundant on the water along the coast north 
of the Witless Bay colony on 24 July 1985 (Fig. 
3). The number of murres on the water did not 
decrease with distance out to 30 km north of 
Gull Island. Murres were less abundant along the 
coast south of the colony than to the north. Puf- 
fins were abundant on the water to the north and 
south of the colony. The number of puffins on 
the water did not decrease monotonically with 
distance from the colony. A sudden decrease along 
the coast was observed south of Cape Broyle, 
approximately 40 km from Great Island. Few 
puliins were observed on the water along the coast 

40 km north of Gull Island (Transect F, Table 
2). 

Similar patterns were observed along the coast 
on 22 July 1985 while in transit from Cape Race 
(06:30 local time) to St. John’s (15:00 hr). Few 
alcids were observed on the water from Renews 
to Cape Broyle (ca. 20 km); many alcids were 
observed on the water from Cape Broyle to Great 
Island (ca. 20 km). Many murres and puffins were 
observed on the water between Gull Island and 
St. John’s (12:00-15:00), the same pattern ob- 
served during the morning of 25 July. 

Murres and puffins were less abundant on the 
water along the offshore transects (D and E, Figs. 
4-5) than along the coastal transects (A, B, and 
F, Fig. 3 and Table 2). Few puffins or murres 
were observed on the water beyond 20 km from 
the colony (Fig. 5). However, the transect data 
do not include the large number of murres and 
puffins observed on the water just before dawn 
at the southeastern end (beginning) of transect D 
(George Nichols, pers. comm.). 

Flight direction of murres and puffins on coast- 
al transects was generally either toward or away 
from the colony at ranges of 10 km or more (Fig. 
3). Orientation was more variable within 10 km 
of the colony. Along transect D murres and puf- 



28 STUDIES IN AVIAN BIOLOGY NO. 14 

32 

256 

32 

. 

I I l- 
0 IO 20 30 40 50 60 70 

Km 

FIGURE 4. Distribution of murres and puffins along transect D, 25 July 1985. Symbols as in Figure 3. 

fins were observed flying either toward or away 
from the colony at ranges of 40 km or more (Fig. 
4), while on transect E (Fig. 5) orientation was 
less consistent. Consistent flight orientation in- 
dicates that birds were commuting either along 
the coast or directly to the offshore bank at the 
beginning of transect D. Fish of undetermined 
species were observed in the bills of murres and 
puffins flying toward the colony along transects 
A, B, and D. 

The repeatability of the results in July was 
investigated by surveying transect D on the first 
available occasion, which was in early August. 
Murres and pufhns were associated with the bank 
during the second traverse (transects C and D, 5 
August, Table 2). The pattern of abundance of 
birds along transect D differed from that ob- 
served during the earlier traverse of this transect. 
Murres (primarily flying birds) were more abun- 
dant at the beginning and end of the transect 
during the second traverse (Fig. 6), compared to 
similar abundances of flying murres throughout 
the transect during the first traverse (Fig. 4). Puf- 
fins (primarily flying birds) increased near the 
colony on the second traverse, a pattern that dif- 
fered from the large number of flying birds ob- 
served at the beginning of the transect on the first 
traverse (Fig. 4). These observations were con- 

sistent with our hypotheses. Alcids were more 
abundant on the water along the coast than in 
the Avalon Channel. Alcids were found on the 
water at the change in bathymetry on the eastern 
side of the Avalon Channel. Alcid flight direction 
(at distances of 40 km or more from the colony) 
was generally toward areas of strong bathymetric 
gradient. However, these patterns were variable. 
In particular, distribution along transect D var- 
ied between the two traverses, and flight orien- 
tation within 40 km of the colony was more vari- 
able than beyond 40 km. Also, alcids were 
observed on the water along transect F at dis- 
tances greater than one internal Rossby radius 
from the coast. 

PATCHINESSOFMURRESANDF'UFFINS 
ONTHEWATER 

If flow gradients influence alcid patchiness, then 
significant spatial variability should be observed 
at the scale of the first internal Rossby radius, 
which was calculated at 4.7 km. During 1985 
variability of murre counts at this scale was great- 
er than variability at the scale of count resolu- 
tion, 300 m (Table 3). However, the difference 
was significant in only one case, transect D. Vari- 
ability in the abundance of puffins at the scale 
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FIGURE 5. Distribution of murres and puffins along 
transect E, 25 July 1985. Symbols as in Figure 3. 

of 4.7 km was not greater than variability at the 
scale of count resolution, 300 m. 

The null hypothesis, no significant aggregation 
at the scale of the first internal Rossby radius, 
could be rejected in only 1 of 6 cases (Table 3). 
Type II error, erroneous acceptance of a null hy- 
pothesis, could have resulted from several prob- 
lems with the 1985 data. The first was the late- 
ness of the counts, which were made after murres 
had begun to fledge; the resulting low abundances 
around the colony certainly reduced the sensi- 
tivity of the analysis. Second, the scale of up- 
welling may have deviated from the theoretical 
value, contributing to a null result. Third, spatial 
resolution was 300 m, which may have reduced 
the ability to detect a real difference. Fourth, 
feeding activity appeared to be greater during the 
morning, so that counts made later in the day 
may not have reflected feeding conditions. 

These problems were resolved by conducting 
experimental transects in late June 1987, when 
murres and puffins were incubating. The Rossby 
radius was estimated from sea-surface temper- 
atures measured concomitantly with bird counts 
along two transects (G and H, Fig. 1). Spatial 
resolution was increased by using a microcom- 
puter to record data to the nearest 5 seconds. 
Ship speed was 4 m/s, so spatial resolution was 
20 m. Counts were made early during the day 
(07:OO to 09:OO). 

64 - 

FIGURE 6. Distribution of murres and puffins along 
transect D, 5 August 1985. 

The scale of upwelling (frontal width) was es- 
timated at 5.5 km, using the rate of change in 
sea surface temperature measured at 1 minute 
(240 m) intervals along transect G (Fig. 7). Most 
murres on the water were observed inside the 
front, i.e., less than 5.5 km from shore. A few 
were observed in the frontal area, which ran from 
5.5 to 11 km offshore. Variability at the scale of 
5.5 km was significantly greater than smaller scale 
variability (Table 4). Puffins on the water were 
most abundant nearshore or at the front (Fig. 7). 
Variability at the scale of 5.5 km was significant 
in 3 out of 3 cases (Table 4). We concluded that 
significant aggregation did occur at the scale of 
the Rossby radius. 

Temperature and bird distributions along 
transect H were similar to those along transect 
G. Murres on the water were more abundant in 
upwelled water than at the front, whereas puffins 
were more abundant at the front, defined as the 
region of strongest horizontal gradient in sea- 
surface temperature (Fig. 8). Variability in murre 
abundance at the scale of 5.5 km was significantly 
greater than smaller scale variability (Table 4). 
The number of puffins encountered on the water 
along this transect was too small to permit an 
adequately sensitive test for aggregation at the 
scale of 5.5 km. 

DISCUSSION 

Coarse scale (l-100 km) aggregations of birds 
were first reported along a 500 km transect across 
the Bering Sea shelf (Schneider 1982). Extended 
aggregations have been reported along transects 
normal to hydrographic features in the California 
Current (Briggs et al. 1984), the Bering Sea 
(Kinder et al. 1983), the Benguela Current 
(Schneider and Dully 1985), and the Labrador 
Current (Schneider and Piatt 1986). In the latter 
study, coarse scale aggregations of alcids near 
Witless Bay were associated with coarse scale 
aggregations of schooling fish, primarily capelin. 
The scale of bird-fish correlation was in the range 
of 2 to 6 km. Based on these findings, we hy- 
pothesized that coarse scale aggregations of ma- 
rine birds result from concentrating mechanisms 
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TABLE 3. VARIANCE IN ALCID ABUNDANCE ON WATER IN 1985 AT THE LENGTH SCALE OF COUNT REWLUTION 
(0.3 KM) AND AT THE LENGTH SCALE OF THE INTERNAL RossBY_RAD~~s (4.7 I@ N IS TOTAL NUMBER SEEN. TYPE 
I ERROR ESTIMATES ARE FOR THE NULL HYPOTHESIS THAT N2(0.3 KM) = N2(4.7 KM), WHERE N2(L) DENOTES 
COUNT VA~UANCE AT SCALE L. DEGREF.S OF FREEDOM SHOWN IN P ARENTHESES AFTER EACH VARIANCE. TYPE I 
ERROR Esnmm (P& ARE BALED ON 500 MONTE CARLO Rms. pF IS TYPE I ERROR ASSUMING AN F-DISTRIBUTION 

Transect SpeCiM N fi’(O.3) KrZ(4.7) F PM Pr 

A 
B 
D 
E 
F 
A 
B 
D 
E 
F 

Murres 167 6.20 (257) 8.64 (15) 1.43 0.10 0.13 
0 
5 0.029 (237) 0.068 (14) 2.57 0.01 0.002 
5 0.035 (194) 0.051 (11) 1.46 0.07 0.15 
0 

Puffins 58 0.393 (257) 0.359 (15) 0.91 0.56 0.55 
3 

11 0.06 1 (237) 0.072 (14) 1.20 0.23 0.28 
13 0.104 (194) 0.104 (11) 1 .oo 0.43 0.45 

1 

at the scale of the first internal (baroclinic) Ross- 
by radius, which is the characteristic scale of flow 
gradients at water mass boundaries (fronts). Our 
analysis of murre and puffin abundance supports 
that prediction. 

We did not identify the mechanism respon- 
sible for aggregation at this scale in the Avalon 
Channel. We speculate that along the coastal strip, 
wind-induced upwelling concentrates capelin, 
which avoid cold water just before spawning dur- 
ing the summer. Avoidance of a rising thermo- 
cline at the coast would tend to concentrate them 
vertically, whereas wind-induced surfacing of the 
thermocline, followed by offshore propagation of 
a cold water front, would tend to concentrate 
them horizontally. This is consistent with what 
is known of capelin behavior (Templeman 1948), 
but needs to be tested. 

Upwelling on the coastal (right) side of the 
Labrador Current is somewhat unexpected, be- 
cause the effects of the earth’s rotation (Coriolis 
force) will tend to drive this current toward, rath- 
er than away from the coast. However, in the 
zone of prevailing westerly winds (ca. 4O“N to 
5O”N) meteorological forcing would tend to cause 
upwelling on the coastal (i.e., right) side of the 
Labrador Current. Calculations (Hay and Kin- 
sella 1985, Schneider and Methven 1988) show 
that winds prevailing on the Grand Banks are 

strong enough to reduce the thickness of the sur- 
face layer near a coastal (wall-like) boundary. 
Measurements in the Avalon Channel in 1984 
(Schneider and Methven 1988) show that sub- 
stantial thinning of the warmer surface layer does 
occur in response to upwelling favorable (south 
or southwesterly) winds. We speculate that the 
energy of the winds, via upwelling, contributes 
to the productivity of the large alcid colonies 
found along the coast of eastern Canada between 
47”N and 54”N latitude (Brown et al. 1975). 

Water depth on the eastern (Grand Banks) side 
of the Avalon Channel may be too great for sim- 
ple coastal upwelling, such as that envisioned 
along the coast strip, to be important. Bathy- 
metric contours diverge considerably in a down- 
stream direction on the eastern side of the Chan- 
nel, a circumstance that can cause persistent 
upwelling in a boundary current (Janowitz and 
Pietrafesa 1982). Temperature and density pro- 
files across the bank (Hollibaugh and Booth 198 1) 
suggest that upwelling does occur on the left side 
of the inshore branch of the Labrador Current. 
The observed property gradients, or their affili- 
ated flow gradients, may affect either the density 
or availability of prey taken by the alcids that 
were observed feeding on the eastern side of the 
Avalon Channel. Wynne-Edwards (193 5) re- 
ported alcids in this area over 50 years earlier. 

TABLE 4. VARIANCE IN ALCID ABUNDANCE ON THE WATER IN 1987 AT THE LENGTH SCALE OF COUNT RESOLU- 
TION (20 M) AND AT THE LENGTH SCALE OF THE FIRST INTERN AL ROSSBY Radars (5.5 KM). Sylrlmrs (N, c(L), 
P,, pm) AS IN TABLE 3 

TraIlSect Species N H2(0.02) GZ(5.5) F PM PF 

G Murre 10 0.013 (788) 0.038 (2) 3.08 0.02 0.05 
Puffin 35 0.093 (788) 0.295 (2) 3.18 0.05 0.04 

H Murre 65 0.282 (810) 3.64 (2) 13.34 co.002 0.000 1 
Puffin 4 0.0049 (8 10) 
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FIGURE 7. Sea surface temperature and distribution 
of murres and puffins on the water along transect G, 
25 June 1987. Transect runs from coast to deep water. 

The hypothesis that bathymetrically induced 
flow gradients increase the foraging success of 
alcids was proposed to explain the distribution 
of murres away from colonies in the southeastern 
Bering Sea (Schneider et al. 1986). We suggest 
that this hypothesis pertains to alcids foraging 
around colonies because: (1) abundance along 
radial transects is not uniform in all directions 
from large colonies (Hunt et al. 198 1, Schneider 
and Hunt 1984, Schneider and Piatt 1986); (2) 
consistent flight directions have been observed 
at considerable distances from large colonies of 
alcids (Brown 1980b, Gaston 1982), and orien- 
tation is toward areas of strong hydrographic gra- 
dients (Brown 1980b); and (3) areas with high 
abundance of alcids on the water can be identi- 
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FIGURE 8. Sea surface temperature and distribution 
of murres and puffins on the water along transect H, 
25 June 1987. Transect runs from deep water toward 
the coast. 

fied around colonies (Schneider and Hunt 1984, 
Cairns and Schneider 1990). 

Our results, as well as reports on flight direc- 
tions at other colonies, are consistent with the 
hypothesis that breeding alcids commute to se- 
lected areas. Organized streams of seabirds mov- 
ing outward from colonies have been reported 
from the north Pacific (Btdard 1969, Bent 19 12, 
Myres 1962) and the north Atlantic (Kay 1936, 
Sergeant 195 1). In Hudson Bay Brown (1980b) 
reported that Thick-billed Murres from the large 
colony at Digges Island flew north of Manse1 
Island, where temperature and salinity gradients 
were strong. In 198 1 Gaston (1982) found high 
abundances of murres at the location described 
by Brown (198Ob). Gaston (1982) also reported 
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high rates of movement to the south of Manse1 
Island over a period of a month. Farther north, 
Gaston and Nettleship (198 1) reported that 
Thick-billed Murres leaving a resting area at 
Prince Leopold Island tended to fly west into 
Barrow Strait, rather than south into Prince Re- 
gent Inlet. These authors found that dense con- 
centrations of murres were confined to coastal 
transects, but they emphasized that variation in 
counts was considerable at the time scale of days 
and months. 

Considerable variability in abundance occurs 
in high usage areas near other colonies. Near the 
Pribilof Islands Kinder et al. (1983) reported 
dense concentrations of murres at a front asso- 
ciated with a bathymetric gradient over a 5-day 
period in August 1977, and again during August 
1978. However, the presence of the front ex- 
plained less than 10% of the total variance in 
numbers of murres observed on the water. In 
Hudson Bay Cairns and Schneider (1990) found 
that variance explained by location was small 
compared to daily variability. As a result, bathy- 
metric gradients cannot be used to predict the 
distribution of foraging alcids on any given day. 

Our results show that suitable foraging habitat 
may be much less extensive than the area within 
a typical foraging radius estimated from time 
away from a nest (Pearson 1968, Furness 1978). 
If foraging occurs primarily in restricted areas 
around colonies then area-specific rates of prey 
extraction based on foraging radii (e.g., Fumess 
1978) may underestimate the local impact of sea- 
birds. At Witless Bay, the scale of interaction of 
alcids with their prey depends on recent upwell- 
ing (Schneider 1989) rather than simply on the 
average foraging radius. 

The degree to which large alcids depend on 
fronts for food cannot be evaluated from our 
data. The variance in abundance explained by 
grouping can be calculated as 

r2= [l + (nR - l)(n,n,mL - l)-L(F)-L 

The r* values for Tables 3 and 4 are all under 
15%, a result that is consistent with previous 
analysis (e.g., Kinder et al. 1983). Our purpose 
was not, however, to explain variation in abun- 
dance of alcids, but rather to move toward some 
understanding of habitat selection by marine 
birds, beginning with an informal or verbal mod- 
el, viz, that alcids feed on prey aggregated at flow 
gradients, then testing some simple predictions. 

Statistical tests were made at a spatial scale 
appropriate to the model. This resolves several 
problems associated with exploratory analyses of 
spatial variability in marine birds. One problem 
is that repeating an analysis over a range of spa- 
tial scales can, if carried far enough, result in 
correlation of abundance with another variable. 

To take an extreme case the abundance of At- 
lantic Puffins becomes perfectly correlated with 
Sargasso weed at the scale of the Atlantic Ocean. 
Prior specification of scale eliminates Type I er- 
rors due to analysis at an inappropriate scale. 
Another problem is that repeated analyses over 
a range of scales result in a large number of tests, 
increasing the number of Type I errors. Reducing 
the number of tests, by specifying the spatial scale 
of the analysis, reduces this problem. 

In our analysis of alcid abundance we have 
coupled statistical and graphical presentation of 
results as closely as possible so as to allow the 
reader to judge the relation of variables (James 
and McCulloch 1985) and to judge the “biolog- 
ical significance” (Tacha et al. 1982) of our re- 
sults. Statistical analyses can close off inspection 
of the data, because of their powerful summa- 
rizing capacity. The analyses in Tables 3 and 4 
are based on data displayed in Figures 3 through 
8. Figures 3 through 8 were constructed with the 
idea of opening the original data to inspection 
by minimizing summary, and by concomitant 
presentation of variables (e.g., temperature and 
abundance in Figs. 7 and 8). 

Data for this study were collected in the frame- 
work of an “observational experiment,” (Stom- 
me1 1963). This usage is tenable on three counts 
for the Avalon Channel study: manipulation of 
a measurement variable relative to an extrinsic 
hypothesis, local control, and repeatability of re- 
sults. The extrinsic hypothesis was that alcids 
aggregate in areas of strong topographic gradient 
near colonies. The hypothesis arose from work 
in the Bering Sea, not at the study site. The ma- 
nipulated variable was transect location and di- 
rection. The response variable was number of 
birds seen per unit effort (transect distance or 
area scanned). The design consisted of transects 
run across areas of strong topographic relief. 
Control transects were run in nearby areas of 
weak topographic relief. Repeatability was as- 
sessed by re-surveying one of the 1987 transects 
as soon as practical, ten days after the first tra- 
verse. Repeatability was also assessed by per- 
forming the experiment with a slightly different 
protocol in 1987. One can argue that lack of 
intervention to change a variable weakens an 
experiment by reducing the chances of control- 
ling for correlated effects. However, one can also 
argue that in any field situation, intervention will 
create correlated effects. In the absence of any 
logical grounds for preference, the strength of the 
experiment would then rest more on the use of 
comprehensive controls than on whether the ex- 
periment was manipulative or observational. 

Uncontrolled variables limit interpretation of 
the results from the Avalon Channel. The ex- 
periments were carried out during limited peri- 
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ods in 1985 and 1987, so longer term variability, 
at the scale of weeks, seasons, or years, was not 
controlled. The experiment was carried out in a 
limited area in the Avalon Channel, so larger 
scale variability, at horizontal scales greater than 
one transect length from the colony, was not con- 
trolled. 

Given these limitations, what can we con- 
clude? First we can be sure that flow gradients 
were associated with topographic gradients in the 
Avalon Channel. This conclusion rests on our 
knowledge of fluids in motion, rather than on 
results from the Avalon Channel. Second, we can 
be sure that alcids were associated with topo- 
grahic gradients, and therefore with flow gradi- 
ents, on the two occasions when transects were 
run. We cannot conclude that this will occur at 
other times or locations, nor can we conclude 
that flow gradients caused seabird aggregations, 
through the mechanism of change in prey abun- 
dance or availability due to flow gradients. How- 
ever, the concept that flow gradients determine 
seabird distribution was derived from work in 
the Bering Sea (Ford et al. 1982). It has now been 
verified for murres in Hudson Bay (Cairns and 
Schneider 1990) and so it provides a reasonable 
working hypothesis at other colonies. The mech- 
anisms that link alcids to flow gradients remain 
to be determined. 
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APPENDIX I. 

The Rossby radius of deformation is a length scale 
that is of fundamental importance in atmosphere-ocean 
dynamics (Gill 1982). It is the horizontal scale at which 
rotation effects become as important as inertial effects. 
The first internal (baroclinic) Rossby radius is the char- 
acteristic scale of boundary phenomena such as fronts 
and eddies. The Rossby radius (RJ is calculated as: 

R, = c,f-‘, (1) 

where n is mode number, c, is the phase speed (m s-l) 

of the nth mode perturbation, and f is the Coriolis 
parameter (s-l). The Coriolis parameter depends on 
latitude and has a value of 1.07 x 10e4 s-’ at 47”N. 

An equation from Csanady (1982, Eq. 3.96) was used 
to calculate the phase speed of the first baroclinic mode 
in a two layer stratified fluid along a straight coast: 

c2 = (agh hd(h + h&l’>. t t (2) 
Parameter values for the Avalon Channel are density 
anomaly (a = 0.001) gravitational acceleration (g = 
9.8 m ss2), Coriolis frequency at 47”N (f = 1.07 x 10m4 
ss’), upper layer (h, = 30 m), and lower layer (h, = 160 
m). Using these values, cZ is 0.50 m SK’, and R, is 4.7 
km. 
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THE AGGREGATIVE RESPONSE OF COMMON MURRES AND 
ATLANTIC PUFFINS TO SCHOOLS OF CAPELIN 

JOHN F. PLATT 

Abstract. I studied the aggregative responses of Common Murres and Atlantic Puffins to schools of 
capelin during three summers (1982-1984) at Witless Bay, Newfoundland, by conducting hydroacous- 
tic surveys for capelin in synchrony with seabird censuses. Murres and puffins foraged offshore prior 
to the arrival inshore of spawning schools of capelin. Both species were abundant during peak periods 
of capelin abundance from late June to late July, but only puffins continued to forage inshore after 
capelin schools dispersed in August. On individual surveys, murre and puffin flocks were significantly 
correlated with capelin schools at fine and coarse spatial scales. Aggregation intensity and spatial 
correlations peaked at measurement intervals of 2-6 km. At that scale, murres and puffins exhibited 
sigmoidal (Type III) aggregative responses to capelin schools. Inflection points (thresholds) in sigmoidal 
aggregative response curves occurred at higher densities of capelin for murres than for puffins and 
foraging thresholds for both species varied daily with overall capelin abundance in Witless Bay. Murres 
probably foraged on denser schools of capelin than puffins because of their larger body size and 
associated higher food demands. The implications of differing foraging thresholds for population 
ecology of alcids are discussed. 

Key Words: Aggregative response; capelin; murre; puffin; hydroacoustics; threshold; foraging; pop- 
ulation ecology. 

A predator’s rate of food intake is limited at 
low prey densities by how frequently it encoun- 
ters prey, and at high prey densities by how 
quickly prey can be captured, eaten, and digest- 
ed. These constraints determine the form of var- 
ious biological responses to food dispersion. In 
particular, the rates at which predators track prey 
(aggregative response), consume prey (functional 
response), and reproduce (numerical response), 
are all non-linear functions of prey density (Holl- 
ing 1959,1965; Readshaw 1973; Hassell and May 
1974; Murdoch and Oaten 1975). 

Predators range in behavior from those that 
search widely and aggregate at dense concentra- 
tions of prey to those that “sit and wait” to forage 
opportunistically on dispersed prey. Both for- 
aging behaviors are evident in many feeding guilds 
(e.g., Davidson 1977b, Pianka 1986). Foraging 
responses are also inthtenced by such factors as 
hunger state, learning capacity, and prior expe- 
rience of the predator, and presence of alternate 
prey, but, in general, predators exhibit either hy- 
perbolic (Type II) or sigmoidal (Type III) re- 
sponses to increasing prey density (Holling 1965, 
1966; Murdoch and Oaten 1975). Linear (Type 
I) responses are rare (Hassell et al. 1977, Eveleigh 
and Chant 198 1). 

Coexisting predators often forage on different 
densities of shared prey (Holling 1959, Davidson 
1977a). Current theory suggests this would pro- 
mote the coexistence of competitors for a fluc- 
tuating food supply (Abrams 1983). Food is 
probably the most important resource regulating 
seabird populations (Birkhead and Fumess 1985) 
and diet overlap between species is often high at 
seabird colonies (Belopol’skii 1957, Pearson 
1968, Diamond 1984). How coexisting Common 

Murres (Uris aalge) and Atlantic Puffins (Fra- 
tercula arctica) respond to variations in the den- 
sity of capelin (Mallotus villosus), their main prey 
in Newfoundland, is the subject of this paper. 

Studies of seabird aggregation behavior have 
revealed much about how marine predators ex- 
ploit patchily distributed prey (Brown 1980, Obst 
1985, Schneider and Piatt 1986) the oceano- 
graphic mechanisms for concentrating prey and 
predators (Briggs et al. 1984, Brown and Gaskin 
1988), and the scales at which these processes 
occur (Hunt and Schneider 1987). However, we 
still do not know the minimum densities of prey 
required for successful foraging (Brown and Net- 
tleship 1984), how and to what degree prey den- 
sity influences choice of foraging habitats (Brown 
and Gaskin 1988), how fluctuations in prey 
abundance affect diet composition (Montevecchi 
et al. 1988), or why some seabirds exploit prey 
patches ignored by others (Ashmole 1963). With 
regard to population biology, Cairns (1987) hy- 
pothesized that adult survival, chick growth rates, 
and breeding success of seabirds are non-linear 
functions of prey density, but like foraging re- 
sponses, the forms of these relationships have 
not been established for any seabird species. 

I was able to address some of the foregoing 
questions by examining the aggregative re- 
sponses of murres and puffins to schools of cape- 
lin. I censused foraging flocks of seabirds around 
a large breeding colony in Newfoundland while 
simultaneously conducting hydroacoustic sur- 
veys for capelin. Those data allowed me to assess 
temporal and spatial patterns of association be- 
tween species, and to characterize the foraging 
behaviors of murres and puffins. I also consider 
factors that may intluence aggregation behavior 
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FIGURE 1. Study area in southeastern Newfoundland with survey routes in 1982-l 984 indicated. 

and its measurement, and discuss some impli- 
cations of my results for population ecology of 
seabirds. 

STUDY AREA AND METHODS 

Data were collected at the Witless Bay Seabird Sanc- 
tuary (47”15’N, 52”46’W), which comprises three is- 
lands off the eastern edge of the Avalon Peninsula of 
Newfoundland (Fig. 1). Most seabird and capelin sur- 
veys were conducted around Gull and Green islands, 
which support breeding populations of about 75,000 
pairs of murres (>99% Common Murres) and 74,000 
pairs of Atlantic Puffins (Brown et al. 1975). Great 
Island is 10 km southwest of Gull Island and supports 
about 2800 pairs of murres and 148,000 pairs of puf- 
fins. 

SEABIRD AND CAPELIN SURVEYS 

Surveys were conducted at Witless Bay from May 
to August in 1982-1984 to record the abundance and 
local distribution of schooling fish (almost exclusively 
capelin, Piatt 1987, Methven and Piatt 1989) murres, 
and puffins. In 1982, surveys were conducted in a 9 m 
open boat with a side-mounted 38 kHz Skipper 609 
echosounder. In 1983-1984, surveys were conducted 
in a 12 m longliner equipped with a Kelvin-Hughes 
echosounder (Mark 2, Model 5, 42 kHz), autopilot, 
and radar. Before starting each survey, the date, time, 
sea state, cloud cover, visibility, and approximate wind 
speed and direction, were recorded. Two or more ob- 

servers were present on most surveys and exchanged 
duties at 30 min intervals. Surveys were begun by 
marking the sounder echogram and starting a stop- 
watch to synchronize (hr : min : set) bird and capelin 
observations. Upon changing course, the echogram was 
marked and the time recorded to allow synchronization 
of each survey segment. Time of encounter, number 
of individuals, and behavior (swimming or flying) were 
noted on a tape recorder for all seabirds observed with- 
in a 50 m radius in front and on either side of the boat. 
Only birds swimming on the water were used for anal- 
yses of bird-capelin associations. 

Using these general methods, four different types of 
surveys were conducted (Fig. 1). Standard surveys (N 
= 61) followed a fixed route around Gull and Green 
islands. This route was chosen to survey a variety of 
habitats: offshore (70-120 m), bays (30-70 m), inshore 
(5-30 m), submarine ledges, around headlands, and 
near islands. In 1982, the standard survey consisted of 
a 12 km circuit of Witless Bay and Gull Island, and in 
1983-1984, surveys were extended (ca. 30 km) to in- 
clude Bay Bulls, Green Island, and Mobile Bay. Stan- 
dard survey data were used for analyses of seasonal 
variations in bird and capelin abundance at Witless 
Bay, and for analyses of aggregative responses. 

Other sampling schemes were used to examine di- 
urnal patterns of abundance, and the longshore and 
offshore distribution of birds and capelin (Fig. 1, Piatt 
1987). These data are used here only for examining 
aggregative responses. On two occasions, standard sur- 
veys were conducted repeatedly (N = 4) over a 24-hr 



38 STUDIES IN AVIAN BIOLOGY NO. 14 

FIGURE 2. Illustration of how acoustic echograms 
were graded to estimate capelin density (drawn from 
actual survey echogram). 

period to detect die1 variations in the abundance of 
birds and capelin. Offshore surveys (N = 4) originated 
on the east side of Green Island and ran east-southeast 
to a point 30 km offshore. Three coastal (longshore) 
surveys were conducted in 1984 from Witless Bay to 
Cape Broyle, about 25 km south. 

ESTIMATING RELATIVE A~JNDANCE AND 
DENSITY OF CAPELIN SCHOOLS 

The method used to quantify capelin schools on sur- 
vey echograms is illustrated in Figure 2. Each echogram 
was partitioned by time (1 min intervals in 1982-l 984, 
and 2 min intervals in 1983) and depth (10 m inter- 
vals). The density of capelin registrations appearing in 
each block was then graded visually on a scale of O-9 
(e.g., Safina and Burger 1985). 

Fish abundance is proportional to the square ofecho- 
signal intensity (Forbes and Nakken 1972), and total 
capelin abundance per survey was therefore calculated 
as the sum of squared grades on the echogram. Mean 
abundance of capelin per survey or per minute was 
estimated by dividing the sum of abundance grades by 
the number of graded blocks (including zeros) in the 
survey or minute, respectively. Mean density ofcapelin 
schools per survey or per minute was calculated by 
dividing the sum of abundance grades by the number 
of non-zero blocks per survey or minute. 

Abundance of deep capelin schools may have been 
underestimated because echo-signal strength attenu- 
ates with depth. Time-varied-gain (TVG) adjustments 
were made to compensate for that effect in 1982 (Forbes 
and Nakken 1972). Most capelin schools were located 
within 30 m of the surface, however, so signal atten- 
uation was probably not a large source of error. The 
spread of acoustic signals with depth tends to overes- 

timate deep school dimensions,but this was adjusted 
for in calculating capelin school volumes (Forbes and 
Nakken 1972). 

STATISTICAL ANALYSES 

Aggregation intensity was quantified by computing 
variance-to-mean ratios (I’) for bird and capelin abun- 
dance on each survey. The dependence on measure- 
ment interval (frame size) of I’ and correlations be- 
tween bird and capelin aggregations were determined 
by computing I’ and r* over increasing frame sizes for 
each survey (Schneider and Dully 1985, Schneider and 
Piatt 1986). Measurement intervals were scaled in min- 
utes of transect (ca. 250 m traveled per min of transect, 
or 4 min/km). 

Plots of bird versus capelin density at varying frame 
sizes indicated that the aggregative response of birds 
to capelin schools was sigmoidal. A simple box model 
was used to transform sigmoidal curves, locate inflec- 
tion points (thresholds), and measure the strength of 
bird-capelin correlations. The model used was: 

B= k,FifF > FT, B=k,FifF<F, 

where B = bird density, F = relative capelin density, 
FT = test threshold capelin density, and k, and k, are 
the mean densities of birds above and below the test 
threshold FT. An iterative procedure was used to locate 
the inflection point. Least squares regression was used 
to estimate k, and k,. 

Using simulated data, an example of this method is 
shown in Figure 3. The sigmoidal curve is transformed 
to a linear relationship by dummy coding the inde- 
pendent variable (X) according to whether it is lower 
(0) or higher (1) than the test threshold X, (Fig. 3C). 
Regression of Y on X then reveals (r2) how well the 
data fit a linear model. This analysis is performed it- 
eratively for values of X (0, 1, 2, . . , X,), which gen- 
erates a regression coefficient for each test threshold 
(Fig. 3A). In the example, a test threshold of X, = 2 
yields an r2 value of 0.25; at X, = 5, r2 = 0.89; at X, 
= 8, r2 = 0.18. Because the relationship between Y and 
X is sigmoidal, r* increases with each iteration up to 
the inflection point and decreases thereafter. The best 
fit to the model occurs when X, equals the true thresh- 
old, and r2 at that point provides the best measure of 
correlation between X and Y. 

When real data were grouped into large measure- 
ment intervals to examine the effects of scale, the num- 
ber of data points available for locating thresholds de- 
creased (e.g., grouping a 128 min survey into 16 min 
blocks reduced the number of data points from 128 to 
8). With bird and capelin density data grouped into a 
small number of average points, rZ did not always reach 
a maximum value and then decline in the iterative 
threshold test because all the high density data were 
sometimes grouped into an isolated, terminal data point. 
In such cases, if a maximum r* value occurred just 
before the terminal data point, a threshold was as- 
sumed to occur before that point. 

I used Monte Carlo simulations to test the reliability 
of the above method for measuring correlations and 
locating thresholds. Two surveys were chosen at ran- 
dom and an International Mathematics and Statistics 
Library subroutine (GGPER) was used to reassign each 
1 min bird count randomly to a new location along the 
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transect (Schneider and Piatt 1986). One hundred runs 
were conducted for each survey and bird species. After 
each run, the iterative threshold test was conducted for 
the independent variable (relative capelin density). In 
total, 2400 regressions of randomized data were com- 
pared with regressions of original data. Results indi- 
cated that significance levels obtained in iterative 
threshold tests of original data were conservatively es- 
timated by parametric statistics. 

To determine if thresholds could occur by chance in 
plots of original data, the proportion of randomized 
surveys yielding a simple threshold (maximum rZ 
whether significant or not), or a threshold with a sig- 
nificant regression, was determined from 400 Monte 
Carlo simulations. Because thresholds could also occur 
before terminal values of capelin density in some cases 
(see above), and therefore not be located by the iter- 
ative threshold test, the probability of obtaining one 
or two consecutive significant r* values anywhere in a 
plot was also determined from Monte Carlo simula- 
tions. The results of these additional simulations are 
presented and discussed below. 

Like spatial correlations, the temporal association 
between birds and capelin depended on the time scale 
used in analyzing the data. I used the simple procedure 
of grouping data over increasing time frames (l-l 0 d) 
for the analysis of temporal correlations between birds 
and capelin at Witless Bay. 

RESULTS 

TEMPORAL PATTERNS IN ABUNDANCE OF 
BIRDS AND CAPELIN 

In all years, murres and puffins were absent or 
occurred in low numbers on the water around 
their breeding colonies in May and early June 
(Fig. 4). Most breeders attend colonies in Witless 
Bay by late May (Nettleship 1972, Mahoney 
1979), so birds were apparently commuting to 
foraging areas located farther than about 5 km 
from the islands. An exception occurred on 9 
May 1984, when about 100,000 murres were 
concentrated inshore by Arctic pack ice. That 
unique survey was excluded from further anal- 
yses. 

The abundance of murres and puffins in the 
survey area increased sharply in late June each 
year, corresponding to the arrival of spawning 
schools of capelin inshore (Fig. 4). Thereafter, 
murre and puffin abundance fluctuated with 
capelin abundance, although each bird species 
exhibited different patterns of association. Murres 
were better correlated with capelin over all time 
frames examined (l-10 d). Maximal correlations 
of murres and puffins with capelin were observed 
when data were grouped over 5-day intervals. At 
that scale, murre abundance was strongly cor- 
related with capelin abundance in all years (1982: 
Pearson r2 = 0.84, P < 0.05; 1983: r2 = 0.83, P 
< 0.0001; 1984: r* = 0.65, P < 0.01). Murres, 
like capelin, exhibited one peak of abundance in 
1982 and 1984, two peaks in 1983, and were 

OX 
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FIGURE 3. Illustration of how sigmoidal curves were 
transformed with a box model and how thresholds were 
located using an iterative procedure. Asterisks in panel 
A indicate significance levels of regressions: *P < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. 

scarce in August each year (Fig. 4). Although 
puffins were also abundant in late June and July, 
their numbers were poorly correlated with over- 
all capelin abundance in Witless Bay (1982: r2 = 
0.51, P > 0.05; 1983: r2 = 0.11, P > 0.05; 1984: 
rz = 0.46, P > 0.05) and puffins were often as 
common in August as they were in July. How- 
ever, separate analyses revealed that puffins for- 
aged mostly inshore (Piatt 1987), and using only 
data from inshore habitats, puffin abundance was 
correlated strongly with capelin abundance in all 
years (1982: r2 = 0.73, P > 0.05, 1983: r2 = 0.75, 
P < 0.0001; 1984: r* = 0.54, P < 0.05). 

There was an order of magnitude decline in 
capelin abundance from 1982 to 1984 (Fig. 4). 
The mean abundance index for capelin declined 
from 2.3 (fO.l SE) in 1982, to 0.83 (f0.05) in 
1983, and to 0.11 (kO.02) in 1984. That trend 
was mirrored by a decline in overall bird abun- 
dance in Witless Bay over the same years, al- 
though p&ins were less affected than murres (Fig. 
4). 
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FIGURE 4. Seasonal abundance of Common Murres, 
Atlantic Puffins, and capelin around the Witless Bay 
islands, 1982-1984. Data from standard surveys only. 
Open circles indicate that a survey was conducted, but 
no birds were observed on the water. 

FINE-SCALE SPATIAL ASSOCIATION BETWEEN 
BIRDS AND CAPELIN 

Some hydroacoustic echograms obtained in 
1982 were selected for the quality of capelin 
school registrations appearing on them, and 
schools were measured carefully to estimate vol- 

FIGURE 5. Standard survey conducted 13 July 1982, 
showing Common Murre, Atlantic Puffin, and capelin 
abundances along the survey route. Note differing scales 
for murre and puffin abundance. 

umes (Forbes and Nakken 1972, Piatt 1987). This 
method of measuring capelin abundance was not 
used for further analyses because it was too time- 
consuming. In conjunction with bird observa- 
tions, however, these data illustrate fine-scale 
associations between birds and capelin (Fig. 5, 
Table 1). 

Between minutes 3-10 (2 km) of a survey con- 
ducted on 13 July 1982 (Fig. 5), 24 capelin schools 
were encountered that had mean and total vol- 
umes of 399 and 9575 m3, respectively (Table 
1). The minimum and maximum depths to which 
capelin schools extended were 0.3 and 16.7 m. 
The total number of capelin present was esti- 
mated at 150,000 individuals, assuming a mean 
density of 15.7 fish per m3 (Zaferman 1973). To- 
tal biomass was about 3.8 metric tons, assuming 
the mean weight of individual capelin in the area 
was 25.3 g (Piatt 1987). Only puffins fed on this 
shallow aggregation, and most were found over 
the largest schools of capelin. 

Between minutes 3749 (3.3 km) of the same 
survey (Fig. 5), 58 capelin schools were recorded 
that had mean and total volumes of 680 and 
39,452 m3, respectively. The minimum and 
maximum depths to which schools extended were 
0.3 and 42.4 m. The total number of capelin in 
the aggregation was estimated at 6 19,000 indi- 
viduals, with a total biomass of 15.7 metric tons. 
Both murres and puffins fed on this aggregation, 
but they were spatially segregated. Murres oc- 
curred over large schools concentrated between 
lo-30 m in the water column, whereas puffins 
occurred over smaller schools concentrated be- 
tween 2-15 m. Similarly, most puffins were as- 
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TABLE 1. FINE-SCALE COMMON MURRE AND ATLANTIC PUFFIN ASSOCIATION WITH SELECTED CAPELIN AGGRE- 
GATIONS, 3 AND 13 JULY, 1982 

Date Minute No. of schools 
TotaP school 
volume (m’) Meanb depth (m) No. of murres No. of puffins 

13 July 3 2 572 13.3 
4 4 599 2.5 
5 3 2213 4.7 
6 4 2229 3.7 
7 4 2055 4.2 
8 2 781 2.3 
9 4 475 4.7 

10 1 651 3.1 

37 7 350 30.1 
38 8 3698 24.7 
39 4 222 25.2 
40 12 1686 24.2 
41 5 2840 18.6 
42 4 9026 11.9 
43 5 723 19.3 
44 2 68 8.9 
45 3 7594 13.5 
46 3 12,355 11.4 
47 2 620 2.8 
48 2 254 2.6 
49 1 16 3.5 

3 July 43 
44 
45 
46 
47 
48 
49 
50 
51 
52 

1 

2 
3 

2 

46 
743 
45 

369 
1365 

27 
8447 

144 

1 
60 
25 

1.0 
10.4 

1.4 
0.3 
4.9 
4.2 
8.3 
1.4 
1.0 

10.4 

3 
25 
4 

70 
190 
300 
201 

1 
5 

15 
2 
2 
0 

0 

0 
30 

100 
75 

110 
125 

6 
3 

0 
0 

5 
0 
0 
9 

25 
85 

180 
41 
78 
26 

0 
3 
7 

11 
35 
19 
75 
32 

3 
0 

74 3 111 11.9 1 1 
75 10 3905 14.0 0 38 
76 5 3537 18.9 0 15 
77 5 16,472 27.4 50 2 
78 7 5208 22.0 5 0 
79 5 9295 32.0 21 0 
80 11 9043 32.6 6 0 
81 3 1060 12.4 1 0 

a Total volume of all schools. Schwl volume = 3.14 h* w/4 (Forbes and Nakken 1972). 
b Mean depth weighted by volume. 

sociated with small, shallow (< 20 m) capelin 
schools, whereas murres were associated with 
larger, deeper (20-35 m) capelin schools during 
a survey conducted on 3 July 1982 (Table 1). 

Some important features of these and other 
1982 surveys were observed also in 1983 and 
1984; i.e., the combined distribution of murres 
and puffins matched the distribution of capelin 
schools, but murres and puffins were spatially 
segregated. They either fed in different habitats 
or fed on different parts of the same capelin ag- 
gregations. 

SCALE-DEPENDENT AGGREGATIONS AND 

CORRELATIONS 

On most surveys, murre (86%, N = 63 sur- 
veys), puffin (76%, N = 70), and capelin (88%, 
N = 73) aggregation intensity (I’) increased with 
frame size (Fig. 6), yielding significantly higher 
values of I’ at spatial scales of 0.5-15 km than 
at minimum frame sizes. In most cases, I’ in- 
creased rapidly over small frame sizes, plateaued 
or peaked at intermediate frame sizes (2-4 km), 
and decreased again at large frame sizes (8-16 



42 STUDIES IN AVIAN BIOLOGY NO. 14 

SCALE DEPENDENT AGGREGATION B CORRELATION 

.,,,,.. 
stronger with increasing frame size on 35% and 
27% of all murre and puffin surveys, respectively 
(e.g., survey 26, Fig. 6). Spatial correlations be- 
tween birds and capelin on the remainder of sur- 
veys did not improve significantly with increas- 
ing frame size, despite significant increases in I’ 
(e.g., survey 14, Fig. 6). 

km). Maximal I’ values indicate the scale at which 
aggregations occur (Pielou 1977, Schneider and 
Piatt 1986) and usually peaked between 24 km 
for puffins, and between 2-6 km for murres and 
capelin. 

Murres (68% of 63 surveys) and puffins (54% 
of 70 surveys) were significantly correlated with 
capelin at the minimum scale of measurement 
on most surveys. Correlations grew significantly 

SCALE-DEPENDENT AGGREGATIW RESPONSE 

Because fine-scale associations between birds 
and capelin were imperfect, plots of bird versus 
capelin density using fine-scale data gave the im- 
pression that large numbers of birds foraged in 

FRAME SIZE (km) 
areas where capelin were scarce or absent (Fig. 
7,2 and 4 min frame sizes). However, when data 
were grouped into measurement intervals cor- 

FIGURE 6. Scale dependent aggregation and corre- 
lation of Common Murres, Atlantic Puffins, and cape- 

responding to the scale of aggregations and re- 

lin. Aggregation intensity: closed circles indicate sig- 
plotted, a more realistic picture of murre and 

nificantly higher I’ values than observed at minimum 
puffin foraging behavior emerged (Fig. 7, 8 and 

frame size (tested by Monte Carlo analysis). Correla- 16 min frame sizes). 

tion coefficient: closed circles at minimum frame size Using a 10 min frame size to examine all sur- 

indicate significant correlation; at larger frame sizes veys, many plots of bird versus capelin density 
closed circles indicate that the correlation was signif- were sigmoidal (Figs. 7 and 8) indicating Type 
icantly higher than that calculated at the minimum III aggregative responses to prey density (Holling 
frame size (tested by Monte Carlo analysis). 1959, Hassell and May 1974). An intermediate 

BIRD AGGREGATION AT DIFFERENT FRAME SIZES 

Capelin Density 

( 120 min standard survey, 25 June.1983) 

FIGURE 7. Effect of increasing frame size on the form of the aggregative response of birds to capelin. 
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FIGURE 8. Aggregative response of Common Murres and Atlantic Puffins to capelin on four standard surveys 
in Witless Bay, 1983. Data grouped into 10 min frame sizes. For each date and bird species, the aggregative 
response is shown in the lower panel, with the estimated threshold indicated by a solid line. Corresponding 
upper panel shows the result of a threshold location test (closed circle indicates P < 0.05 for the corresponding 
r2 value). 

10 min (2.5 km) frame size was chosen for com- programs often use 10 min observation periods 
paring surveys because aggregation intensity (I’) (e.g., Brown et al. 1975). 
usually plateaued or peaked at frame sizes greater 
than about 8 min, the number of data points in ESTIMATING THRESHOLDS TO PREY DENSITY 

an aggregative response plot decreased-with in- Using the iterative test, most plots exhibited 
creasing frame size (Fig. 7), and seabird census simple thresholds, i.e., a maximum correlation 
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THRESHOLD vs CAPELIN DENSITY 

FIGURE 9. Common Murre and Atlantic Pulhrrs prey 
density thresholds, and the difference between thresh- 
olds, in relation to overall capelin density in Witless 
Bay. Speannan rank correlations calculated using data 
from all surveys (open and closed circles) or using only 
surveys with plots exhibiting thresholds with signifi- 
cant regressions (closed circles). Difference plot incor- 
porates all data. Spearman rank correlations: Common 
Murre-open and closed circles: r = 0.82, P < 0.0001; 
closed circles only: r = 0.58, P < 0.05; Atlantic Puffin- 
open and closed circles: r = 0.73, P < 0.0001; closed 
circles only: r = 0.89, P < 0.001; murre-puffin differ- 
ence: r = 0.33, P < 0.05. 

TABLE 3. MONTE CARIX) SIMULATIONS: PROBABILITY 
OF FINDING THRESHOLDS AND SIGNIFICANT REGRES- 
SIONS WHEN CONDUCTING THIWSHOLD LXATION TESTY 

ON RANDoMIZED SURVEY PLOTS OF BIRD VBRWJS CA- 

PELIN DENSITY 

MuIre 
Probability’ 

Puffin 

of obtaining: A B A B 

Simple threshold 0.56 0.58 0.56 0.62 
Threshold with 

significant rZ 
1 Significant rZ 
2 Consecutive 

0.08 0.07 0.09 0.06 
0.15 0.16 0.13 0.17 

significant r*‘s 0.02 0.03 0.07 0.05 
’ Based on 100 runs on two different surveys (A, B) for each species 
(conducted at 10 min frame size). 

in the regression of dummy-coded bird and cape- 
lin densities occurred at some intermediate den- 
sity of capelin (Table 2). However, not all re- 
gressions were statistically significant and many 
plots had few high density data points (or one 
terminal one), making it difficult or impossible 
to locate a threshold with the iterative test. Mon- 
te Carlo simulations revealed that: 

1) There was a high probability of finding sim- 
ple thresholds due to chance alone. The propor- 
tion of randomized snrvey plots with simple 
thresholds (Table 3) was similar to the propor- 
tion of original snrvey plots with simple thresh- 
olds (Table 2). 

2) There was a low probability (P < 0.06-0.09) 
of finding a threshold with a significant regression 
(Table 3), and this was therefore a moderately 
conservative criterion for identifying true thresh- 
olds. Many more survey plots in 1983 and 1984 
had thresholds with significant regressions than 
would be expected by chance (Table 2). 

3) The probability of finding at least one sig- 
nificant regression anywhere in a randomized plot 

TABLE 2. FREQUENCY OF THWHOLDS AND SIGNWICANT REGWSIONS IN ALL BIRD-CAPELIN PLOTS, 1982-1984 
(AT 10 MIN FRAME SIZE) 

Total no. of surveys 
No. with simple 

threshold 
No. with threshold 

and significant 
regression 

1982 1983 1984 

MUIR Puffin MUI% Puffin MlUR Puffin 

N @) N W) N W) N (W N W) N W) 

3 5 32 35 26 25 

2 (66) 3 (60) 17 (53) 23 (66) 7 (27) 8 (32) 

0 (0) 0 (0) 10 (31) 8 (23) 5 (19) 2 (8) 

No. with >2 con- 
secutive significant 
regressions 1 (33) 1 (20) 19 (56) 10 (38) 8 (31) 6 (24) 
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TABLE 4. AVERAGE M~RRP AND PUFFIN FORAGING THRESHOLDS (THR) TO CAPELIN SCHOOL DENSITY, 1982- 
1984 (AT 10 MIN FRAME SIZE) 

case YEW 

MUIR Fain 

N Thr (SE) N Thr (SE) ta P 

All data 1982 3 9.1 (6.2) 3: 3.6 (1.0) 1.2 NS 
1983 32 6.9 (1.6) 3.4 (0.3) 2.1 co.05 
1984 26 1.1 (0.3) 25 1.0 (0.3) 0.7 NS 
Total 61 4.6 (0.9) 65 2.6 (0.3) 2.3 co.05 

If Mt and Pt 
significantb Total 4 4.1 (3.6) 4 3.4 (2.2) 0.9 NS 

If Mr and Pr 
significant~ Total 9 9.5 (2.6) 9 3.1 (0.5) 2.4 co.05 

a Value oft computed for paired comparisons under the hypothesis that the mean mum threshold minus the mean puffin threshold = 0. 
b If both murre and puffin plots on the same survey had thresholds with signiEcant regressions. 
* If both mm and puffin plots on the same survey had 22 consecutive significant regressions. 

was relatively high (Table 3). However, the prob- 
ability that two or more significant regressions 
would occur consecutively in a plot of random- 
ized data was low (P < 0.02-0.07). Consecutive 
regression coefficients should be high and sig- 
nificant around a true threshold in a sigmoidal 
curve (Fig. 3) and they could also indicate wheth- 
er a threshold occurred before an isolated ter- 
minal data point. Thus, the existence of consec- 
utive significant regressions was a conservative 
criterion for identifying true thresholds. A much 
higher proportion of original survey plots exhib- 
ited two or more consecutive significant regres- 
sions than would be expected by chance (Table 

2). 

COMPAREON OF MURRP AND PUFFIN 
THRESHOLDS TO PREY DENSITY 

Murre foraging thresholds were usually higher 
than puffin thresholds on individual surveys and 
average murre thresholds were higher than av- 
erage puffin thresholds in all years (Table 4). 
Considering only surveys in which murre and 
puffin plots both exhibited thresholds with sig- 
nificant regressions, the average murre threshold 
was higher than the average puffin threshold. Fi- 
nally, considering only surveys in which murre 
and puffin plots both exhibited two or more con- 
secutive significant regressions (the most con- 
servative analysis), average murre thresholds were 
significantly higher than average puffin thresh- 
olds (Table 4). 

The apparent difference between murres and 
puffins with respect to their prey density thresh- 
olds was examined for possible scale-dependency 
by estimating thresholds at different spatial scales. 
Grouping the data into larger frames lowered 
average bird and capelin density values, but at 
every frame size the average threshold for murres 
was greater than the average threshold for puffins 
(Table 5). 

THRESHOLD VARIABILITY IN RELATION TO 
OVERALL CAPELIN DENSITY 

Murre and puffin thresholds decreased pro- 
gressively from 1982 to 1984 corresponding to 
a decline in capelin abundance (Fig. 4). Murre 
and puffin thresholds were strongly correlated 
with overall capelin density at Witless Bay in 
each year and over all years combined, regardless 
of the data set used for the analysis (Table 6, Fig. 
9). The difference between murre and puffin 
thresholds was also correlated with overall cape- 
lin density. As overall capelin density increased, 
murre thresholds increased more rapidly than 
puffin thresholds, and the difference between 
thresholds widened. Conversely, as overall cape- 
lin density declined, murre and puffin thresholds 
converged. 

DISCUSSION 

SCALE-DEPENDENT AGGREGATIONS AND 
CORRELATIONS 

In marine systems, biological and physical 
processes combine to impart spatial structure to 
plankton and fish communities, and seabird ag- 

TABLE 5. EFFECT OF VARYING FRAME SIZE ON Av- 
ERAGE FORAGING THRESHOLDS (THR) USING ALL DATA 
IN 1983 FOR MURRI?~ (N = 32 SURVEYS) AND F‘UFFII~S 
(N = 35 SURVEYS) 

MUIX P&ill 
Frame 

size Thr SE Thr SE t- P 

2 7.4 (1.6) 3.2 (0.4) 2.5 0.02 
4 7.6 (1.5) 3.1 (0.3) 2.7 0.02 

8 7.9 (1.7) 2.6 (0.4) 3.4 0.002 

10 6.9 (1.6) 3.4 (0.3) 2.1 0.05 
12 6.5 (1.4) 3.6 (0.4) 2.0 NS (0.06) 
16 4.9 (0.9) 3.0 (0.4) 2.0 NS (0.05) 

= Value oft computed for paired comparisons under the hypothesis that 
the mean murre threshold minus the mean puffin threshold = 0. 
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TABLE 6. SPFJARMAN RANK CORRELATIONS BETWEEN MURRE (M) AND PUFFIN (P) THRESHOLDS (THR), THE 
DIFFERENCE BETWEEN THRESHOLDS (DIFF) AND OVERALL CAPELIN DENSITY (CD), 1982-1984 (AT 10 MIN FRAME 
SE) 

MThr x CD PThr x CD DiffxCD 
Case YeaI N r P N r P N r P 

All data 1982 3 0.99 0.000 1 5 0.76 NS 3 0.50 NS 
1983 32 0.66 0.0001 35 0.51 0.01 32 0.38 0.05 
1984 26 0.67 0.001 25 0.76 0.0001 20 -0.09 NS 
Total 61 0.82 0.0001 65 0.73 0.0001 55 0.33 0.05 

If Mt and Pt 
significant” 4 0.99 0.01 4 0.80 NS 4 0.80 NS 

If Mt or Pt 
significantb 15 0.58 0.05 10 0.89 0.001 - - - 

If Mr and Pr 
significant’ 9 0.75 0.01 9 0.69 0.05 9 0.59 0.05 

= If both mux and puffin plots had thresholds with significant regressions. 
* Calculated using all plots in which murre or puffin plots exhibited thresholds with significant regressions. Difference (Dill) cannot be calculated 
because data for each species taken from different surveys. 
c If both murre and p&in plots had 22 consecutive significant regresaons. 

gregations reflect the scale at which these pro- 
cesses occur (Schneider 1982). At Witless Bay, 
the aggregation intensity of birds and capelin var- 
ied with measurement interval and peaked at 
scales of 0.25 to 15 km. Most patches ranged 
between 2-6 km in horizontal extent. These were 
small compared to patches reported from other 
areas (i.e., 5-50 km; Zaferman 1973, Schneider 
1982, Briggs et al. 1984, Woodby 1984), but they 
contained regionally significant concentrations 
of predators and prey. Thousands of tons of cape- 
lin are consumed in summer at Witless Bay by 
hundreds of thousands of seabirds, cod (Gadus 
morhua), and baleen whales (Brown and Nettle- 
ship 1984, Cairns et al. 1987, Methven and Piatt 
1989, Piatt et al. 1989). 

The present analysis of more than 70 surveys 
corroborates an earlier finding by Schneider and 
Piatt (1986) that spatial correlations between 
birds and capelin in Witless Bay are scale-de- 
pendent. Murres and puffins were significantly 
correlated with capelin on more than half of all 
surveys before effects of scale were examined, 
and spatial correlations improved with increas- 
ing frame size on about half of those surveys. At 
measurement intervals of 2.5 km, capelin density 
frequently explained over 75% of the spatial vari- 
ation in bird density; it explained over 95% of 
the variation on nine surveys. 

Elsewhere, it has proven difficult to demon- 
strate significant spatial correlations between 
seabirds and their prey (e.g., Woodby 1984, Obst 
1985, Safina and Burger 1985). Scale-analysis 
might have been useful in these studies (Schnei- 
der and Piatt 1986), although other factors prob- 
ably contributed more to the difficulty in mea- 
suring predator-prey associations. In some 

situations, seabirds would not be expected to track 
all prey aggregations, especially at great distances 
from their colonies or where prey schools greatly 
outnumber predators (Woodby 1984). Obst 
(1985) found that aggregations of penguins were 
reliable predictors of krill (Euphausiu supurba) 
schools, but not vice versa. Seabirds may forage 
selectively in specific habitats or on specific parts 
of the prey aggregations they encounter (Brown 
and Gaskin 1988), and interference competition 
may exclude some species from feeding sites (Piatt 
1987). Seabird and prey aggregations may be dis- 
persed by other predators (Safina and Burger 
198 5) or by the activities of the research vessel 
or other vessels. Errors also arise from rough sea 
conditions, poor visibility, weak or spurious sig- 
nals from the echosounder, and the time lag be- 
tween bird observations and detection of prey 
with the echosounder. Finally, seabirds and their 
prey are patchily distributed and surveys may 
simply miss significant aggregations. 

Despite these potential sources of error, I found 
strong spatial correlations between birds and 
capelin in Witless Bay. Presumably, the abun- 
dance of breeding birds, close proximity of the 
survey route to colonies, and the use of Witless 
Bay for spawning by large numbers of capelin 
increased the likelihood that capelin schools 
would be exploited by foraging murres and puf- 
fins. 

THE AGGREGATIVE RESPONSE 

The are many examples of functional, aggre- 
gative, and numerical responses in the literature, 
but most are well-defined curves generated from 
laboratory experiments (Readshaw 1973, Has- 
sell and May 1974, Hassell et al. 1977). Field 
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data are more difficult to gather and interpret 
(Goss-Custard 1970). Response curves must 
contain an adequate number of high density data 
points to resolve their shape (Hassell and May 
1974), but this requirement was generally not 
met outside periods of high capelin density in 
Witless Bay. The same biological and physical 
sources of error that reduced spatial correlations 
also affected my ability to resolve aggregative 
response curves. In addition, the density of puf- 
fins was occasionally suppressed at high capelin 
densities, possibly owing to interference com- 
petition from murres (Piatt 1987), and this made 
it more difficult to characterize puffin response 
curves. 

Despite these limitations, murres and puffins 
exhibited sigmoidal (Type III) aggregative re- 
sponses to capelin density on about one-third of 
the surveys I conducted. Type III responses are 
typical of higher vertebrates feeding on aggre- 
gated prey (Holling 1965, 1966; Goss-Custard 
1970, 1977; Hassell and May 1974; Murdoch 
and Oaten 1975). Aggregative responses were 
scale-dependent and best resolved at measure- 
ment intervals corresponding to the scale of ag- 
gregations (ca. 2-4 km). Murres foraged on larg- 
er, denser concentrations of capelin than puffins 
and also formed larger, denser flocks while for- 
aging (Piatt 1987). 

BODYSIZEANDFEEDINGTHRESHOLDS 

Both Common Murres (ca. 975 g) and Atlantic 
Puffins (ca. 475 g) search widely for aggregated 
prey and dive to pursue their prey underwater. 
Foraging ranges, diving depths, and dive times 
are all positively correlated with body size in 
piscivorous alcids (Piatt and Nettleship 1985, 
Piatt 1987, Wanless et al. 1988). At Witless Bay, 
I observed murres and puffins simultaneously as 
they foraged on the same species of schooling 
prey. Thus, the difference between species in for- 
aging thresholds must be attributed to biological 
differences between them (as opposed to differ- 
ences between their prey or feeding environ- 
ments), and body size is one obvious difference 
to consider. The relationship between predator 
body size and prey density thresholds is pre- 
dictable from well-known models of foraging be- 
havior. 

The principal feature of Holling’s ( 1965) “disc” 
equation, and many subsequent models of for- 
aging behavior (e.g., Royama 1970, Murdoch and 
Oaten 1975, Hassell et al. 1977, Werner and Mit- 
telbach 198 1) is that: 

N/T = D/(1 + D) 

i.e., a predator’s potential rate of food intake (N/ 
T, where N = the number of prey captured and 

T = time spent foraging) is a non-linear function 
of prey density (D). The major distinction be- 
tween coexisting predators witth similar foraging 
styles and shared prey is N,,,, the amount of food 
required for daily existence. N,,, is the sum of 
food required for maintenance and foraging, and 
both are functions of body size (Peters 1983, 
Werner and Mittelbach 198 1). 

Optimal foraging theory assumes that preda- 
tors try to maximize their rate of food intake to 
allow as much time as possible for other activ- 
ities (Krebs 1978, Pyke et al. 1977, Pyke 1984). 
Food intake rates may be maximized by foraging 
on the biggest or best quality food available (en- 
ergy maximizer), by minimizing the time spent 
foraging (time minimizer), or both. To maximize 
N,,,/T, murres and puffins feeding on capelin can 
only adjust D, T, or the size ofcapelin consumed, 
because N,,, is a fixed function of body size and 
time spent foraging (T). Murres require about 
twice as much food as puffins (Brown and Net- 
tleship 1984) and could therefore obtain their 
daily ration in the same time (T) as puffins if they 
foraged on capelin aggregations about 2[D/( 1 + 
D)] times as dense as those fed on by puffins. 
Alternatively, murres could obtain their daily 
ration by foraging about twice as long on the 
same prey concentrations used by puffins. How- 
ever, this would not be optimal behavior for 
murres, and in any case, evidence suggests that 
murres spend slightly less time foraging on prey 
shared with puffins (Pearson 1968). Finally, 
murres could obtain their daily rations in the 
same time as puffins if they fed on similar con- 
centrations of much larger capelin. Although 
murres did take some larger size-classes of cape- 
lin than puffins at Witless Bay, the difference was 
not great enough to compensate for the difference 
in food demands. Morisita’s index of overlap in 
weights of capelin consumed ranged from 0.82- 
0.96 in 1982-1984 (Piatt 1987). 

Therefore, I postulate that the differing thresh- 
olds to capelin density exhibited by murres and 
puffins result from species-specific behavioral re- 
sponses to food dispersion that have evolved in 
concert with metabolic constraints imposed by 
body size. In other words, puffins choose to 
exploit lower density prey aggregations than 
murres-a behavior that: i) is permitted because 
of lower metabolic demands; ii) is selected for 
when prey are scarce; and iii) promotes coexis- 
tence with murres (see below). An alternative 
explanation is that puffins were excluded by 
murres from high density prey patches. There is 
evidence that asymmetric interference compe- 
tition for feeding sites occurred at Witless Bay 
(Piatt 1987). However, this would not explain 
why the gap between murre and puffin thresholds 
widened as overall capelin density increased. If 
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puffins were simply tracking murre thresholds, 
then the difference between thresholds should 
have remained constant. Nor would it explain 
why puffins continued to forage on low density 
capelin aggregations after murres departed the 
study area, or why murres formed larger, denser 
feeding flocks than puffins (Piatt 1987). 

VARIABLE THRESHOLDS AND FORAGING 
EXPECTATIONS 

Most foraging models assume that predators 
change behavior at threshold levels of foraging 
success (Krebs 1978, Lima 1983), but few predict 
how thresholds should vary with fluctuations in 
overall prey density. Such behavior is well sim- 
ulated in “Foraging by Expectation” models, 
which assume that a predator will switch patches 
when its current success rate drops below what 
it has come to expect from recent experience. As 
prey density fluctuates, predators should change 
their expectations and foraging thresholds ac- 
cordingly (Green 1980, Iwasa et al. 198 1, Lima 
1983). 

Consistent with the above predictions, forag- 
ing thresholds of murres and puffins changed from 
survey to survey and between years in relation 
to overall capelin density in Witless Bay. Brown 
and Gaskin (1988) noted similar behavior in 
phalaropes (Phaluropus spp.) foraging on zoo- 
plankton in the Bay of Fundy and suggested that 
phalaropes exploit the densest concentrations of 
prey available to them at any given time or place. 

THRESHOLDS, BODY SIZE AND 
POPULATION ECOLOGY 

Murres and puffins at Witless Bay colonies 
normally hatch chicks in late June (Nettleship 
1972, Mahoney 1979) as capelin arrive inshore 
for spawning (Templeman 1948, this study). 
Murre chicks go to sea about 19-25 days after 
hatching, and because breeding is well synchro- 
nized, most adult murres leave the colony within 
4-5 weeks after the peak of hatching (Mahoney 
1979, Piatt and McLagan 1987). In contrast, puf- 
fins take about a month longer to fledge chicks 
and fledging is less synchronized (45-60 days, 
Nettleship 1972). Thus, the period of peak food 
demand by murres in Witless Bay corresponds 
well with the period of peak capelin density 
around the colonies (ca. 4 weeks), whereas puffin 
food demands extend well beyond this period. 
What accounts for the difference in duration of 
chick-rearing? 

The conventional explanation for timing of 
reproduction in the Alcidae is that breeding co- 
incides with peak food availability for provi- 
sioning chicks (Birkhead and Harris 1985). For 
murres and puffins, however, which overlap ex- 

tensively in their choice of prey (Pearson 1968, 
Piatt 1987), this hypothesis offers little expla- 
nation for the marked interspecific difference in 
duration of chick-rearing. The emphasis on chicks 
may be misleading because only about 5% of the 
total food biomass taken by murres and puffins 
during breeding is fed to chicks (Brown and Net- 
tleship 1984). The bulk of food required for re- 
production is used to fuel adult maintenance and 
foraging activity (Gaston 1985). Therefore, the 
breeding seasons of murres and puffins may be 
limited to that portion of the year when local 
prey densities are sufficient to support adults while 
they are constrained to forage near their breeding 
colonies; this period is shorter for murres than 
for puffins. 

Many long-term studies have been conducted 
on components of Common Murre and Atlantic 
Puffin population biology (Nettleship and Birk- 
head 1985) and the results are unequivocal. 
Where they coexist in the North Atlantic, Com- 
mon Murres exhibit, on average, higher rates of 
breeding success (Harris and Birkhead 1985), 
higher recruitment rates (Hudson 1985), higher 
rates of adult mortality (Hudson 1985, Evans 
and Nettleship 1985), and more extreme popu- 
lation fluctuations (Hudson 1985) than Atlantic 
Puffins. I propose that these differences in pop- 
ulation dynamics are related to food thresholds 
and body size. 

At least four factors contribute to this rela- 
tionship. First, because high density prey offer 
the greatest rate of energy extraction from the 
environment, any predator feeding on high den- 
sity prey should be able to harness more energy 
for reproduction than any coexisting predator 
feeding on low density prey (MacArthur 1958). 
Field measurements of foraging energetics sup- 
port this hypothesis (Nagy et al. 1984). Second, 
large animals have lower specific metabolic rates 
than small animals and can therefore channel a 
higher proportion of energy into reproduction 
than small animals feeding on the same food 
(Peters 1983). Third, predators feeding in dense 
aggregations face a higher risk of starvation and 
mortality from competition or stochastic events 
than dispersed predators feeding in the same en- 
vironment. Finally, higher reproduction and 
mortality rates result in larger and more rapid 
population fluctuations (Utida 1957). 

The hypothesis that prey density thresholds 
are linked to population dynamics in murres and 
puffins is corroborated by observations on other 
kinds of animals. Population growth rates are 
non-linear functions of prey density for most an- 
imals that have been studied (Holling 1959,1965; 
Readshaw 1973; Murdoch and Oaten 1975), and 
a few studies have examined how naturally co- 
existing predators respond numerically to vari- 
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ations in density of shared prey (Utida 1957, 
MacArthur 1958, Holling 1959, Taylor 1978, 
Stemberger and Gilbert 198 5). All these studies 
revealed that predators that could be character- 
ized as low- or high-density foragers also exhib- 
ited a suite of population characteristics typical 
of the prey density to which they were adapted. 
Specifically, “high-density” predators were found 
to have higher maximal reproduction rates, high- 
er adult mortality rates, and faster and larger 
population fluctuations, than coexisting “low- 
density” predators. 

THRESHOLDS, BODY SIZE, AND COEXISTENCE 

If food is the most important resource regu- 
lating seabird populations (Birkhead and Fumess 
1985), my hypothesis that murres and puffins 
specialize on different densities of shared prey 
offers a plausible mechanism to explain their co- 
existence. If species have different, non-linear 
responses to resource density, then coexistence 
of two or more competitors limited by one re- 
source is possible regardless of the degree of over- 
lap in use of that resource (Abrams 1983). Ap- 
plying the concept of limiting similarity, it has 
been proposed that there is a limit to how similar 
resource density thresholds may be before com- 
petitive exclusion occurs (Abrams 1983). In this 
view, the competitive advantage shifts between 
high- and low-density adapted predators as re- 
source densities fluctuate, and neither species can 
exclude the other. For murres and puffins, dif- 
fering thresholds to prey density may be attrib- 
utable to differing body sizes. Differential thresh- 
olds to food density may also be maintained by 
marked differences in foraging style, but it ap- 
pears that animals with the same foraging style 
and body size do not coexist (Brown 1973; Di- 
amond 1975; Davidson 1977a, b). 
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HOT SPOTS IN COLD WATER: FEEDING HABITAT 
SELECTION BY THICK-BILLED MURRES 

DAVID K. CAIRNS AND DAVID C. SCHNEIDER 

Abstract. We used repeated transects to examine the relationship between habitat variability and the 
feeding distribution of Thick-billed Murres (Uriu lomviu) near the Nuvuk Islands, northeastern Hudson 
Bay. Murres preferred waters between 40 and 120 m in depth, and were rarely sighted in shallow 
water. Abundance was correlated with degree of bottom relief, and the strength of correlation increased 
with the frame size at which abundance was measured. Murre abundance varied with phase in the 
tidal cycle, but did not consistently reach expected peaks at the midpoints of ebb and flood tides. 
Murre distributions were highly aggregated in space and time, and were positively correlated with 
densities of shoaling prey. Our data suggest that Thick-billed Murre feeding distributions are influenced 
by coarse-scale (l-100 km) flow gradients, and that birds track preferred feeding conditions at the 
scale of several kilometers. 

Key Words: Thick-billed Murres; habitat selection; scale of aggregation. 

Habitat selection has been investigated in a 
wide variety of avian species (Cody 1985), yet 
little is known about the spatial scale of habitat 
selection in birds (Wiens 1985, 1986). In marine 
birds, selection of feeding habitat is thought to 
be influenced by oceanographic processes which 
act at several spatial scales (Hunt and Schneider 
1987). During the breeding season habitat selec- 
tion is additionally constrained by the maximum 
foraging radius. Aggregation of feeding seabirds 
has been demonstrated at scales smaller than the 
foraging range (Schneider and Due 1985), and 
has been related to coarse-scale (l-1 00 km) vari- 
ation in prey abundance (Schneider and Piatt 
1986) or variation in physical processes that can 
alter prey abundance around colonies (Kinder et 
al. 1983). The spatial predictability of physical 
processes in coastal waters (Csanady 1982) sug- 
gests that seabirds may select feeding habitat rel- 
ative to coarse-scale physical features that con- 
centrate prey at food-rich “hot spots.” The 
consistency over time of coarse scale habitat se- 
lection during the breeding season has not been 
investigated. 

We examined habitat selection by Thick-billed 
Murres (Uris lomvia) within the foraging range 
of a major colony at the boundary of Hudson 
Bay and Hudson Strait. Adult murre diet in this 
area includes both crustaceans and small fish 
(Gaston and Noble 1985). Because of strong cur- 
rents in the area, distribution of crustacean prey 
is likely to be influenced by drift as well as by 
active swimming. Fish taken by murres may feed 
on the same crustaceans consumed by murres 
(e.g., Arctic cod Boreogadus saida, Bradstreet and 
Cross 1982), so fish prey is likely to concentrate 
in areas of high crustacean density. Based on 
these considerations and on knowledge of the 
physical environment (Beals 1968; Griffiths et 
al. 1981; Prinsenberg 1986a, b), we constructed 
a set of hypotheses about habitat selection in 

Thick-billed Murres in relation to physical pro- 
cesses likely to concentrate prey organisms. 

Our hypotheses were: 
1. Abundance of murres on the water should 

be consistently higher in relatively shallow areas 
that have bottom relief, because flow gradients 
generated by tidal oscillations of water over un- 
even topography can enhance prey supply to for- 
aging birds (Brown 1980). 

2. Murre abundances in the central part of the 
study area will be greater during ebb tide than 
flood tide, because the prevailing counter-clock- 
wise circulation in Hudson Bay (Barber 1968) 
will result in greater advection of nekton from 
the south during ebb tides than from the north 
during flood tides. 

3. Murre abundance will be greatest during 
mid-tide, when effects of tide velocities on prey 
abundance and availability are maximal. Poten- 
tially important mechanisms include (i) produc- 
tion of fronts by friction against the sea floor, 
and (ii) generation of convergent and divergent 
flow above and in the wake of obstacles to tidal 
flow. Little relation between murre abundance 
and tidal stage was expected in the eastern part 
of the study area, because the deep water there 
reduces the importance of both mechanisms as 
concentrators of nekton. 

4. The mobility of nektonic prey will produce 
fine-scale (< 1 km) decoupling of the distribution 
of murres and their prey. 

Since present understanding does not permit 
clear predictions as to the scales at which phys- 
ical processes influencing prey supplies might op- 
erate, we examined murre distributions on a range 
of scales from 50 m to about 5 km. 

STUDY AREA AND METHODS 

OCEANOGRAPHY 

This study was conducted in waters near the Nuvuk 
Islands, N.W.T. (Fig. 1). Bathymetry of the northern 
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FIGURE 1. Study area, with inset-map showing its position relative to the Thick-billed Murre colonies at 
Digges Sound. Straight lines are transect routes. Histograms indicate mean sighting frequency per 250 m on a 
logarithmic scale. Circled numbers indicate how many times each transect was run. 

part of the study area is dominated by a deep trench 
that extends west from D&es Sound and terminates 
offWest Nuvuk Island. This trench, which attains max- 
imum depths of 400 m, has several south-branching 
arms with depths greater than 50 m. In contrast, the 
southern part of the study area is a shallow platform 
with little relief and is generally less than 30 m deep. 

Circulation in Hudson Bay-Hudson Strait is gener- 
ally counter-clockwise (Canadian Hydrographic Ser- 
vice 1983). A west-trending current on the north side 
of Hudson Strait brings water into Hudson Bay, where 
it moves counter-clockwise around the bay before ex- 
iting via the south side of Hudson Strait. Overall water 
movement in the study area is northeastward, but flow 
is strongly influenced by the tidal cycle. The m2 (prin- 
cipal lunar) tidal current varies from northeast at 60 

cm.sec-’ to southwest at 60 cm.sec-’ (Prinsenberg 
1986b232). 

The biota of the study area was described by Gaston 
et al. (1985) and Morrison and Gaston (1986). The 
large Thick-billed Murre colonies at Digges Sound, 
containing some 300,000 pairs, dominate the region’s 
avifauna (Gaston et al. 1985). These birds forage over 
a large area in western Hudson Strait and northeastern 
Hudson Bay, apparently feeding up to 160 km from 
their colonies (Gaston and Smith 1984). Several hun- 
dred pairs of Black Guillemots (Cepphus grylle) and 
gulls (Lurus spp.) also breed in the area. 

SURVEY METHOLH 

The distribution of Thick-billed Murres on the water 
was recorded from an inflatable boat, which was run 
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Number of murres on the water per 50- 
m transect segment in relation to water depth. Number 
of transect segments run in each depth category is given 
at the base of each column. 

at constant throttle along fixed routes (Fig. 1). Murres 
seen within 125 m on both sides of the boat were noted 
on a tape recorder, together with the exact sighting 
time. Surveys were conducted from 22 June to 6 August 
1982 and from 21 June to 27 August 1983. Distance 
of transect routes from the Digges Sound murre col- 
onies ranged from 16 to 48 km. Details of survey op- 
erations are given by Cairns (198 7). To obtain detailed 
depth profiles and information on the distribution of 
potential seabird prey, all routes were surveyed at least 
once with a continuous-trace echosounder. Density of 
potential prey recorded on the sounder trace was eval- 
uated on a four-point scale, with 0 indicating no trace 
and 3 a high-density trace. 

Times of bird sightings were converted into distance 
along the transect by assuming constant boat speed 
between the known start and end points of the transect. 
The basic units of analysis were 50 m segments of the 
transect, for which number of murres on the water and 
water depth were recorded. We also integrated sighting 
data into larger “frames” of 100, 250, 500, 1000, and 
2000 m by summing sightings within adjacent 50 m 
segments. Depth for larger frames was the mean of the 
depths of the 50 m segments that composed them. The 
largest frame was the “run,” which was the full length 
of each transect. We truncated data at the end of tran- 
sects for frames between 250 and 2000 m if the last 
segment was less than one halfthe frame size; otherwise 
sightings in the last segment were multiplied by frame 
length and divided by segment length to correct for 
their shorter length. 

We used depth gradients as an index of bottom relief. 
These were calculated for each transect segment by 
subtracting minimum from maximum water depths 
within circles of 250, 500, 1000, 2000, 3000, 4000, 
5000, and 6000 m radius, centered on the midpoint of 
the segment. 

STATISTICAL ANALYSIS 

Statistical relations between murre abundance and 
physical parameters were calculated with the SAS 
package of programs. The criterion for statistical sig- 
niEcance was 5% for all tests. Frequency of Type I error 
for parametric significance tests was checked by Monte 

FIGURE 3. Pearson correlation coefficients between 
murres sighted per segment and depth gradient of that 
segment. Solid circles are non-significant (P > 0.05); 
open circles are significant (P < 0.05). Frame sizes and 
number of segments run are given at the right of the 
figure. 

Carlo randomization trials, in which murre counts were 
assigned to random locations along a transect (see 
Schneider and Piatt 1986). Twenty-nine of 800 (3.6%) 
correlations in our Monte Carlo runs showed signiE- 
cance levels greater than 5% according to standard ta- 
bles, indicating an acceptable estimate of Type I error 
by parametric methods. Similarly, we tested ANOVA 
significance levels by randomly reassigning murre 
sighting frequencies. Six of 100 runs were significant 
at 5%. This indicates that parametric ANOVA pro- 
cedures gave acceptable estimates of Type I error. 

RESULTS 

MURRE DISTRIBUTION IN RELATION TO 
DEPTH AND DEPTH GRADIENT 

We recorded 9680 murres on the water in 
1391.9 km of transect, for an overall sighting 
frequency of 1.74 birds per 250 m. Murre dis- 
tribution was distinctly heterogeneous, and 
sighting frequencies differed among areas by sev- 
eral orders of magnitude (Fig. 1). The most fa- 
vored area was west of West Nuvuk Island, where 
mean sighting frequencies were generally higher 
than 10 murres per 250 m. Murres occurred in 
moderate abundance north and east of the Nu- 
vuk Islands, but were rare in the southern part 
of the study area. 

Murre distribution was closely related to depth 
(Fig. 2). Water less than 40 m deep was infre- 
quently visited by murres, which accounts for 
the scarcity of murres in the shallow waters of 
the southern part of the study area and the near- 
shore shallows southwest of West Nuvuk Island. 
Waters between 40 and 120 m deep were most 
frequently visited. This depth range is typical of 
the heavily used area west of West Nuvuk Island. 
Abundance was moderate in waters deeper than 
120 m to the north and to the east of the Nuvuk 
Islands. Sighting frequencies varied little with 
depth in waters deeper than 120 m. 
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To examine the relation between murre den- 
sity and bottom relief, we calculated correlation 
coefficients between sighting frequencies for each 
transect segment and the depth gradient for that 
segment. Correlations were low and non-signif- 
icant for gradient radii of 250 and 500 m, but 
rose sharply with larger gradient radii, and peaked 
at gradients with radii of 3 km (Fig. 3). Corre- 
lations diminished with gradient radii larger than 
4 km. Correlations increased with increasing size 
of measurement frame, and were highest when 
frame size was the run. 

Since depth gradients were generally greater in 
deep water (Fig. l), we used ANOVAs to test 
whether murre abundance was related to depth 
gradient regardless of depth. At small and me- 
dium frame sizes (5 500 m) depth gradient pro- 
duced significant improvement in the ANOVA 
model over that given by depth alone (Table 1). 
At large frame sizes (particularly 2000 m) depth 
gradient gave little or no model improvement 
over depth alone. This suggests that depth gra- 
dient, acting independently of depth, may be an 
important determinant of murre sighting fre- 
quencies at small and medium scales. 

MURRE DISTRIBUTION IN 
RELATION TO TIDE 

We plotted frequencies of murre sightings on 
the water against stage of the tidal cycle for the 
areas west and east of the Nuvuk Islands. Dis- 
tributions were similar for all frame sizes; Figure 
4 plots data for frame size of 250 m. Birds were 
more abundant west of the Nuvuk Islands during 
ebb tide than during flood tide. Tidal response 
was tested with one-way ANOVAs, which com- 
pared mean number of birds sighted on the water 
per 250 m among tide periods grouped as two- 
hour blocks. Sighting frequencies differed among 
tidal stages west of the Nuvuk Islands (F = 14.8; 
df = 6,2049; P = O.OOOl), although tidal stage 
explained only a very small part of the sighting 
variability (R* = 0.042). Sighting frequencies did 
not differ significantly with tidal stage east of the 
Nuvuk Islands (F = 1.28; df = 6,606; P = 0.26; 
RZ = 0.0 13). 

MURRE DISTRIBUTION IN RELATION 
TO PREY SHOALS 

Correlations between murre sighting frequen- 
cies and density indices of prey shoals were cal- 
culated for 65.15 km of transect. Correlations 
were positive and generally highly significant 
(Table 2). Prey density was negatively correlated 
with depth gradient at small depth gradient radii 
and small frame sizes, and positively correlated 
at larger gradient radii and small frame sizes (Ta- 
ble 2). 
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FIGURE 4. Number of murres on the water per 250 
m segment in relation to time since high tide. Number 
of transect segments run in each tide category is given 
at the base of the columns. (A) shows results for an 
area of high murre density west of West Nuvuk Island 
(Routes G, H, I, J, K, and M), and (B) shows data for 
a medium density area to the east of East Nuvuk Island 
(Routes A and B). Note differing ordinal scales. 

PATTERNS OF AGGREGATION 

Murre distributions on the water were aggre- 
gated in space and time. For example, mean 
sighting frequencies along routes G, H, and I 
were up to two orders of magnitude higher than 

along routes V through Z (Fig. 1). We used a two- 
way ANOVA to test whether usage was signifi- 
cantly higher on some routes than on others and 
whether variation in abundance among routes 
could be explained by date. Counts from routes 
G, H, and I, which had the largest sample sizes, 
were used. Frame size was 500 m and only seg- 
ments within the preferred depths of 40-120 m 
were included. Variation among routes was sig- 
nificant (F = 3.39, P = 0.006), but was exceeded 
in strength by variation among dates (F = 9.95, 
P = 0.0001). Variation among routes was inde- 
pendent of date (F = 1.21; df = 11,115; P = 
0.30). 

Variance/mean ratios, which increase with de- 
gree of clumping, are used to indicate aggregation 
intensity of murre sightings in two areas (Fig. 5). 
The pooled data in this figure reflect the com- 
bined effects of temporal and spatial variation, 
since variance/mean ratios were calculated from 
different segments and different days. The vari- 
ance/mean ratio measured over two years in the 
high density area of Routes G, H, and I increased 
with frame size, and reached 751 when frame 
size equaled the run. Aggregation was much 
weaker in the low density area of Routes V-Z. 

In the high density area of Routes G, H, and 
I, variance/mean ratios were much lower when 
measured within individual days than over sea- 
sons. Figure 5 gives typical examples of variance/ 
mean ratios for two individual days in this area. 
Maximum ratios were 4.3 and 43.7. Variance/ 
mean ratios on Routes V-Z were lower than those 
on Routes G, H, and I, probably because of the 
low numbers of birds sighted. Temporal varia- 
tion, as expressed by variance/mean ratios of 
summed daily counts in the G-H-I and V-Z 
areas, were 7.9 and 0.94 for the two areas, re- 
spectively. 

TABLE2. F~ARXJNCORRELATIONSOFPREYDENSITY,ASINDICATEDBYECHOSTRENGTH,WITHFREQUEN~~OF 
MURRE~ONTHEWATERANDWITHDEFTH GRADIENT 

50 

Frequency of murres 
on the water 0.35*** 

Depth gradient 
Depth gradient radius (m) 

250 -0.14*** 
500 -0.11*** 

1000 0.04 
2000 0.12*** 
3000 0.12*** 
4000 0.15*** 
5000 0.07* 
6000 0.07* 

Framesize 

100 250 500 1000 2000 

0.47*** 0.48*** 0.49*** 0.21 0.54*** 

-0.15** -0.16* -0.14 -0.16 -0.15 
-0.11** -0.13* -0.12 -0.15 -0.14 

0.04 0.00 0.02 -0.13 -0.12 
0.12** 0.09 0.10 -0.09 -0.07 
0.12** 0.08 0.08 -0.11 -0.11 
0.15*** 0.12* 0.11 -0.03 -0.12 
0.06 0.04 0.03 -0.08 -0.16 
0.06 0.04 0.03 -0.03 -0.11 

*P 5 0.05; **p 5 0.005; ***p c 0.0001 
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FIGURE 5. Aggregation of murres on the water, as 
indicated by the variance/mean ratio of birds per seg- 
ment. Results are given for the pooled data set and for 
two individual days for an area of high murre density 
(Routes G, H, and I; panel A) and a low density area 
(Routes V, W, X, Y, and Z; panel B). The largest frame 
size in each panel is the run. The ordinal scale is log- 
arithmic. 

Figure 6 shows temporal variation in bird 
numbers in the absence of spatial effects. Sighting 
frequencies often changed dramatically between 
survey dates, and variation sometimes exceeded 
two orders of magnitude. For example, on Route 
G, nine murres were counted on 17 July 1983, 
but on the following day 982 murres were re- 
corded. 

FIGURE 6. Temporal variation in number of murres 
sighted per run for Routes G and K. Horizontal bars 
on the abscissa indicate days on which transects were 
run. Double and triple bars indicate two and three runs 
on that day, respectively. Note differing ordinal scales. 

DISCUSSION 

1989) and hence may depend on small-scale, 
lateral-prey predictability to avoid extensive 
searching flight. Constraints on these species are 
modified by body size, which allows large divers 
to swim or fly for longer periods without food 
than small ones (Goudie and Ankney 1986). 

Qualitative predictions of the habitat require- Based on this qualitative model, murres re- 
ments of marine birds can be derived from con- quire vertically predictable prey concentrations 
siderations of locomotory efficiency, body size, at the scale of tens of meters, and laterally pre- 
and fasting endurance. Non-diving species re- dictable prey at a scale determined by fasting 
quire vertically predictable concentrations of prey endurance and by the speed and cost of flight. 
at the scale of a meter or less near the sea surface. During the breeding season the lateral range is 
Pursuit-diving species require vertically predict- on the order of 100-200 km (Gaston and Net- 
able prey within their diving range, which de- tleship 198 1). Lateral predictability in the ocean 
pends on body size (Piatt and Nettleship 1985). at this scale is typically low except in shallow 
Diving ranges are typically 10 to 100 m. Species (< 200 m) water, where bottom topography pro- 
with flapping flight move in air at high energetic duces spatially predictable habitat variation at 
cost (Flint and Nagy 1984, Bitt-Friesen et al. the sea floor, as well as generating spatially pre- 
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dictable flow gradients near the sea surface 
(Csanady 1982). Within the constraints of lo- 
comotory efficiency and starvation resistance de- 
termined by body size, murre-sized pursuit-div- 
ers must forage either at the sea floor or in 
relatively shallow water columns in order to find 
laterally predictable prey concentrations at spa- 
tial scales on the order of hundreds of kilometers 
or less. 

Our prediction that murres would aggregate in 
relatively shallow water with high topographic 
relief, which generates laterally predictable flow 
gradients that can increase the concentration or 
supply of nektonic prey, was confirmed: density 
was significantly greater in areas of strong top- 
ographic gradient than in areas of weak topo- 
graphic gradient. 

Previous characterizations of seabird habitat 
have emphasized depth (Wynne-Edwards 1935, 
Ashmole 1971) rather than depth gradient (but 
see Porter and Sealy 198 1). Near the Nuvuk Is- 
lands, murre densities were strongly associated 
with depth, with maximum densities occurring 
in waters of 40 to 80 m. Within depth categories, 
murre abundance depended on depth gradient at 
small and medium scales. Preferential foraging 
in areas of high bottom relief has been previously 
found in Barrow Strait, where, in the absence of 
ice, murres tend to forage along the coastline 
instead of in the strait itself (Gaston and Nettle- 
ship 1981). 

Murre abundance varied significantly with tid- 
al stage, and murres were observed more often 
during ebb than flood tides west of the Nuvuk 
Islands, as expected. However, the predicted 
maxima in murre abundance at mid-tide (3 and 
9 hours after high tide) was not observed. In- 
stead, maximum counts occurred there just after 
high water and just before low water. Our pre- 
diction that murre abundance would peak at mid- 
tide was based on the assumption that maximum 
tidal velocity occurs at this time. Tidal phenom- 
ena in northern Hudson Bay are strong and com- 
plex (Canadian Hydrographic Service 198 3, 
Prinsenberg 1986a), and present data are inad- 
equate to confirm this assumption or to specify 
other explanations for the observed relation be- 
tween bird abundance and tide cycle. 

Murre distribution was correlated with acous- 
tic estimates of the relative abundance of nekton. 
Correlation did not increase with increasing frame 
size, in contrast with the findings of Schneider 
and Piatt (1986) for Common Murres (U. aalge) 
and Atlantic Puffins (Fratercula arctica). Murre 
sighting frequencies were more strongly corre- 
lated with echo strength of prey schools than they 
were with depth gradient (Table 2, Fig. 3). Prey 
densities as shown by echo strength were incon- 
sistently related to depth gradient, indicating that 

areas of strong bathymetric relief do not always 
harbor prey. The wide fluctuation of murre abun- 
dance, even in areas with high mean density (Fig. 
6), may reflect strong temporal variation of prey 
concentration in these areas. 

Spatial variation in the abundance of Thick- 
billed Murres was scale-dependent. Variability 
increased from fine (< 1 km) to coarse (> 1 km) 
measurement intervals, as has been reported in 
other seabird species (Schneider and Duf@ 1985) 
including alcids (Briggs 1986, Schneider and Piatt 
1986). We attribute this to coarse scale flow gra- 
dients, which appear to be a major source of 
coarse scale patchiness in the abundance of nek- 
ton (Olson and Backus 1985, Simard et al. 1986). 
Griffiths et al. (198 1) predicted that local inten- 
sification of tides results in tidal fronts in the 
general vicinity of the Nuvuk Islands, but the 
scale of their analysis does not permit prediction 
of suitable habitat at the scale of murre census- 
ing. 

Previous transect studies around colonies have 
demonstrated coarse scale variability within the 
foraging range, but transects have not been tra- 
versed frequently enough to determine the con- 
sistency of aggregation. Repeated transects around 
the Nuvuk Islands showed that the abundance 
of murres on the water was localized, and that 
spatial variability was independent of temporal 
variability. 

Coarse-scale habitat selection has important 
implications for the analysis and interpretation 
of interactions between seabirds and their prey. 
If spatial variation in consumption exceeds spa- 
tial variation in prey supply within the foraging 
range of a seabird colony, then the impact of 
seabird predators on local prey will be greater 
than that predicted from larger-scale calcula- 
tions, which are typically based on a maximum 
or average foraging radius (Fumess 1978, 1982). 
Calculations of prey removal at the scale of the 
average or maximum foraging radius may un- 
derestimate local impact on prey, even though 
such calculations may overestimate impact on 
fish stocks at a larger scale (Bourne 1983). 

Models of local impact of seabirds on prey 
stocks around colonies must also consider the 
effects of larger scale lateral advection, which can 
act to renew local prey supplies. Assuming a for- 
aging range of 160 km, typical advection rates 
can offset prey mortality estimated from respi- 
ratory requirements (Appendix 1). The impor- 
tance of advective import is likely greatest in 
colonies that depend heavily on planktonic crus- 
taceans for food, as fish are typically able to con- 
trol their position in the water. In the Nuvuk 
area, Thick-billed Murres prey on both fish and 
crustaceans (Gaston and Noble 1985). The sim- 
ple advective model shown in Appendix 1 also 



assumes that advectively-delivered food supplies 
are not previously depleted by predation from 
other seabird colonies. This assumption is valid 
for murres breeding at Digges Sound, because 
coastlines along eastern Hudson Bay (the advec- 
tive source) lack suitable breeding habitat for 
murres. In some seabird communities advection 
may prove to be more important than produc- 
tion in determining impact of birds on food sup- 
plies at the scale of habitat selection, which our 
study suggests is on the order of l-10 km. 

Our results support earlier conclusions that 
breeding Thick-billed Murres favor specific “hot 
spots” (Bradstreet 1979). However, the strong 
short-term variability in bird abundance (Fig. 6) 
suggests that murres do not forage solely by prior 
knowledge of favored sites. Information ex- 
change among foragers (Ward and Zahavi 1973, 
Gaston and Nettleship 198 1) may also aid murres 
in choosing sites that are rich in food at a par- 
ticular time. 
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APPENDIX I. 

IMPACT OF CENTRAL PLACE FORAGERS ON 
PASSIVELY TRANSPORTED PREY 

Consider a seabird colony located on a straight coast- 
line. Birds forage in a semi-circle ofradius r (km) around 
the colony. Advective (current-induced) import (i) is 

defined as the mass of prey (m) arriving per day within 

foraging radius r (km) of a colony 
i 

Am 
at = g.day-’ 

1 
divided by the mass (M = g) within the foraging radius. 

1 Am i=-.- 
M At’ 

(1) 

!!! = Bvr 
At ’ (2) 

where B = prey density (g.krn2), v = net advection 
(km’daym’), M = BA, where A is area within the for- 
aging radius (km*). 

Then: 

and hence 

. Bvr 

l=BA 
(3) 

2v i=__. 
7rr 

(4) 

Avian consumption, in dimensionally equivalent units, 
is: 

F a=- 
T, 

(5) 

Am 
where F = proportion of prey lost M during the 

( 1 
breeding season. T, is length of the breeding season 

(days). 
Advective import equals consumption when: 

a = i, (6a) 

F 2v -=- 
T, ar 

(6b) 

KrF 

V=2T, 
(6~) 

If T, = 55 days and r = 160 km, and using Fumess’ 
(1982) value of F = 30%, then v = 1.37 km.day-’ = 
0.0 16 rn. s-l. The reported advective rate in the vicinity 
of the Nuvuk Islands is 0.07 m.s-’ (Prinsenberg 1986b), 
which suggests that advective import could supply food 
needs even if F is much lower than 30%. 
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SEABIRD DIET AT A FRONT NEAR THE 
PRIBILOF ISLANDS, ALASKA 

DAVID C. SCHNEIDER, NANCY M. HARRISON, AND GEORGE L. HUNT, JR. 

Abstract. Large concentrations of murres (Uria aalge and U. Zomvia) have been reported on the water 
at sites where bathymetry generates flow gradients near breeding colonies in North America. One such 
site was located in August 1982, by following streams of murres flying away from the colony on St. 
George Island, Alaska. We found a well-defined tidal front where murres were diving and feeding on 
euphausiids on the mixed (landward) side of the front, an area of subsurface convergence. Surtace- 
foraging birds (Black-legged Kittiwakes Rissa tridactyla and Red Phalaropes Phalaropusfulicaria) were 
feeding on euphausiids at the surface convergence seaward of the murre aggregation. The feeding 
success of surface foragers was attributed to surface convergence acting on weakly swimming (injured) 
euphausiids; that of murres to subsurface convergence acting on negatively phototactic euphausiids. 
Successful foraging at spatially predictable locations around colonies has important implications for 
population monitoring, impact assessment, and theoretical treatments of the foraging distribution of 
colonial seabirds. 

Key Words: Bering Sea; marine birds; diet; fronts. 

The hypothesis that bathymetrically-induced 
flow gradients increase the availability of prey to 
marine birds in shelf ecosystems was proposed 
to explain the patchiness of diving birds along 
transects away from colonies in the southeastern 
Bering Sea (Schneider et al. 1986). Several lines 
ofevidence (summarized by Schneider et al. 1990) 
suggest that this hypothesis can be extended to 
colonially nesting alcids foraging around their 
colonies. There have been no detailed studies of 
the diets or feeding success of alcids in areas of 
flow gradient generated by bathymetry. Here we 
report the prey number, prey condition, and 
stomach volume of Common and Thick-billed 
murres (Uris aalge and U. lomvia) at such a site 
east of St. George Island, in the southeastern 
Bering Sea. We also report the prey of surface- 
foraging birds feeding at the same site. 

LOCATIONANDMETHODS 

The number of seabirds on St. George Island (Fig. 
1) has been estimated at 2.6 x lo6 birds, including 1.5 
x lo6 Thick-billed Murres (Hickey and Craighead 
1977). The number of seabirds on St. Paul Island, 63 
km to the northeast, has been estimated at 2.5 x lo5 
birds, including 1.1 x 1 O5 Thick-billed Murres and 3.9 
x 1 O4 Common Murres (Hickey and Craighead 1977). 
The site that we investigated was located at 56”3822’N, 
169”22.32’W, which is 6 km east of Tolstoi Point, St. 
George Island. Surveys in 1977 and 1978 (Kinder et 
al. 1983) showed that during the summer a front as- 
sociated with the 70 km isobath separates vertically 
homogeneous water near the island from stratified wa- 
ter away from the island. We attempted to relocate the 
front described by Kinder et al. (1983) bv steamina 
outward from St.-George on 5 August 1982 until we 
encountered water depths of 70 m. A series of con- 
ductivity, temperature, and depth (CTD) casts showed 
that the water was vertically homogeneous. During the 
casts we noticed streams of murres flying by the ship, 

so rather than searching for a front along our radial 
transect from the island, we simply followed the murres. 
Over the next hour we steamed northward through a 
heavy fog (visibility less than 0.5 km), while murres 
continued to overtake the ship from the stem and then 
disappear into the fog ahead. Eventually we came to a 
location where murres were abundant on the water as 
well as in the air, so we stopped and carried out a series 
of CTD casts normal to the prevailing bathymetry at 
this location. The casts showed a well-defined front, 
with murres confined almost entirely to the island 
(mixed) side. Murre abundance on the water was on 
the order of 10-50 birds within a 10 m radius of the 
bow, as we slowed to a stop over a distance of ap- 
proximately 1 km. 

We then carried out a more detailed CTD profile 
across the front. Depth casts were made at 0.5 km 
intervals. Surface measurements of chlorophyll and 
phaeopigments (a measure of phytodetritus) were ob- 
tained at each CTD station. As the fog lifted we visited 
the front in a skiffto collect birds. No birds were present 
on the stratified side of the front, but they were abun- 
dant on the mixed side of the front, where six Thick- 
billed Murres were collected in less than an hour. 

We then returned to the ship and used the ship’s 
depth-sounder to obtain a profile of zooplankton and 
nekton abundance across the front. The depth-sounder 
showed a dark trace at and below the depth of the 
thermocline identified from CTD casts. The trace was 
15-20 m below the surface on the stratified side of the 
front, rising toward the surface on the unstratified side 
of the front. We made several tows with a bongo net 
to identify the source of the dark trace, but only a few 
euphausiids (primarily Thysanoessa raschiz) were cap- 
tured. The mesh size was less than 1 mm, so the poor 
catch may have been due to net avoidance by euphau- 
siids (Nemoto 1983). 

While making bongo tows we noticed that surface- 
feeding birds (Black-legged Kittiwakes Rissa tridactyla 
and Red Phalaropes Phalaropus fulicaria) were in- 
creasing at the slick marking the front. We revisited 
the front in the skiff to collect kittiwakes and phala- 
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FIGURE 1. Location of bathymetrically fixed front 
(shown as +) east of St. George Island, southeastern 
Bering Sea. 

ropes feeding along the surface slick. This collection 
was 4.2 km SSE of the earlier collection. Drift over the 
6-hr period since the previous collection was 0.2 m/s. 
During this second trip we collected three more murres 
landward of the front. As before, we could not find 
murres at the front or seaward, for comparison with 
murres collected on the landward side of the front. 

All birds were tagged in the skiff with a unique num- 
ber. Approximately 20 ml of 95% ethanol was injected 
down the throat of each bird. The digestive tract of 
each bird was removed in the ship’s laboratory within 
1 hr of collection. Each tract was gently slit to allow 
entry of preservative, and placed in 95% alcohol. The 
sex, reproductive condition, and approximate mass of 
each bird were noted and recorded. Masses were ap- 
proximate because birds had been injected with eth- 
anol, and gravimetric measurements are unreliable on 
a rolling ship. Carcasses were frozen, and eventually 
deposited at the Los Angeles County Museum. 

Crop, stomach, and gizzard contents were later iden- 
tified using standard keys and a set of reference spec- 
imens. The volume of material in the stomach was 
measured by water displacement. The length of intact 
prey was measured to the nearest mm. Seabirds digest 
the soft parts of prey rapidly, so stomach volume and 
prey condition (intact or not) were used as indices of 
recent foraging success. 

RFZSULTS 

The front located east of Tolstoi Point in 1982 
was structurally similar to the fronts described 
by Kinder et al. (1983). Upward deflection of the 
thermocline was associated with a slight change 
in bottom contour at the 75 m isobath (Fig. 2). 
Notable physical features included a surface slick 
at the front (Station 65, Fig. 2), thickening of the 
surface layer at the slick (Station 65), and upward 
deflection of the thermocline landward of the 
slick (Station 66). Gelatinous zooplankton, sea- 
weed, and floating debris were observed at this 
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FIGURE 2. Surface chlorophyll distribution in re- 
lation to the temperature depth profile across the Tol- 
stoi Point front. 

slick. Highest chlorophyll concentrations oc- 
curred slightly seaward of the slick (Fig. 2). Chlo- 
rophyll concentrations were lower on the strat- 
ified than on the mixed side, as reported in 
transects across similar fronts in Europe (Le Fevre 
1986). The structure of the front was consistent 
with Simpson’s (198 1) conceptual model of cir- 
culation, which is that of convergmt flow marked 
by a surface slick running parallel to divergent 
flow on the landward side of the surface slick 
(Fig. 3). We observed considerable meandering 
of the front, which is also characteristic of the 
tidally-generated convergent fronts described by 
Simpson (198 1). 

A secondary slick occurred at Station 63, sea- 
ward of the main slick (Fig. 2). Very little debris 
was observed at this slick, and no birds were 
observed feeding there. Detailed temperature 
profiles (Fig. 4) showed multiple thermoclines 
at this minor slick (Station 63), at the major slick 
(Station 65), but not between the slicks (Station 
64). Comparison of the horizontal profile (Fig. 
2) with the detailed vertical profiles (Fig. 4) sug- 
gests that an eddy may have been present on the 
seaward side of the front. Other explanations for 
lateral variation in the depth of the thermocline 
(e.g., passage of internal waves) cannot be ruled 
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FIGURE 3. Summary of frontal structure and cir- 
culation due to bathymetrically induced gradient in 
rate of tidal stirring. Redrawn from Simpson (198 1). 
Dotted lines show subsurface convergence required to 
maintain upwelling. The ratio of water depth to the 
cube of tidal stream velocity (HAP) measures the rel- 
ative importance of buoyant and mixing energy. 

out. A fully upwelled thermocline was observed 
landward of the front (Station 66). 

Thick-billed Murres collected landward of the 
front had been eating euphausiids, primarily T. 
ruschii (Table 1). Nearly all birds had foraged 
successfully, as indicated by number of intact 
prey and number of birds with full stomachs. 
Intact euphausiids ranged from 19 to 24 mm, 
rostrum to tail. The volume of material in the 
stomachs of nine murres averaged 8.5 ml, rang- 
ing from 0.3 to 21.5 ml. 

Kittiwakes and phalaropes collected at the tiont 
had also been feeding actively on euphausiids. 
The sixes taken by Black-legged Kittiwakes and 
by murres were similar (Table 1). Many of the 
euphausiids found in the proventriculus of these 
birds were missing their tails, so total length could 
not be measured. In the field, euphausiids miss- 
ing either heads or tails floated or swam weakly 
in the slick at the surface. This, and the fact that 
euphausiids are generally unavailable to surface- 
foraging birds during the day, suggests that eu- 
phausiids were injured by murres beneath the 
surface, then carried toward the slick and con- 
centrated by the frontal circulation (Fig. 3) where 
they were fed on by kittiwakes and phalaropes. 

DISCUSSION 

Our results show that both diving and surface- 
foraging birds fed on the same prey at a front 
located east of the Pribilof Islands. However, 
surface-foraging birds fed along the surface con- 
vergence, while subsurface-foraging murres were 
observed on the landward side of the front. These 
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FIGURE 4. Temperature-depth profiles along tran- 
sect across the Tolstoi Point front. Stations are the 
same as in Figure 2. 

observations were interpreted in light of Simp- 
son’s (198 1) model of circulation at tidal fronts 
(Fig. 3). The feeding success of kittiwakes and 
phalaropes at the surface slick was attributed to 
convergent tlow acting on dead or weakly swim- 
ming euphausiids at the sea surface. The mech- 
anism responsible for the feeding success of 
murres on the landward (mixed) side of the front 
is less clear. We speculate that euphausiids, which 
are normally negatively phototactic during the 
day, were being concentrated by subsurface con- 
vergence beneath a surface divergence (upwell- 
ing) in a manner similar to that proposed by 
Simard et al. (1986) at a coastal upwelling in the 
Gulf of St. Lawrence. 

If our interpretation is correct, then the success 
of surface-foraging kittiwakes and phalaropes was 
due to a complex interaction of physical pro- 
cesses (surface convergence immediately adja- 
cent to subsurface convergence) and biological 
processes (negative phototaxis of euphausiids 
unless injured). Similarly, at St. Matthew Island, 
injury of euphausiids by murres foraging beneath 
the surface increased the foraging success of sur- 
face feeding kittiwakes (Hunt et al. 1988). At St. 
Matthew, surface-foraging by kittiwakes oc- 
curred immediately above subsurface-foraging 
murres, whereas at St. George, surface-foragers 
were displaced laterally relative to subsurface- 
foragers. 

During the field work and up until the work 
by Simard et al. (1986) on euphausiids we con- 
sidered a series of alternative interpretations. 
These deserve brief comment. 

1. Euphausiids avoid warm water, remaining 
just below the thermocline, and hence were clos- 
er to the surface on the landward side than the 
seaward side of the front. However, lack of div- 
ing birds immediately adjacent to the surface 
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convergence suggests that proximity of prey to 
the surface was not responsible for the foraging 
success of birds at this site. 

2. Water clarity was reduced on the seaward 
side of the front, increasing the availability of 
euphausiids to murres foraging visually beneath 
the sea surface. Water clarity at the sea surface 
appeared to be greater on either side of the front 
than at the front. Ifwater clarity were important, 
then murres should have been less abundant at 
the front. Instead, they attained a local maxi- 
mum on the landward side. Looking landward 
from the front, murre density first increased with 
distance from the front, then decreased. 

3. Euphausiids aggregate in response to in- 
creased primary production. This explanation 
may be correct at the scale of several kilometers, 
as euphausiids and newly produced chlorophyll 
were abundant in the same area (frontal zone of 
Federov 1986). At a smaller scale, however, chlo- 
rophyll occurred in highest concentration on the 
stratified side of the front (as expected), whereas 
foraging murres and targets recorded on the depth 
sounder occurred in mixed water landward of 
the front. 

4. Spawning behavior of euphausiids increased 
their availability at the sea surface. We did not 
observe swarms of euphausiids at the surface 
during the two collecting trips in the skiff. 

5. Pursuit divers concentrate euphausiids near 
the surface, or delay the ascent of euphausiids 
from the surface, as has been hypothesized for 
fish (Hoffman et al. 198 1, Grover and Olla 1983). 
It is possible that behavioral responses of eu- 
phausiids to murres did contribute to successful 
feeding by surface-foragers. This mechanism does 
not account for the continued association of a 
laterally structured foraging aggregation with a 
front over more than 6 hr. 

The number of intact prey found in Black- 
legged Kittwake and murre stomachs at this site 
was, in our experience, high for birds collected 
at sea. We attempted to determine whether quan- 
tity of prey was lower away from the front, but 
were unable to find birds on the water there. We 
tabulated the number of Black-legged Kittiwakes 
and murres with intact prey during the same 
cruise. Birds were collected on 26-29 July, 30- 
31 July, and 2-3 August in Bristol Bay, at lati- 
tudes ranging from 54O50.3’ to 57”47.3’N, be- 
tween 163”lO.l’ and 167”55.3’W. Of 14 kitti- 
wakes and one murre, only one kittiwake had 
intact prey in the digestive tract. Comparison 
with Table 1 indicates the recent foraging success 
of birds collected near the Pribilof front. 

These data, plus our experience in observing 
and collecting marine birds at sea, indicate that 
energy gain occurs at a limited number of sites 
around colonies, some of which are the result of 

0 
Distance from colony 

FIGURE 5. Conceptual model of foraging costs and 
bathymetrically fixed food concentrations along a ra- 
dius running outward from a breeding colony. 

physical structuring of the fluid environment of 
prey by topography. This concept is based on 
physical theory combined with observations of 
prey and seabird aggregations around alcid col- 
onies in the Bering Sea (Kinder et al. 1983, Hunt 
and Harrison 1990) and in the southern Labra- 
dor Current (Schneider and Piatt 1986, Schnei- 
der et al. 1990). In shelf ecosystems, flow gra- 
dients depend on topography, because upward 
and downward mixing act through significant 
fractions of the water column (Csanady 1982). 
These flow gradients can increase prey aggrega- 
tion through a variety of mechanisms (e.g., Si- 
mard et al. 1986). Empirical support for this con- 
cept comes from the observation that feeding 
aggregations are observed in areas of strong flow 
gradient (e.g., Brown 1980), that seabird patch- 
iness depends on the strength of salinity gradients 
generated by flow gradients at topographic fea- 
tures (Schneider et al. 1987), and that bathy- 
metric charts have been used to locate an active 
feeding site (Schneider et al. 1990). 

Spatially predictable variation in prey supply 
has a number of implications. One is that the 
difference between energy gain and foraging costs 
depends on location (Fig. 5), rather than simply 
on distance from a colony. The recognition of 
spatially predictable sites of prey concentration 
due to bathymetric influence shows that models 
of foraging behavior need to include oceano- 
graphic heterogeneity in order to be realistic. 
Furthermore, learning where to forage may occur 
as birds mature and increase their foraging effi- 
ciency (Orians 1969, Porter and Sealy 1982). An- 
other implication of spatially predictable feeding 
sites is that the probability of contact with a point 
source contaminant (e.g., oil spills) will be re- 
duced unless contamination occurs at feeding 
sites. Knowledge of regularly used feeding sites 
near a colony will allow more effective monitor- 
ing in the event of a release of contaminants 
(Ford et al. 1982). 

Our observations around the Pribilof Islands 
indicate that physical processes may contribute 
to the structure and function of mixed-species 
feeding flocks. Other investigators (Sealy 1973, 
Hoffman et al. 198 1, Porter and Sealy 1982, 
Grover and Olla 1983, Chilton and Sealy 1987) 
have described ways that the foraging behavior 
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of individual species can affect the formation and 
structure of feeding aggregations. Further study 
of predator behavior in relation to prey behavior 
and physical processes can increase our under- 
standing of the formation, composition, and evo- 
lution of mixed species feeding flocks. 
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WINTER OBSERVATIONS OF BLACK GUILLEMOTS IN 
HUDSON BAY AND DAVIS STRAIT 

ANTHONY J. GASTON AND PETER L. MCLAREN 

Abstract. Previous accounts of the habitat of Black Guillemots (Cepphus grylle) demonstrated that 
species is common in coastal waters and at land-fast ice edges throughout the year. On aerial surveys 
over Hudson Bay in February 198 1 and Davis Strait in March 198 1 we found them common in winter 
among offshore pack ice, where there was some open water. We suggest that offshore pack ice is an 
important habitat for Black Guillemots wintering in the arctic. 

Key Words: Black Guillemot; Cepphus grylle; Arctic; ice. 

The Black Guillemot (Cepphus grylle) breeds 
on rocky coasts throughout eastern Canada, from 
Ellesmere Island to Nova Scotia, and over most 
of the Canadian arctic archipelago, Hudson Bay, 
Foxe Basin and Hudson Strait (Brown et al. 1975, 
Nettleship and Evans 1985). It is considered to 
be characteristic of shallow, inshore waters, where 
it feeds mainly on benthic fishes (Bradstreet and 
Brown 1985, Brown 1985, Cramp 1985, No1 and 
Gaskin 1987). Cairns (1987) showed that, during 
the breeding season, bottom-feeding Black Guil- 
lemots in north-east Hudson Bay fed almost ex- 
clusively in water less than 50 m deep. They are 
also known to feed along the margins of land- 
fast ice in arctic waters in spring and summer, 
including those formed over water more than 50 
m deep (Bradstreet 1979). 

During winter, Black Guillemots retreat from 
those parts of their breeding range where the sea 
freezes over completely, but if open water is pres- 
ent, some may remain as far north as 79”N (Re- 
naud and Bradstreet 1980). In Hudson Bay and 
Foxe Basin the species is seen regularly along 
land-fast ice-edges throughout the winter (Sutton 
1932, Ellis and Evans 1960, AJG pers. obs.). 
Aerial surveys carried out in May in the High 
Arctic demonstrated that Black Guillemots oc- 
curred in large numbers among broken pack ice 
far offshore (McLaren 1982). Similarly, Black 
Guillemots were seen frequently among mobile 
pack ice in the Chukchi Sea in September and 
October (Watson and Divoky 1972, Divoky 
1987). However, it was not clear in either case 
whether these birds were merely passing through 
en route to their breeding areas, or whether pack 
ice constituted the preferred habitat at that sea- 
son for a segment of the population. 

To address this question we present data from 
an aerial survey carried out over Hudson Bay on 
9 February 198 1 and on a series of surveys over 
Davis Strait during 15-3 1 March 198 1. On both 
surveys Black Guillemots were widespread in 
offshore waters, where the pack ice was mobile. 
Our observations, coupled with those of previous 
surveys over arctic waters in late winter (Renaud 

and Bradstreet 1980), provide evidence that Black 
Guillemots occupy a wider range of habitats in 
winter than was previously thought. 

METHODS 

HUDSON BAY 

This survey was made by AJG from a Canadian Ice 
Survey Lockheed Electra. The survey route is shown 
in Figure 1. Counts of birds were made from lo:30 to 
17:OO hr EST. The average flight speed was 300 km/h. 
Altitude was about 1500 m for most of the flight, 
descending periodically to about 300 m. A bubble win- 
dow on the side of the aircraft allowed the observer to 
look vertically downwards. At altitudes above 500 m 
the sea was scanned through 8 x binoculars; using these, 
Black Guillemots, in their white winter plumage, were 
easy to pick out on the water. Observations were re- 
corded on cassette. Scanning with binoculars was done 
for l-2 min at a time, alternating with a minute of rest, 
to avoid fatigue. All open water areas within a strip 
estimated at 0.5 km wide were scanned. Ice conditions 
were recorded continuously by the ice recording team, 
using visual estimates and radar. 

DAVIS STRAIT 

Aerial surveys for marine mammals were performed 
by LGL Ltd. between 15 and 3 1 March 198 1 and cov- 
ered the whole of Davis Strait north of 65”N (Fig. 2). 
A de Havilland Twin-Otter aircraft was used, with two 
observers counting continuously, one on each side. 
Procedures were as described by McLaren (1982), ex- 
cept that the average ground speed was 222 km/h, the 
altitude was 150 m and observers scanned 800 m on 
each side of the flight path. Numbers ofguillemots were 
recorded by two minute periods, corresponding to an 
area of about 12 km2 scanned. For both surveys water 
depths at locations where Black Guillemots were re- 
corded were determined by comparison with the ap- 
propriate hydrographic charts. 

RESULTS 

HUDSON BAY 

Weather conditions were perfect throughout 
the survey, with clear skies, and little or no wind 
at sea level, judged from a lack of ripples on the 
water. Thin fog over some open water areas re- 
duced visibility periodically, but never for more 
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HUDSON BAY 

FIGURE 1. Map of survey route on 9 February 198 1, 
showing the position of Black Guillemot sightings and 
the type of ice encountered. 

than a minute. After 16:00 hr light conditions 
were poor, the sun being very low, and the de- 
tectability of the birds was probably much re- 
duced. 

Ice cover was almost lOO%, except for occa- 
sional leads up to about 200 m in width. The 
proportion of young ice (mainly less than 30 cm 
thick), ranged from 30% to 100%. The rest was 
thicker, first-year ice. During the period up to 
13:50 hr, cover was entirely first-year ice, but 
after 13:50 it was much more variable. No solid, 
land fast ice was encountered after 13:50, and 
none of the birds seen was associated with land- 
fast ice edges. 

Black Guillemots were seen from 14: 10 hr 
onwards and a total of 6 1 was counted, including 
one group of 2 1 on a large expanse of open water 
about 200 x 800 m, south of Coats Island. Most 
other sightings were of one or two birds, often 
on leads estimated to be less than 5 m in width. 
Most birds were seen either in the western part 
of Hudson Bay, in an area of young ice with 
numerous areas of open water, or south and east 
of Coats Island (Fig. 1). Water depths in areas 
where Black Guillemots were seen were never 
less than 80 m. 

Allowing for breaks, watching lasted for about 
2 h between 13:50 and 17:00 hr, and hence a 

TABLE 1. DENSITES OF BLACK GUILLEMOTS RE- 
CORDED DURING AERLAL SURVEYS OF NORTHERN DAVIS 
STRAIT IN RELATION TO ICE COVER 

Proportion 
No. of tran- with Density 

Ice CaYeT (%) sect segments guillemots (%) birds knF 

O-25 139 5 0.103 
26-50 51 6 0.029 
51-75 87 10 0.044 
76-90 317 15 0.038 
91-100 896 21 0.076 

maximum area roughly 300 km2 was scanned. 
The total area of Hudson Bay north of Cape 
Churchill (approximately the area crossed after 
13:50 hr) normally covered by mobile pack ice 
during the winter is about 250,000 km2 (Mark- 
ham 1986). Hence, even in the unlikely event 
that all the Black Guillemots passing through the 
field of the glasses were detected, there must have 
been at least some thousands wintering in the 
mobile pack ice of Hudson Bay. 

DAVIS STRAIT 

Black Guillemots were widespread throughout 
northern Davis Strait during 15-3 1 March, with 
1101 being seen on transect and a further 2 10 
off-transect during 48 h of flying, giving a mean 
density estimate of 0.068 birds/km2. Densities 
were higher on the west side of the strait than on 
the east side (Fig. 2), and were probably related 
to ice conditions. Maximum bird densities, away 
from open water, were recorded where ice cover 
exceeded 90% (Table 1). There was a significant 
positive correlation between ice cover and the 
proportion of two-minute periods during which 
guillemots were recorded (Spearman rank cor- 
relation, r, = 1.0, P = 0.01). 

All Black Guillemots seen in areas of O-25% 
ice cover were recorded on seven transect seg- 
ments flown within 50 km of the Greenland coast 
south of 68”N. No ice was present in that area. 
Most of the water covered during these transects 
was reddish in color, perhaps indicating the pres- 
ence of pigmented plankton. This was the only 
area where guillemots were seen in open water. 
As in Hudson Bay, virtually all observations of 
guillemots were made in water more than 80 m 
deep. 

Similar surveys were flown over the western 
portion of Davis Strait south of 65”N between 
25 March and 5 April 198 1, and over the Lab- 
rador Sea up to 170 km offshore between 1 and 
9 April. In southern Davis Strait densities of 
Black Guillemots were lower than in the north- 
em sector, averaging 0.0 16 birds/km2 (128 birds 
seen). Only 17 birds were seen in the Labrador 
Sea, all in areas with more than 50% ice cover. 
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FIGURE 2. Map of surveys during 15-3 1 March 198 1, showing the position of 2-min periods when Black 
Guillemots were recorded. 

In both areas comparison of sightings with 
bathymetric charts showed that the majority of 
birds seen were in water more than 100 m deep. 

The total area of Davis Strait between 65” and 
7O”N is about 23O,OOO/km*, yielding an estimate 
of 16,000 guillemots in that area during the sur- 
veys. As in the case of the Hudson Bay estimate, 
this is a minimum figure, because not all birds 
present are seen (McLaren 1982, Gaston and 
Smith 1984). We think that the true figure was 
probably in the low tens of thousands. 

DISCUSSION 

The total population of Black Guillemots in 
Hudson Bay is unknown, although Hudson Bay, 
Hudson Strait and Foxe Basin have been esti- 
mated to hold 13,000-26,000 breeding birds 
(Nettleship and Evans 1985). However, popu- 
lation densities are higher in Hudson Strait than 
in Hudson Bay (Gaston 1982, Morrison and 
Gaston 1986). If we assume that no Black Guil- 
lemots move into Hudson Bay during the winter, 
it follows that in February 198 1 a considerable 
proportion of the local population was wintering 
offshore amid mobile pack ice. 

Black Guillemots wintering in Baffin Bay and 
Davis Strait, on the other hand, may include 
many from the large high arctic colonies in Bar- 
row Strait and Jones Sound (Renaud and Brad- 
street 1980). Nettleship and Evans (1985) esti- 
mated the population of that area at 55,000 
breeding pairs. Even if we assume that most of 
the Black Guillemots breeding in the eastern High 
Arctic and the northern part of West Greenland 
winter in Baffin Bay and Davis Strait, the several 
tens of thousands of guillemots estimated to be 
present offshore in late March represents a sig- 
nificant fraction of the entire wintering popula- 
tion. 

On the basis of aerial surveys of the North 
Water polynya of Baffin Bay in March and April, 
Renaud and Bradstreet (1980) estimated 3900 
Black Guillemots in mobile pack ice away from 
fast ice edges and in water more than 100 m deep. 
Similar numbers were estimated to be present at 
land-fast ice edges in the same area. A survey of 
western Hudson Strait in April 1982 also re- 
vealed some Black Guillemots in deep water, 
more than 10 km from shore, amid mobile pack 
(0.08/kmz, AJG pers. obs.). Because winter ice 
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conditions throughout the eastern arctic persist 
until at least early May (Smith and Rigby 198 l), 
we think that distributions observed in February 
to April are representative of those existing 
throughout the winter. 

In summary, observations from aerial surveys 
suggest that many Black Guillemots that winter 
in arctic waters probably do so among mobile 
pack ice, in water sufficiently deep to prevent 
them from foraging on the bottom. As shallow 
coastal waters in the arctic are mainly covered 
in solid, land-fast ice in winter, this switch must 
result in changes in foraging behavior and diet. 
It also enables them to remain in the area, and 
thus provides them with an alternative to mi- 
gration, the strategy preferred by most birds that 
breed in the arctic. 

On both our surveys we found only small num- 
bers of Black Guillemots away from pack ice, 
and in Davis Strait the frequency of sightings 
was positively correlated with pack ice cover. 
Although the cause of this association is un- 
known (e.g., the distribution of prey organisms, 
the inlhrence of ice on sea conditions), we con- 
sider Black Guillemots to be ‘pagophilic’ rather 
than truly pelagic in winter. 
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Allocation of Time and Energy 

FLEXIBLE TIME BUDGETS IN BREEDING COMMON MURRES: 
BUFFERS AGAINST VARIABLE PREY ABUNDANCE 

ALAN E. BURGER AND JOHN F. PIATT 

Abstract. We report on a 4-year study of the relationships between parental behavior of Common 
Murres (Uris aalge) and the relative abundance of their principal prey, capelin (Mallotus villosus), at 
Witless Bay, Newfoundland. Capelin comprised 89% of the prey fed to rnurre chicks. Capelin abun- 
dance and the density of their schools, measured with hydroacoustic surveys, varied significantly 
within and between each of the murre’s breeding seasons, by up to IO-fold. Despite this, the feeding 
rates of chicks (average 0.28 fish chick-’ h-l) did not vary significantly between years, and were not 
depressed by intraseasonal capelin variations. Adult murres compensated for periods of low capelin 
abundance by taking more of other fish, particularly sandlance (Ammodytes sp.), and by spending 
more time at sea. Chick survival (average 93%) did not vary significantly between years. Chick feeding 
rates and parental resting time at the colony were not strongly affected by weather, sea conditions or 
chick age. We suggest that with moderate prey abundance, variable time budgets of adult murres 
would buffer the effects of temporal and spatial prey variability so that chick feeding rates would 
remain relatively constant. Under such conditions chick growth and survival might not reflect food 
availability. 

Key Words: Seabird; fish abundance; time budgets; energetics; murre; capelin. 

Herbers (198 1) and Southern and Moss (1985) 
suggested that inactive periods in mobile animals 
might represent time buffers to compensate for 
variable food levels. The effects of periodic, un- 
predictable food shortages can be ameliorated if 
the animals have a reserve of time, available for 
foraging when necessary, in lieu of activities like 
resting or preening. Flexible time budgets might 
be particularly useful to seabirds feeding on pe- 
lagic prey, where the environment and prey 
availability are often highly variable in time and 
space. This would be most evident during the 
breeding season, when foraging ranges are re- 
stricted and time and power demands on adults 
are greatest (Ricklefs 1984, Gaston 1985a). 

Several characteristics of breeding seabirds 
have been shown to vary with food availability, 
e.g., clutch size (Springer et al. 1986), chick growth 
(Gaston 1985b, Gaston et al. 1983) and brood 
size (Braun and Hunt 1983, Shaw 1985). Many 
seabirds, including murres (Uriu), lay a clutch of 
one and thus cannot adjust clutch or brood size. 
Variations in egg size (e.g., Birkhead and Nettle- 
ship 1982) are unlikely to compensate for large 
variations in food availability. There are com- 
paratively few data on the effects of food avail- 
ability on parental time budgets in seabirds 
(Cairns 1988). At one extreme, parents may work 
at maximum capacity so that chick growth and 
breeding success are thought to reflect levels of 
food availability (Ashmole 1963, Diamond 1978, 
Gaston 1985a). In other cases, successful breed- 
ing seabirds appear to have time to spare (Pear- 
son 1968, Furness and Barrett 1985, Cairns et 
al. 1987). 

Following Cairns (1988), we propose that un- 
der conditions of moderate to high prey avail- 
ability, parental time budgets and attendance at 
the colony should vary, resulting in relatively 
constant provisioning of chicks, despite fluctu- 
ations in prey availability. The chicks might 
therefore be buffered from the effects of variable 
food availability. An alternative possibility is that 
parents always maximize their foraging time and 
effort, perhaps constrained only by physiological 
limitations (Drent and Daan 1980) or digestive 
bottlenecks (Diamond et al. 1986). 

We studied the activity-time budgets of Com- 
mon Murres (Uria aalge) rearing chicks at a col- 
ony on Gull Island (47”16’N, 52”46’W) in Witless 
Bay, Newfoundland, over four consecutive 
breeding seasons. The abundance and distribu- 
tion of the murre’s principal prey, capelin (Mu/- 
lotus villosus), were estimated from hydroacous- 
tic surveys made in and near Witless Bay in each 
season (Piatt and Methven 1986, Piatt 1987). 
These data allowed us to assess inter- and intra- 
seasonal variations in chick diets, chick feeding 
rates, and parental activities at the colony, rel- 
ative to independent assessments of prey abun- 
dance on the birds’ foraging grounds. To our 
knowledge, this has never been done with pelagic 
seabirds. 

METHODS 

DETERMINATION OF CAPELIN AWNDANCE 
Relative capelin abundance was determined from 

hydroacoustic surveys made as part of a study of sea- 
bird-capelin interactions (Piatt and Methven 1986, 
Schneider and Piatt 1986, Piatt 1987). The vessel’s 
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survey routes were 16-28 km long, required 2-2.5 h 
travelling and encircled Gull Island. Survey routes var- 
ied slightly between some years (Piatt 1987), but were 
always within 10 km of the study colony, within the 
average foraging range of the murres from Gull Island 
(Cairns et al. 1987, Piatt 1987). 

Hydroacoustic echograms were divided into blocks 
representing 1 min of travel (approx. 250 m) and 10 
m of water depth, and the intensity of the traces of fish 
within each block were visually graded (scale O-9). Be- 
cause fish abundance is proportional to the square of 
the intensity of the echo signal (Forbes and Nakken 
1972), all grades were squared before averaging to ob- 
tain a relative abundance index (mean intensity grade 
per min of transect, see Piatt and Methven 1986, Piatt 
1987 for details). The frequencies of capelin schools 
per min of transect were also calculated from the hy- 
hroacoustic traces, and these were the only estimates 
of caoelin abundance available from 1985. In 1982 
through 1984 the frequencies of schools were highly 
correlated with the relative abundance index (Piatt 
1987). In 1982, hydroacoustic surveys were sparse and 
only three surveys coincided with observations at the 
murre colony. Consequently, data from 1982 were 
omitted from intraseasonal analyses. 

OBSERVATIONS AT THE COLOW 
Observations were made from a blind positioned 8- 

17 m above a cliffside colony of Common Murres on 
Gull Island (sites 4 and 5 used by Mahoney, 1979). In 
each season, 20-25 pairs of murres were marked with 
picric acid dye squirted from the clifftop. Observations 
of the marked birds provided data on the following: 
the parental resting time (PRT), defined as the % time 
that the off-duty (non-brooding) bird was present at 
the colony, i.e., the pair was together at the colony; the 
chick feeding rate (CFR), defined as the rate at which 
fish were delivered by both parents (fish chick-’ hour-‘); 
the type and size of prey delivered to the chick; and 
the duration of the adults’ foraging trips at sea. 

Observation shifts ranged from four to 17.5 hours, 
the latter covering the entire day from first light (ca. 
04:00, Newfoundland Daylight Saving Time) to dark 
(2 1 :Ofl-2 1:30). Observationscommen~ed 30 min after 
the observer entered the blind. Arrivals and departures 
of adults were recorded to the nearest minute. The 
presence of each marked adult was recorded at 5 min 
intervals to ensure that marked birds that wandered 
away from their breeding site were not overlooked. 
Daily means of parental activities and chick feeding 
rates were compared with estimates of capelin abun- 
dance made on the same day, or where that was not 
possible, with three-day averages covering the day of 
observation. Growth rates of chicks were not mea- 
sured. 

The birds were close enough for the observer, using 
binoculars, to identify 88% of the 1150 fish delivered 
to chicks over four years. Mature capelin were sexed 
on the basis of the shape of the anal fin, which has an 
enlarged base in males, or the presence of eggs exuding 
from the cloacas of females. Fish lengths were esti- 
mated relative to the gape lengths of adult murres (mean 
gape length = 70.3 ? 3.6 mm, N = 21). In 1982, 1983 
and 1984, fish were collected by fitting chicks at nearby 
sub-colonies on Gull Island with collars to prevent 

them from swallowing for 3-h periods. Comparisons 
within each year showed no significant differences be- 
tween visual identifications and samples of fish from 
collared chicks, in the proportions of prey species, ma- 
ture and immature capelin or in the sex ratios ofmature 
capelin (A. E. Burger, unpubl. data). Visual observa- 
tions are thus presented here as valid estimates of prey 
composition. 

Shaded air temperatures, visibility (ability to see 
landmarks of known distance), sea conditions (calm, 
moderate or rough seas), windspeed (Beaufort scale 
later converted to km h-l), wind direction and the oc- 
currence of clouds, fog and rain, were recorded hourly 
at the colony. Data from 4-hr observations (12:00- 
16:00) were used to test the effects of weather and sea 
conditions, because these factors can change dramat- 
ically during longer watches. 

The non-parametric Kruskal-Wallis analysis of vari- 
ance and Mann-Whitney tests were used to analyze 
behavioral and dietary data, using QSTAT programs 
(Biderman 1985). Throughout, means are given & one 
SD. 

RESULTS 

FACTORS AFFECTING PARENTAL 
ACTIVITIES OF Munans 

Before examining the effects of capelin abun- 
dance on the parental activities of murres, it is 
necessary to determine which periods of obser- 
vation may be used for valid comparisons, and 
to examine possible confounding influences, such 
as chick age, weather and sea conditions. 

Selecting an appropriate observation period 
All observations were made during daylight, 

and there was no evidence that the murres fed 
their chicks at night (see also Verspoor et al. 
1987). A 4-h subsample was selected from each 
day of observation, to allow comparisons be- 
tween days of unequal observation time. Careful 
selection of the time of this period was needed, 
because the frequency of many activities, in- 
cluding chick feeding (Fig. l), varied through the 
day. Using data from dawn-to-dark watches, we 
found that feeding rates (CFR) and resting times 
(PRT) measured in most 4-h subsamples were 
significantly correlated with the dawn-to-dark 
values, but only in the period 12:00-l 6:00 were 
the magnitudes of both CFR and PRT sufficient- 
ly similar to the dawn-to-dark values (Table 1). 
Consequently, data from this period were se- 
lected, and identified as CFR-P3 and PRT-P3 to 
distinguish them from dawn-to-dark values, des- 
ignated CFR-DD and PRT-DD. 

Eflects of environmental conditions 
No clear trends or significant correlations were 

found between either feeding rates (CFR-P3) or 
resting times (PRT-P3) and visibility, wind- 
speed, wind direction, temperature and sea state 
in 1983 (N = 8 observation days), 1984 (N = 
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10) or 1985 (N = lo), possibly due to small sam- 
ple sizes in each season. 

With data from all years pooled, CFR-P3 was 
not markedly affected by prevailing weather con- 
ditions affecting visibility (Table 2). CFR-P3 was 
not correlated with air temperature at the colony 
(r = 0.123, df = 27, P > 0.05), or sea condition 
(r = -0.162, df = 24, P > 0.05), but was neg- 
atively correlated with windspeed (r = -0.376, 
df = 27, P < 0.05), due largely to reduced feeding 
rates during two days of moderately strong off- 
shore winds. Overall, CFR-P3 was similar on 
days with onshore (mean 0.25 -t 0.07 fish chick-l 
h-l, N = 6), longshore (0.30 f 0.07, N = 5) or 
offshore (0.26 + 0.08, N = 17) winds (Kruskal- 
Wallis test, H = 1.91, df = 2, P > 0.05). 

Parental resting time (PRT-P3) appeared un- 
affected by weather and visibility (Table 2). PRT- 
P3 was not correlated with windspeed (r = 
-0.132), or sea condition (r = 0.07 1, df = 27, P 
> 0.05 in both tests), but was negatively corre- 
lated with air temperature (r = -0.390, df = 27, 
P < 0.05). This reflected occasional periods of 
intense insolation when heat-stressed off-duty 
adults left the colony. PRT-P3 was not signifi- 
cantly different on days with onshore (mean 38.9 
+ 16.4%, N = 6), offshore (24.9% -t 11.1, N = 
17) or longshore winds (21.9% + 14.1, N = 5; 
Kruskal-Wallis test, H = 3.989, df = 2, P > 0.05). 

Effects of chick age 

Within each year there were no consistent cor- 
relations between chick age and daily measures 
of feeding rate, parental resting time, duration of 
foraging trips or proportion of adult capelin in 
the diet (Table 3). Fish size was positively cor- 
related with chick age in each year (significant in 
two years, Table 3) because chicks l-2 d old are 
fed a higher proportion of small, immature cape- 
lin than older chicks (A. E. Burger, unpubl. data). 

; 
e 

Time of day 

FIGURE 1. Mean hourly chick feeding rates of Com- 
mon Murres at Gull Island in 1983, 1984 and 1985. 
The time intervals are labelled with the starting time 
of each interval (i.e., 4 = 04:00-05:00). Data from 
complete dawn-to-dusk days only. 

The correlation between chick age and propor- 
tions of adult capelin in their diets in 1984 prob- 
ably reflected the scarcity of capelin in the early 
part ofthat season (see below), when many chicks 
were newly hatched. 

VARLATIONSAMONGYEARS 

Variations in capelin abundance 

Schools of capelin first appeared in Witless Bay 
in late May. Their abundance usually peaked in 
the last ten days of June and first two weeks of 
July, and declined markedly by early August (Figs. 
2 and 3). The annual means of relative capelin 
abundance varied by an order of magnitude dur- 
ing the study, showing a significant decline be- 
tween 1982 through 1984 (Fig. 4, One-way 
ANOVA, F,,,, = 28.2, P < 0.001). Frequency of 
capelin schools followed a similar trend, but in- 

TABLE 1. COMPAREKIN OF CHIK FEEDING RATES (FISH CHICK-~ H-I) AND PARENTAL RFSTING TIMES (% DAYLIGHT 
TIME WITH OFF-DUTY ADULT AT THE COLONY) FOR VARIOUS PERIODS OF OBSERVATION, INCLUDING THE MIDDLE 
EIGHT Hours (MD) AND THE WHOLE DAWN-TO-DARK DAY (DD). ALL DATA FROM 17 DAYS OF COMPLETE 
DAWN-TO-DARK OBSERVATIONS IN 1983 (3 D), 1984 (7 D) AND 1985 (7 D), WITH AN AVERAGE OF NINE PAIRS 

OBSERVED PER DAY 

Observation period 
(time) 

Chick feeding rate (CF’R) 

Comparison with DD rate’ 

M_fSD t r 

Parental resting time (PRT) 

Comparison with DD rate’ 

Mean + SD t r 

Pl (04:00-08:00) 0.41 * 0.10 6.25*** 0.519* 16.5 -t 9.3 3.52** 
P2 (08:00-12:OO) 0.26 + 0.09 1.55 NS 0.578* 15.4 * 7.5 6.88*** 
P3 (12:00-16:00) 0.26 + 0.08 1.81 NS 0.692** 22.6 + 10.5 0.16 NS 
P4 (1 6:OO-dark2) 0.23 ? 0.07 3.28** 0.425 NS 31.9 + 10.9 5.90*** 
MD (08:00-l 6:00) 0.26 f 0.07 2.07 NS 0.734** 19.7 + 8.4 2.35* 
DD (04:00-dark2) 0.28 L 0.05 - - 22.3 f 7.4 - 

’ Two-tailed paired t-test; Pearson correlation (r); l ** P < 0.001, l * P < 0.01, * P < 0.05, NS not significant (P > 0.05). 
2 Darkness occurred between 21:OO and 21:30. 

0.691** 
0.846** 
0.678** 
0.796** 
0.846** 

- 
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TABLE 2. EFFECX OF WEATHER AND VISIBILI~ ON CHICK FEEDING RATE (CFR-P3) AND PARENT AL RESTING 
TIME (PRT-P3) IN COMMON MURRES. MEANS & SD FROM 4-~ OBSERVATIONS (12:00-16:00), 1983-1985 POOLED 

Weather Visibility (km) 
CFR-P3 

(fish chick-’ h-‘) 
PRT-P3 

(%of4h) N 

Clear, sunny Excellent (> 10) 0.28 + 0.09 32 + 13 8 
Overcast but bright Good (5-10) 0.24 & 0.08 22 * 9 8 
Heavy overcast, rain Moderate (l-5) 0.27 5 0.08 23 + 20 3 
Moderate fog Moderate-poor (0.3-l) 0.31 + 0.07 26 ? 14 6 
Thick fog Poor (cO.30) 0.22 * 0.02 38 + 20 3 
Kruskal-Wallis H-value 3.82 (P > 0.05) 3.65 (P > 0.05) 

creased slightly in 1985 (Fig. 4, ANOVA, F3,86 
= 36.3, P < 0.001). 

Diets of the chicks 

The diets of Common Murre chicks at Gull 
Island in 1982-1985 comprised 72% mature 
capelin (9 1% females), 11% immature capelin, 
6% unclassified capelin, 9% sandlance Ammody- 
tes sp. and 2% other fish (N = 10 17 fish in visual 
observations). Diets differed significantly be- 
tween years, with fewer capelin, particularly ma- 
turefemales,deliveredin 1984(Fig. 5;x2= 85.33, 
df = 12, P < 0.001). 

The size/frequency distributions of fish deliv- 
ered to chicks, estimated visually, differed sig- 
nificantly between years (Fig. 6; x2 test with Yate’s 
correction, x2 = 50.23, df = 12, P < 0.01). This 
was due to increased numbers of large sandlance 
and fewer small female capelin in 1984, and more 
small fish in 1982. Mature female capelin ob- 
tained intact from collared chicks were, on av- 
erage, heavier in 1984 (17.1 * 3.4 g, N = 13) 
than in 1982 (13.7 -t 2.4 g, N = 17) and 1983 
(13.8 -t 4.1, N = 25; Mann-Whitney tests, P < 
0.05 in each case). Mature capelin caught in traps 
were generally also larger in 1984 than 1982 or 
1983 (Piatt 1987). Samples of other fish from 
collared chicks were too small for inter-year 
comparisons. The mean masses of immature 
capelin and sandlance were 6.7 f 3.2 g (N = 5) 
and 14.5 + 6.6 g (N = lo), respectively. 

Feeding rates and parental activities 

For 17 dawn-to-dark watches in 1983, 1984 
and 1985 the mean chick feeding rate (CFR-DD) 
was 0.28 f 0.05 fish chick-’ h-l (4.8 f 0.9 fish 
chick-’ per 17-h day), and the mean resting time 
(PRT-DD) was 22 f 7% (3.7 h d-l). Each off- 
duty adult thus averaged 1.9 h per day at the 
colony. Feeding rates (CFR-P3) and resting times 
(PRT-P3) from the partial day 4-h watches in- 
cluded more days, from all four years, and av- 
eraged 0.25 -t 0.07 fish chick-’ h-l and 30 f 
14%, respectively (N = 4 1 days, average 9 chicks 
per day). Mahoney (1979) reported a feeding rate 
of 0.23 fish chick-’ h-l for the same sites in 1977, 
but did not sample the most active period be- 
tween 04:OO and 06:OO. 

The mean chick feeding rates (CFR-DD and 
CFR-P3) did not vary significantly among years 
(Table 4), despite the significant changes in cape- 
lin abundance. Feeding rates were higher in 1984, 
when capelin were least abundant. Parental rest- 
ing time measured in dawn-to-dark watches did 
not differ among years, but the sample sizes were 
small (Table 4). The larger samples from 4-h 
watches (PRT-P3) did differ significantly, show- 
ing that murres spent less time resting at the 
colony in seasons when fewer capelin were de- 
tected on hydroacoustic surveys (Table 4). 

The durations of foraging trips preceding fish 
deliveries were compared using dawn-to-dark 

TABLE 3. CORRELATION COEFFICIENTS OF CHICK AGE COMPARED TO PARENTAL BEHAVIOR AND CHICK DIET IN 
COMMON MURRES AT GULL ISLAND. DATA FROM VISUAL DAWN-TO-DARK OBSERVATIONS ONLY 

Parameter 

YCII 

1983 1984 1985 

Chick feeding rate (CPR-DD) -0.408* -0.168 0.009 
Parental resting time (PRT-DD) 0.165 0.136 -0.157 
Duration of foraging trips 0.045 0.114 0.243 
Percentage of adult capelin fed to chicks -0.085 0.425** -0.216 
Size of fish fed to chicks 0.479* 0.210 0.401* 
No. bird-days 26 68 39 

l * P < 0.01, * P < 0.05, all other correlations not significant (P > 0.05). 
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FIGURE 5. Proportions of fish types in the diets of 
Common Murre chicks at Gull Island, based on visual 
observations. Fish were classified as mature capelin, 
immature (imm.) capelin, other (unclassified) capelin, 
sandlance and other species. The number of meals 
sampled is shown. 

Year 

FIGURE 4. Mean + SD (error bars) measures of the 
relative abundance index, and the frequency of schools 
of capelin in Witless Bay during the entire summer 
(shaded bars) and during the study of murres at Gull 
Island (hatched bars, see Fig. 2 for duration of study 
in each year). The number of surveys in each sample 
is shown. Data from J. F. Piatt and D. A. Methven 
(unpubl.). 

Relationships were therefore examined by 
grouping data into periods of several days with 
notably different estimates of capelin abundance. 
There were three of these periods in 1984 (Figs. 
1 and 8) and two in 1985 (Figs. 2 and 9) but 
none during observations in 1982 or 1983. In 
1984 the relative abundance of capelin was ini- 
tially very low (Fig. 8, 20-26 June), increased 
seven fold (28 June-6 July), and then decreased 

TABLE 4. ANNUAL MEXNS (?sD) OF CHICK FEEDING RATES (FISH CHICK-~ H-I) AND PARENTAL RESTING TIMES 
(% DAYLIGHT TIME WITH OFF-DUTY ADULT AT THE COLONY), CALCULATED FROM THE MEAN OF EACH DAY OF 
OBSERVATION FOR DAWN-TO-DARK AND ~-H(~~:OO-~~:OO)PEIU~DS OF OBSERVATIONS 

MCWIE 

Chick feeding rates 
CFR-DD (dawn-dark) 

CFR-P3 (12:00-16:00) 

Parental resting time 
PRT-DD (dawn-dark) 

PRT-P3 (12:00-l 6:00) 

Sample sizes (days) 

Dawn-to-dark watches 
Four hour watches 

YW 
Krwkal-Wallis 

1982 1983 1984 1985 test 

- 0.26 f 0.04 0.28 & 0.03 0.29 ?z 0.06 H = 0.333 
(P > 0.05) 

0.22 * 0.05 0.24 + 0.06 0.29 + 0.06 0.26 -t 0.10 H = 6.012 
(P > 0.05) 

- 21.5 + 4.2 18.8 + 6.0 26.1 +- 8.6 H = 2.879 
(P > 0.05) 

41.2 ? 10.8 33.5 f 15.6 19.4 5 9.7 28.4 + 13.0 H = 14.557 
(P < 0.01) 

0 3 7 7 
11 9 11 10 
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FIGURE 6. Size-frequency distributions of fish de- 
livered to Common Murre chicks at Gull Island. Fish 
sizes were estimated visually and are presented in units 
of gape length in adult murres. 
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FIGURE 7. Variations between seasons in the du- 
rations of foraging trips preceding deliveries of fish to 
chicks, by Common Murres at Gull Island. Data from 
dawn-dark observation periods only. 

again (9-20 July). Chick feeding rates (CFR-DD) 
were not significantly affected by these large 
changes (Fig. 8; Kruskal-Wallis test, H = 3.07, 
df = 2, P > 0.05), but there were significant 
differences in the parental resting times (Fig. 8, 
H = 11.31, df = 2, P < 0.05) and proportions 
of prey in chicks’ diets (Fig. 8, Chi-squared test, 
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TABLE 5. ESTIMATES OF THE DAILY FEEDING RATE, MEAL SIZE, FOOD AND ENERGY INTAKE PER CHICK OF 
COMMON MURRE.T AT GULL ISLAND 

MtS3SUE 1982 1983 1984 1985 Mean 

Chick feeding rate (meals d-l)’ 3.74 4.08 4.93 4.42 4.29 
Mean meal size (g)’ 12.1 13.7 13.4 14.1 13.3 
Total food intake (g) 45.3 55.9 66.1 62.3 57.4 
Energy intake @.I)’ 339 417 485 460 425 

’ From Cm-P3 (Table 4) assuming 17 h daylight. 
* Calculated using proportions (Fig. 5) and mean weights (A. E. Burger unpubl. data) of Esh types delivered to Gull Island chicks. 
3 Calculated using the method and caloric values of fish given in Birkbead and Nettleship (1987), and food intake data from Gull Island. 

P < 0.05). The most likely explanation for these 
results is that capelin were generally scarce dur- 
ing the first period, forcing murres to take more 
sandlance, which demanded increased foraging 
time. During the third period, capelin were scarce 
within the surveyed areas, but appeared to have 
been available elsewhere, since mature capelin 
made up the bulk of the chick meals and the 
adults spent only slightly less time at the colony. 

In 1985 (Fig. 9), during the late-season period 
of low capelin abundance, the feeding rate was 
significantly higher (Mann-Whitney test, II,,,, 
= 315, P < 0.01) and the resting time signifi- 
cantly lower (II,,,, = 255, P < O.OS), but the 
chicks’ diets did not change (Y_* test, P > 0.05). 
Again, the parents appeared to work harder when 
capelin were less abundant locally, but in this 
year the feeding rates were also affected. The 
duration of foraging trips preceding fish deliv- 
eries was not affected by changes in relative 
abundance of capelin in 1984 or 1985 (Kolmo- 
gorov-Smirnov tests, P > 0.05 in each year). 

DISCUSSION 

EFFECTS OF OBSERVATION PERIODS, WEATHER, 

AND CHICK AGE 

Hourly variations in chick feeding rates and 
parental activities occur in many seabird popu- 
lations (e.g., Gaston and Nettleship 198 1; Harris 
and Wanless 1985; Birkhead and Nettleship 1987, 
this study). Despite this, it is standard practice 
to determine breeding activities from observa- 
tion subsamples of 2-8 h per day (e.g., Birkhead 
1976; Birkhead and Nettleship 198 1, 1987; Gas- 
ton and Nettleship 198 1; Wehle 1983). We have 
shown that rates determined in 4-h subsamples 
were generally strongly correlated with complete 
dawn-to-dark rates, which would justify some 
intrastudy comparisons, but rates from subsam- 
ples and complete days did not always have the 
same magnitude. Careful selection of represen- 
tative sampling periods, as we have done, would 
facilitate comparisons between studies where ob- 
servation times differ. 

Common Murres at Gull Island were relatively 
unaffected by most weather and sea conditions 

at the time of breeding. Chick feeding rates were 
maintained even in thick fog and fairly strong 
winds. These findings are consistent with other 
studies of murres (Birkhead 1976, 1978; Slater 
1980; Gaston and Nettleship 1981; Piatt and 
McLagan 1987). High seas were found to reduce 
the chick feeding rates of Common Murres in 
one study (Birkhead 1976) but not in another 
(Harris and Wanless 1985). The trends in feeding 
rates and resting times in our data could not 
therefore be attributed to short-term influences 
of the weather. 

Parental activities and chick feeding rates were 
relatively unaffected by chick age, except that a 
greater proportion of small, immature capelin 
was fed to chicks of l-2 d old. Gaston and Net- 
tleship (198 1) found a similar trend among Thick- 
billed Murres (Uris lomvia). The energy intake 
of murre chicks studied over two seasons in Lab- 
rador increased with chick age in both seasons 
among Thick-billed Murres, but in only one sea- 
son among Common Murres (Birkhead and Net- 
tleship 1987). Other studies of Common Murres 
showed no significant changes in provisioning 
rates with increasing chick age (Birkhead 1977, 
Hedgren and Linnman 1979, Harris and Wanless 
1985). The lack of consistent evidence for in- 
creased parental effort as the chick grows is sur- 
prising, because the maintenance requirements 
of Common Murre chicks are thought to increase 
about six fold while they are at the colony (Coul- 
son and Pearson 1985). Since murres at Gull 
Island maintained high feeding rates but usually 
had time to spare at sea (Cairns et al. 1987) or 
at the colony (this paper), these results do not 
support the hypothesis that murre chicks fledge 
at ~30% of adult mass due to the inabilities of 
parents to provision them adequately at the col- 
ony (Tuck 1961, Sealy 1973, Birkhead 1977, 
Gaston 1985b). 

RESPONSES OF COMMON MURRES TO VARIABLE 

PREY ABUNDANCE 

Large scale variations in capelin abundance 
are normal off Newfoundland (Carscadden 1984), 
and some of the effects of these variations on 
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FIGURE 8. Intraseasonal changes in 1984, includ- 
ing: A) the relative abundance index of capelin in Wit- 
less Bay (N = number of surveys); B) the proportions 
of fish types in diets of Cdmmon Murre chicks (N = 
number of meals); and, C) chick feeding rates and pa- 
rental resting times of Common Murres at Gull Island 
(N = pair-days). Error bars show SD. 
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mon Murre chicks; and C) chick feeding rates and pa- 
rental resting times of murres (N = pair-days). Error 
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TABLE 6. ESTIMATFS OF THE TIME SPENT AT THE COLONY BY OFF-DUTY PARENTS (PRT) BY Mu~~as AT VARIOUS 
LOCATIONS 

Day- 
PRT 

Species Location @ d-9 Reference 

Common Murre 
Common Murre 
Thick-billed Murre 
Thick-billed Murre 

Witless Bay, Newfoundland 17 22 3.7 This study 
Isle of May, Scotland 18 32’ 5.9 Wanless et al. (1985) 
Pr. Leopold I., High Arctic 24 4 1 .O Gaston and Nettleship (198 1) 
Homsy/Rein!ay, North 24 53 12.7 Furness and Barrett (1985) 

Nonvay 

’ Each adult was at the colony for 66% of the day, so the time when both would be ashore together should average 32%. 

seabirds have been reviewed (Brown and Net- 
tleship 1984, Piatt 1987). Capelin abundance off 
Newfoundlandduring this study (1982-1985) was 
intermediate (Carscadden et al. 1987, Carscad- 
den in litt. 1987, Piatt 1987), and higher than in 
198 1, when the breeding success of Atlantic Puf- 
fins (Fratercula arctica) in Witless Bay was mark- 
edly poor (Brown and Nettleship 1984). Analysis 
of commercial catches of inshore spawning cape- 
lin off eastern Newfoundland (averaging 12.3, 
19.5, 22.2, 17.2, and 21.0 t d-l, for 1981-1985, 
respectively) also shows that fewer capelin were 
available in 1984 than in the other years of our 
study (Carscadden et al. 1987). 

Common Murres at Gull Island varied their 
activities in response to variations in capelin 
abundance, and thereby ameliorated the effects 
on the chicks. Chick feeding rates were relatively 
invariable within and between seasons, despite 
variations in relative capelin abundance and fre- 
quency of schools of up to 10 fold, near the col- 
ony. The estimated food and energy intake of the 
chicks was not markedly affected by these changes 
either. The murre parents compensated for re- 
duced capelin availability in two ways: by in- 
cluding a greater proportion of large mature 
sandlance in their catches, and by spending more 
time per day at sea. 

Significant interactions between capelin abun- 
dance and murre activities were evident at time 
scales ranging from several days to complete sea- 
sons. Trends were less obvious when day-to-day 
variations were analyzed, but this was not un- 
expected, since the food demands of the chicks 
and adults on any day would be affected by for- 
aging success on previous days. In addition, the 
“snapshot” estimates of capelin abundance, made 
during shipboard surveys, covered only a small 
portion of the space and time normally available 
to the murres at the colony. Murres at sea in 
Witless Bay have been found to respond rapidly 
to small scale temporal and spatial variations in 
capelin abundance (Schneider and Piatt 1986; 
Piatt 1987; Piatt, this volume). 

IMPLICATIONS OF FLEXIBLE TIME BUDGETS 

The time spent ashore by off-duty, breeding 
seabirds is very variable, ranging from 0.4% of 
the trip time in Grey-headed Albatrosses (Di- 
omedea chrysostoma, Prince and Francis 1984) 
to over 90% of the day in the Shag (Phalacro- 
corm aristotelis, Pearson 1968). Among murres, 
where one parent almost always remains on duty 
at the nest site, resting at the colony by the off- 
duty bird (PRT) varied between 4 and 53% of 
the daylight time (Table 6). Pearson’s (1968) es- 
timate of only 16% of the day spent at sea by 
Common Murres at the Farne Islands was not 
well supported by data and seems too low, even 
though food was apparently abundant. 

Seabirds spend part of their time ashore preen- 
ing and interacting with chicks, mates or neigh- 
bors. The extent to which such activities are es- 
sential to survival or breeding success is not 
known for any seabird, and would be very dif- 
ficult to assess. The murres we watched used very 
little time ashore in overt activity. Digestive bot- 
tlenecks affect time budgets of some birds (Di- 
amond et al. 1986), and might affect the activities 
of murres feeding large fish to small chicks. En- 
ergy and physiological limitations also constrain 
activities (Drent and Daan 1980, Walsberg 1983). 
Flight and diving are energetically very demand- 
ing in murres (Gaston 1985a), and some recu- 
peration time might be essential following long 
flights or bouts of diving. Cairns et al. (1987) 
showed that the Gull Island murres spent 4-5% 
of their total day in flapping flight, which is much 
higher than expected for a 990 g bird (Walsberg 
1983). 

Despite these potentially confounding factors, 
our data from four years, and comparisons be- 
tween colonies, indicates that breeding murres 
do have discretionary time ashore, which varies 
inversely with food availability. Where colonies 
were large and birds fed on distant prey stocks, 
time at the colony was low (Gaston and Nettle- 
ship 198 1, 1982; Gaston 1985a), but where food 
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was apparently abundant near the colony, murres 
spent more time ashore (Furness and Barrett 
1985, this study). 

Thick-billed Murres at Prince Leopold Island 
and Digges Island, in the Canadian Arctic, for- 
aged far from their colonies and appeared to work 
much harder than Common Murres at Gull Is- 
land (Gaston and Nettleship 198 1, Gaston 
1985a). Adults with chicks spent ca. 36% of their 
time away from the colony in flight, and ap- 
peared to be functioning near their maximum 
sustainable limit (Gaston 1985a). In contrast, 
murres rearing chicks at Gull Island spent 10.5% 
of their trip times in flight and were not consid- 
ered to be stressed (Cairns et al. 1987). Because 
of the distant distribution of food, and possible 
intraspecific competition at the large colonies, 
the murres in the high Arctic, unlike those in 
Newfoundland, seemed unable to adjust their 
time budgets to buffer environmental effects on 
their reproductive performance. At Prince Leo- 
pold Island, the parental resting time averaged 
about 1 h d-l (Table 6), and did not vary much 
between and within seasons, but food intake, 
chick growth and maximum chick mass at the 
colony all varied between years and within sea- 
sons (Gaston and Nettleship 198 1, 1982). 

Birkhead and Nettleship (1987) studied murres 
breeding in Labrador in two seasons. The av- 
erage daily energy intake of chicks (296 and 336 
kJ in 1982 and 1983, respectively) indicated less 
favorable conditions than at Gull Island (Table 
5). In 1982, a poor year, adult Common Murres 
made about 20% more, but shorter, feeding trips, 
delivered smaller capelin and a greater propor- 
tion of poor quality alternative fish, and left their 
chicks unattended more frequently than in 1983. 
By working harder, the adults appeared to com- 
pensate for poor conditions in 1982. Mortality 
of chicks was similar in the two years, and fledg- 
ing weights were only 6% lower in 1982 than in 
1983. 

The activities of murres at sea are largely un- 
known but are obviously critical parts of time 
and energy budgets. Cairns et al. (1987) used 
gauges to determine time on or under water, and 
estimated that Common Murres with chicks at 
Gull Island in 1985 spent 10.5% of their time 
away from the colony in flight and 16.8% actively 
foraging. Thus, 73% of the time at sea was spent 
swimming or resting on the sea surface. It is not 
known what proportion of this time was used in 
essential activities, but Cairns et al. (1987) hy- 
pothesized that time at sea was flexible and could 
be adjusted with changing fish availability. 

Among other seabirds, there is both evidence 
for (Pugesek 198 1, Shea and Ricklefs 1985) and 
against (Ricklefs 1987) the concept that parental 
effort varies with changing conditions while 

breeding. Attempts to increase feeding rates in 
seabirds by experimentally adding a second chick 
to the brood have been successful in a few spe- 
cies, but have failed in others (Ricklefs 1987). 
We anticipate that time budgets would be most 
flexible in seabirds that lay a single egg clutch, 
since clutch and brood size adjustments are pre- 
cluded. 

CONCLUSIONS 

The role of flexible time budgets of seabirds 
as buffers against variable food resources is not 
clear, but needs to be considered. In our view, 
growth rates or survival of chicks should not be 
assumed to be strongly correlated with food 
availability (e.g., Gaston et al. 1983, Ricklefs et 
al. 1984) until the buffering role of variable time 
budgets has been considered (cf. Cairns et al. 
1987, Cairns 1988). Deleterious effects of food 
shortage on chick growth and survival might oc- 
cur only in situations where adults have inflex- 
ible time budgets, or face excessive energy de- 
mands. Furthermore, our data show that parental 
time budgets might provide a sensitive indicator 
of prey stocks under conditions of moderate prey 
abundance. More rigorous examinations of be- 
havioral time buffers are required, with simul- 
taneous measurements of prey availability, diets, 
provisioning rates, and reproductive perfor- 
mance. Such studies are essential if seabird 
breeding activities are to be considered as valid 
indicators of the local abundance and distribu- 
tion of commercial fish stocks. 
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ENERGY EXPENDITURES, ACTIVITY BUDGETS, AND 
PREY HARVEST OF BREEDING COMMON MURRES 

DAVID K. CAIRNS, WILLIAM A. MONTEVECCHI, VICTORIA L. BIRT-FRIESEN, 

AND STEPHEN A. MACKO 

Abstract. We used doubly labeled water and electronic timers to measure field metabolic rates (FMRs) 
and activity budgets of Common Murres (Uriu anlge) breeding in eastern Newfoundland. Mean FMR 
(1789 f 265 kJ.day-I) was about 50% higher than predictions for seabirds. The high FMR may be 
related to thermal costs in a cold ocean environment and to high locomotion costs associated with a 
wing structure that is a compromise between flying and diving needs. Basal metabolic rates (R = 360 
+ 69 kJ.day-i) were also higher than allometric predictions. While absent from the colony birds spent 
most (70.2-84.9%) time on the sea surface. Potential foraging range as estimated by flight time was 
greater during incubation than during chick rearing in two study years. Rates of prey exploitation were 
highest near the colony, but high exploitation rates may also have occurred about 60-70 km from the 
colony during incubation. Murres associated with the Witless Bay colony consumed an estimated 
7579 tonnes of food, primarily capelin (M&lotus villosus). 

Key Words: Common Murre; field metabolic rate; energy budget, activity budget; seabird prey har- 
vest. 

Seabird biology has traditionally been prac- 
ticed either on land, where the activities of in- 
dividual animals can be recorded in detail, or at 
sea, where shipboard observers tally bird distri- 
butions in relation to oceanographic features. The 
cross-product of these approaches is an under- 
standing of the ecology and behavior of individ- 
ual birds at sea. Until recently, technological lim- 
itations effectively precluded the study of 
individual birds at sea. Innovative techniques 
have now opened the subject to scientific scru- 
tiny. These include the doubly-labeled water 
(DLW) method of measuring metabolism (Nagy 
1980) activity timers (Prince and Francis 1984), 
maximum depth recorders (Burger and Simpson 
1986, Burger and Wilson 1988), time-depth re- 
corders (Wilson and Bain 1984a) and swimming 
speed meters (Wilson and Bain 1984b). 

We developed a new type of activity timer that 
allows seabird time budgets to be measured non- 
intrusively during consecutive foraging trips 
(Cairns et al. 1987b). The present paper reports 
field metabolic rates (FMRs) of Common Murres 
(Uria aalge) breeding in eastern Newfoundland 
and extends earlier activity measurements of 
murres in the same area (Cairns et al. 1987~). 
Activity and energy data are integrated in a bio- 
energetics model that estimates the magnitude 
and location of the murres’ prey harvest. Accu- 
rate characterization of food exploitation by 
murres in eastern Newfoundland is important 
because of their large population (ca. 500,000 
pairs, Cairns et al. 1989) and their dependence 
on capelin (Mallotus villosus). Capelin migrate 
in large numbers to inshore Newfoundland wa- 
ters in June and July, where they are a primary 
food source for many seabirds, marine mam- 
mals, and commercially harvested fish, and are 

themselves subject to an important commercial 
fishery (Carscadden 1984, Birkhead and Nettle- 
ship 1987, Piatt 1987). 

METHODS 

ENERGY AND ACTIVITY MEASUREMENTS 

This study was conducted at Gull (47”16’N, 52’46’W) 
and Great (47’1 l’N, 52’49’W) islands, Witless Bay, 
Newfoundland. These islands and nearby Green Island 
are the site of a multi-species seabird community that 
includes some 77,000 pairs of Common Murres (Cairns 
et al. 1989). On Gull Island in 1985 murres were cap- 
tured from breeding ledges by noose-pole. On Great 
Island in 1986 birds were captured at a cliff-top sub- 
colony with a noose-pole or wire neck-hook. All study 
birds were breeders; we observed them from distances 
of 15-l 8 m on Gull Island and l-3 m on Great Island. 
The close observations at Great Island were made pos- 
sible by a 30-m tunnel (Cairns et al. 1987a) that allowed 
undetected access to blinds fitted with one-way glass 
(Purdy 1985). 

In 1986, we injected 0.3 mL of ‘HH’*O containing 
95 atom % H,i80 and 0.051 MBq.mL-’ 3HH0 into 
the pectoral muscles of four chick-rearing murres. Birds 
were weighed, banded, fitted with timers, and individ- 
ually color-marked on the breast with airplane dope. 
They were then confined in cotton sacks for 2-3 h to 
allow equilibration of isotopes with body fluids. Fol- 
lowing this, l-2 mL of blood was sampled from the 
brachial vein, and the bird released. Birds were recap- 
tured about two days later, when a second blood sample 
was taken. Water distilled from the blood was assayed 
for levels of tritium and isO on a Beckman LS7500 
scintillation counter and a Micromass 903E mass spec- 
trometer, respectively (Birt-Friesen et al. 1989). 

CO, production rate (mL.g-’ ‘day-‘) was calculated 
for each bird, assuming that changes in body water 
volume were negligible (Nagy 1980). Total body water 
was estimated from ‘*O dilution space (Nagy 1983). 
FMR (kJ.day-‘) was calculated assuming an energy 
equivalent of 0.025 kJ.mL-’ CO, for a diet of capelin 

84 
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TABLE 1. INPUT PARAMETERSFOR POPULATION MODELOFCOMMON MURRE ENERGETICSAND FORAGING AT 
WITLESS BAY, NEWFOUNDLAND 

Parameter Vahe SOUrCe 

Breeding population 
Egg mass 
Assimilation efficiency 
Pre-breeding period 
Incubation period 
Chick-rearing at colony 
Post-nesting period 
Non-breeding population as a 

percent of breeding population 
Yolk as a percent of egg 
Hatching success 
Pledging success 
Chick fledging mass 
Adult field metabolic rate 
Chick metabolic rate 
Adult diet by mass 

Ovid female capelin 
Spent female capelin 
Adult male capelin 
Immature capelin 
Total capelin 
Atlantic cod 
Sand lance 

Chick diet by mass 
Ovid female capelin 
Spent female capelin 
Adult male capelin 
Immature capelin 
Total capelin 
Atlantic cod 
Sand lance 
Other 

Energy density of prey 
Ovid female capelin 
Spent female capelin 
Adult male capelin 
Immature capelin 
Atlantic cod 
Sand lance 
Other 

77,487 pairs Cairns et al. 1986 
108.4 g Mahoney and Threlfall 198 1 
76% Montevecchi et al. 1984 
40 days personal observation 
31 days Mahoney 1979 
23 days Mahoney 1979 

7 days personal observation 

30.5% 
32 

see text 
Montevecchi unpubl. 
Burger and Piatt 1990 
Burger and Piatt 1990 
Mahoney and Threlfall 198 1 
present study 
Burger and Piatt 1990 
Piatt 1987 

74% 
94% 

241 g 
1789 kJ.day-I 
425 kJ.day-’ 

50.7% 
4.8% 

26.3% 
0.9% 

83.0% 
7.6% 
9.7% 

56.3% 
20.8% 

9.2% 
4.4% 

90.7% 
0.2% 
8.0% 
1 .O% 

4.6 kJ.gl 
3.9 kJ.g-’ 
3.8 k.I.gl 
3.8 kJ.g-’ 
4.5 kJ.gl 
7.3 kJ.g-’ 
4.0 k.I.g-1 

Piatt 1987 

Montevecchi and Piatt 1984 
Montevecchi and Piatt 1984 
Montevecchi and Piatt 1984 
Montevecchi and Piatt 1984 
Birkhead and Nettleship 1987 
Montevecchi et al. 1984 
mean of other fish 
Pennycuick 1987a Plight speed 64.4 krn.h-’ 

(Montevecchi et al. 1984). Mean values are given + 
SD. 

Basal metabolic rates (BMRs) were measured at Great 
Island in 1987 by the closed-system respirometry 
method of Ricklefs et al. (1984). Drier&e@ and soda 
lime were placed beneath a plastic mesh floor in 11.5 
and 16.3 L chambers to absorb water and CO,, re- 
spectively. Birds were captured at dusk and held in 
chambers for 2-3 hours before trials. Murres digest 
food rapidly; Gaston and Noble (1985) suggested that 
stomachs empty in l-2 hours, and an X-ray experi- 
ment indicated that all food reached the rectum within 
95 min of ingestion (Partridge 1986). We therefore 
believe that little if any food remained in the gut during 
the metabolism trials. 0, uptake was calculated from 
water displacement in a manometer during two 15 min 
tests during which the manometer showed smoothly 

decreasing fluid levels. Trials in which manometer lev- 
els changed irregularly or in which birds moved vig- 
orously were discarded. Mean chamber temperature 
during trials, monitored by Yellow Springs Instru- 
ments telethermometers, was 18.7 ? 0.4”C. BMR was 
calculated using the equation of Ricklefs et al. (1984). 

All captured birds were fitted with electronic activity 
timers (Cairns et al. 1987b) on the tail and a leg. When 
used in conjunction with continuous colony watches, 
these devices permit a bird’s time budget to be parti- 
tioned into colony, flying, sea surface, and diving times. 
Unit mass of timers was 12.5 g in 1985 and 7.5 g in 
1986. Timers represented 2.7 and 1.6% of body mass 
for the two years, respectively. Timers appeared to 
have little effect on birds’ behavior and locomotion 
(Cairns et al. 1987~). 

Potential foraging ranges were calculated from flight 
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1985 1985 
INCUBATION CHICK-REARING 

5.2 % 10.0% 13.4 % 9.4 % 
diving flying diving flying 

1986 
INCUBATION 

16 6% 13.4 % 

1986 
CHICK-REARING 

12.5% 8.5 % 
diving flying diving flying 

FIGURE 1. Time allocation of breeding Common 
Murres during absence periods from the colony at Wit- 
less Bay in 1985 and 1986. Diving, flying, and surface 
times were calculated from 1, 16, and 1 trips for in- 
cubation in 1985; from 38,48, and 30 trips for colony- 
based chick-rearing in 1984; from 29, 23, and 18 trips 
for incubation in 1986; and from 8, 6 and 6 trips for 
colony-based chick-rearing in 1986 (all numbers given 
respectively). 

times during individual trips, assuming that birds flew 
at 64 krn’h-’ (Pennycuick 1987a) and flew to and re- 
turned from feeding sites along straight lines radiating 
from the colony. 

BIOENERGETICS MODEL 

We modeled prey consumption and harvest distri- 
bution of Common Murres during the breeding season 

at Witless Bay using measured FMRs and activity data 
and literature values for breeding and other parame- 
ters. The model was written on VP-Planner, a micro- 
computer spreadsheet package. Input parameters are 
listed in Table 1. Although non-breeders are exempt 
from the demands of incubation and chick-feeding, we 
assigned them energy expenditures equal to breeders 
because they are probably less efficient food-gatherers 
(Gaston 1985). Activity patterns were also assumed to 
be equivalent between the two groups. 

To estimate numbers of non-breeders associated with 
the Witless Bay colonies we assumed age of first breed- 
ing and annual adult survival as five years and 0.9, 
respectively (Hudson 1985). Using these values, we 
iterated a life table with various values of pre-breeding 
survival until population stability was reached. Non- 
breeders represented 67.8% of the breeding population 
(individuals) at this point. Pre-breeding murres are 
generally absent from the colony area at age one, and 
gradually increase their attendance until breeding age 
is attained (Piatt et al. 1984, Hudson 1985). We as- 
sumed presence at the colony of 0,40, 80, and 90% of 
non-breeders of ages one through four, respectively. 
This yielded an estimate that total non-breeder num- 
bers at the colony were 30.5% of breeder numbers. 

We assumed that murre numbers near the colony 
increase linearly from zero at the beginning of the pre- 
breeding period until the full breeding population is 
reached at the start of incubation, and that the reverse 
occurs following nest-leaving. Non-breeding immature 
birds tend to arrive in the colony area later than breed- 
ers (Hudson 1985), and we assumed that non-breeders 
are present only during incubation and chick-rearing 
at the colony. 

Egg production cost was estimated from percentage 
yolk composition by Carey et al.‘s (1980) formula for 
semi-precocial chicks. Chick energy requirements were 
summed over the nestling period from mean daily con- 
sumption derived from observations of food deliveries 
(Burger and Piatt 1990). Based on the tendency for 
chick mortality to occur soon after hatching (Burger 
and Piatt 1990) chicks that die were assumed to re- 
ceive no food from the parent. 

RESULTS 

ENERGY EXPENDITWS 

We obtained simultaneous DLW and activity 
measurements on four murres rearing chicks at 
the colony. FMRs ranged from 1542 to 2054 k.I. 

TABLE 2. ENERGY EXPENDITURES AND ACTIVITY BUDGETS OF FOUR COMMON MURRES BREEDING AT GREAT 
ISLAND, NEWFOUNDLAND, IN 1986 

Bird 
Mass 

(9) Days 

Field metabok rate 

ml CO,@.day-’ kJ.day-’ 

FMR’ 
BMR 

Percent time allocation 

At colony Flying SUrfaCe Diving 

Orange 927 2.24 2.84 
Green 972 1.71 3.40 
Purple 898 1.85 3.82 
Black 963 1.87 2.67 
Mean 940 1.92 3.18 
SD 34 0.23 0.53 

. Based on BMR of 0.370 kJ.S-‘,day-’ (present study). 
b Sum of surface and diving time. 

1580 4.61 25.2 5.0 57.8 12.0 
1979 5.50 43.8 4.9 51.3b 
2054 6.18 10.8 16.6 66.6 6.1 
1542 4.33 41.4 4.2 48.2 6.2 
1789 5.16 30.3 7.7 57.5 8.1 
265 0.85 15.4 6.0 9.2 3.4 
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FIGURE 2. Frequency distributions of potential for- 
aging ranges of Common Murres at Gull Island in 1985 
and Great Island in 1986. 

day-r (ii = 1789 f 265) (Table 2). Mass-specific 
FMR was 1.90 f 0.31 kJ.g-l.day. During trials 
birds spent a mean of 57.5 f 9.2% of their time 
on the surface of the water, with the remainder 
of their time divided among flying, diving, and 
colony (Table 2). 

BMRs of three murres of mean body mass 972 
-t 24 g were 283, 381, and 416 kJ.day-l (ii = 
360 f 69 k.I.day-r). Mass-specific BMR aver- 
aged 0.370 f 0.078 k.I.g-‘.day-‘. Using this val- 
ue of BMR, the ratio of FMR to BMR varied 
from 4.33 to 6.18 (ii = 5.16 f 0.85, Table 2). 

TIME ALLOCATION 

Proportions of time spent flying, on the sea 
surface and diving are shown in Figure 1. In all 
periods, most (70.2-84.9%) time away from the 
colony was spent on the surface. The proportion 
of time spent diving did not vary significantly 
among the four time periods (incubation and col- 
ony-based chick-rearing, 1985 and 1986; Krus- 
kal-Wallis H = 3.7, P < 0.3) but the proportion 
of time flying varied significantly among these 
periods (H = 12.8, P < 0.01). 

Modal potential foraging range was ~20 km 
in all time periods (Fig. 2). During incubation, a 
secondary mode appeared at 60-70 km, but dur- 
ing colony-based chick-rearing few foraging trips 
could have exceeded 20 km in range. Potential 
foraging range was significantly greater during 
chick-rearing in 1986 than during chick-rearing 

t 
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FIGURE 3. Relationship between potential foraging 
ranges and percent diving time during absence periods 
from the colony. 

in 1985 (Mann-Whitneytest; z = 1.72, P = 0.043), 
but was not significantly different between in- 
cubation in 1985 and 1986 (z = 0.86, P = 0.2). 
Proportion of time diving decreased significantly 
with potential foraging range during chick-rear- 
ing in 1985, but not during incubation in 1986 
(Fig. 3). 

PREY CONSUMPTION 

Common Murres associated with the Witless 
Bay colony were estimated to require 7579 tonnes 
of food per breeding season (Table 3). Based on 
diet composition reported by Piatt (1987), cape- 
lin comprised 83% of this requirement, and At- 
lantic cod (Gadus morhua) and sand lance (Am- 
modytes spp.) accounted for most of the remain- 
der. About 68% of estimated food harvest was 
directed to maintenance and activity of breeders. 
Food harvest required for egg production (0.3%) 
and chick feeding (2.7%) was a very small portion 
of total consumption. 

The model estimated that Common Mutt-es at 
Witless Bay require 103 tonnes of food.day-’ 
during incubation and 110 tonnes.day-’ during 
chick-rearing at the colony. If we assume that 
birds take prey only at their most distant point 
from the colony during a foraging trip, the geo- 
graphic distribution of predation intensity can 
be calculated from the distribution of potential 
foraging ranges (Fig. 2). We have done this under 
two foraging regimes. Noting that the Witless 
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FIGURE 4. Potential prey harvest intensities in kg 
of prey.km-2.day-1 by Common Murres during the 
breeding season in relation to distance from the colony. 
Harvest intensities for coastal foraging zones assume 
that birds feed only in an 8 km wide strip running 
north and south of the colony. Harvest intensities for 
semi-circular zones assume that birds use semi-circular 
foraging zones centered at the colony. See text for ad- 
ditional assumptions. 

Bay breeding sites are located just off the straight 
eastern face of Newfoundland’s Avalon Penin- 
sula, we first assumed that murres foraged only 
in a coastal strip 8 km wide running north and 
south of the islands. This assumption is sup- 
ported by distributions of murres recorded dur- 
ing boat transects, which show higher densities 
on long-shore than offshore transects (Piatt 1987). 
However, murres from Witless Bay also feed off- 
shore (Schneider et al. 1990). We therefore pos- 

tulated a second regime in which feeding oc- 
curred in a semi-circular area centered at the 
colony. 

Figure 4 plots predation intensity in kg of prey 
removed.ktn2.day-’ under these regimes. When 
a coastal feeding zone was assumed, the pattern 
of prey removal. krne2. day- I with respect to dis- 
tance from the colony closely paralleled the dis- 
tribution of potential foraging ranges (Fig. 2). 
However, when feeding was assumed to occur in 
semi-circular zones, predation intensity was rel- 
atively high only near the colony, and very low 
beyond 10 km. 

DISCUSSION 

ENERGY EXPENDITURES 

FMRs of Common Murres tested at Witless 
Bay fall well above the allometric regression line 
of other seabirds, which tend to have higher 
FMRs than birds in general (Nagy 1987, Birt- 
Friesen et al. 1989). Mean FMR was 1789 -t 265 
kJ.day-I, compared to the predicted 993 kJ.day-’ 
for seabirds in general (Nagy 1987) and 166 1 k.I. 
day-’ for seabirds with flapping flight occurring 
in cold oceans (Bit-t-Friesen et al. 1989; all cal- 
culations assume a mass of 940 g). 

The high value of FMR may be related to lo- 
comotory inefficiencies caused by a wing struc- 
ture that allows both aerial flight and wing-pro- 
pelled diving, but which is optimal for neither 
(Storer 1960, Pennycuick 1987b). It may also be 
related to the high cost of thermoregulation in 
cold, windswept marine environments (see Ker- 
sten and Piersma 1987, Birt-Friesen et al. 1989). 

FMRs of Common Murres overlapped with 
those of three Thick-billed Murres (Uria lomvia) 
measured in the eastern Canadian arctic (1432- 
1763 kJ.day-I, Gaston 1985). These findings 
suggest that Thick-billed Murres may not have 
higher FMRs than Common Murres, despite their 
colder environment (Birt-Friesen et al. 1989). 

BMR measurements (R = 360 ? 69 kJ.day-‘) 
exceeded allometric predictions for non-passer- 

TABLE 3. ESTIMATED FOOD CONSUMPTION BY COMMON MURRES AT WITLESS BAY DURING THE BREEDING SEASON 

Prey Breeders 

Estimated consumption (tonnes) 

Non-breeders Egg formation Chicks Total Percent of total 

Ovid female capelin 2624 1104 10.0 116 
Spent female capelin 248 104 0.9 43 
Adult male capelin 1361 572 5.2 19 
Immature capelin 47 20 0.2 9 

Total capelin 4280 1800 16.0 187 
Atlantic cod 393 165 1.5 0.4 
Sand lance 502 211 1.9 16 
Stichaeidae 0 0 0 2 
Total 5176 2177 19.8 206 
Percent of total 68 29 0.3 2.7 

3854 50.9 
397 5.2 

1958 25.8 
75 1.0 

6284 83 
561 7.4 
732 9.7 

2 0.03 
7579 
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ines (3 13 kJ.day-‘, Lasiewski and Dawson 1967) 
and birds in general (23 1 kJ.day-I, Bennett and 
Harvey 1987), but were similar to those for sea- 
birds in general (374 kJ.day-*, Ellis 1984). BMRs 
reported here (0.370 kJ.g-‘.day-I) were consid- 
erably lower than those reported for Common 
and Thick-billed Murres in the Bering Sea (0.626 
kJ.g-’ .day-‘, Johnson and West 1975) and Thick- 
billed Murres in Svalbard (0.535 kJ.g-‘.day-I, 
Gabrielsen et al. 1988). 

The FMR:BMR ratio calculated from our data 
(x = 5.16, Table 2) exceeds the proposed avian 
ceiling of 4.0 (Drent and Daan 1980), which has 
been recently supported by the empirical and 
theoretical arguments of Kersten and Piersma 
(1987). However, the ratio of 4.0 cannot be con- 
sidered an absolute ceiling for seabirds, as FMR: 
BMR ratios of four of 18 seabird species re- 
viewed by Birt-Friesen et al. (1989:table 1) ex- 
ceed this value. 

It must be noted that sample sizes in our en- 
ergetic trials are small, and further FMR mea- 
surements should be made to test the generality 
of our results. Reported metabolic rates also de- 
pend on the reliability of measurement tech- 
niques.We have confirmed the validity of our 
DLW procedures through cross-comparison with 
isotopic assays performed by two other labs (see 
Birt-Friesen et al. 1989). Similar comparisons 
among closed-system respirometry techniques 
(Ricklefs et al. 1984) used in this study, open 
system techniques, and DLW would also be use- 
ful. 

THE MAGNITUDE AND DISTRIBUTION OF 
PREY HARVEST 

Brown and Nettleship (1984) estimated that 
Common Murres at Witless Bay consume 3246 
tonnes of food each year between 1 July and 15 
August. Chick-rearing begins approximately 1 
July, and their estimate therefore applies both to 
the time when chicks are reared at the colony 
and to the time they spend on the water following 
nest-leaving. Our model estimates consumption 
at 2774 tonnes for this period. The difference 
between the two estimates is due chiefly to large 
differences in two input parameters. Brown and 
Nettleship (1984) assumed that murres consume 
200 g’day-’ of food, which is much lower than 
the 511 g.day-’ we derived from DLW mea- 
surements. Their lower consumption rate was 
offset by their assumption that all murres remain 
in the colony area until 15 August. However, 
desertion by murres of the colony area proceeds 
rapidly following the third week in July (personal 
observations), so that most birds are present in 
the area during only about half the 1 July-15 
August period. 

Bioenergetics models that compare estimates of 
harvest by breeding seabirds with fishery landings 
and stock size (e.g., Furness 1978, Fumess and 
Cooper 1982) require information on the area 
over which seabird predation occurs. The for- 
aging areas used in models are usually based on 
sparse and anecdotal data (Boume 1983). In ad- 
dition, the models generally assume that pre- 
dation is equally intense throughout the foraging 
area, although foraging effort is often spatially 
heterogeneous (e.g., Cairns and Schneider 1990). 
The use of activity timers to calculate flight times 
and therefore potential foraging ranges during 
individual trips can aid in clarifying the geo- 
graphical pattern of resource exploitation around 
colonies. 

Figure 4 shows that predation intensity by 
Common Murres around Witless Bay may be 
high at substantial distances from the colony dur- 
ing incubation, but that intensity decreases rap- 
idly with distance from the colony during chick- 
rearing. It is important to note that predation 
intensities calculated from potential foraging 
ranges give maximum distances at which given 
foraging intensities may occur, and are subject 
to other limitations. To the extent that foraging 
birds deviate from straight line courses radiating 
from the colony, and to the extent that they feed 
during transit to and from the end-points of these 
courses, foraging intensities in distant zones will 
be overestimated. The assumption of straight 
flight paths seems generally valid; with the ex- 
ception of birds within l-2 km of the colony, 
murres seen in flight during the breeding season 
are nearly always flying directly toward or away 
from the colony (Schneider et al. 1990, DKC and 
WAM pers. obs.). It is not known how frequently 
murres feed en route to or from their most distant 
stopping points. 

Seabird prey and seabird feeding effort are gen- 
erally patchily distributed in space and time (e.g., 
Brown 1980, Schneider and Due 1985). Pre- 
dation intensities calculated from potential for- 
aging ranges apply to concentric rings around 
colonies, and these intensities indicate local con- 
ditions better than do feeding rates that apply to 
a colony’s entire foraging range (e.g., Fumess 
1978). However, these calculated intensities will 
not reflect variation within rings. Detailed map- 
ping of foraging intensity is possible only when 
modeling approaches are combined with fine- 
scale surveys of distributions at sea (e.g., Cairns 
and Schneider 1990, Schneider et al. 1990). These 
two approaches to the study of distribution of 
foraging intensity around colonies are comple- 
mentary, because flight time measurements give 
a picture for the colony as a whole but lack geo- 
graphic precision, whereas at-sea surveys may 
precisely locate feeding “hot spots” but are rarely 
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extensive enough to cover more than a fraction 
of potential feeding area. A third method of map- 
ping foraging intensity, that of long-range telem- 
etry (Trivelpiece et al. 1986, Anderson and Rick- 
lefs 1987) also has potential, although the 
transmitters now available usually lack sufficient 
power to allow tracking of offshore and pelagic 
seabirds to the limit of their foraging range. 

Several lines of indirect evidence (Furness 
1978, Gaston et al. 1983, Fumess and Birkhead 
1984, Cairns 1989) and recent direct measure- 
ments of prey density around colonies (Birt et 
al. 1987) have been invoked to suggest that sea- 
birds may deplete prey around colonies. The si- 
multaneous availability of foraging range and dive 
time data on individual foraging trips suggests a 
test of this hypothesis. If seabird predation re- 
duces prey density in waters around a colony in 
which initial prey density is uniform, then for- 
aging success should rise with distance from the 
colony as successively less-depleted waters are 
encountered. Central place foraging theory (Or- 
ians and Pearson 1979) also predicts that for- 
aging success should rise with distance, because 
long trips are economical only if they lead to 
better feeding areas which allow predators to re- 
coup additional transportation costs. In the case 
of breeding seabirds, prey depletion near the col- 
ony should produce an inverse correlation be- 
tween foraging range and proportion of diving 
time during individual trips, since birds should 
require fewer dives to meet food requirements 
in distant, less-depleted waters. 

Potential foraging range and percentage of time 
diving were inversely correlated during colony- 
based chick-rearing in 1985, but not during in- 
cubation in 1986 (Fig. 3). Although the negative 
correlation found in chick-rearing in 1985 is con- 
sistent with the prey depletion hypothesis, other 
explanations cannot be ruled out. Capelin, the 
major food for breeding murres and their chicks 
at Witless Bay, undergo a spawning migration 
to coastal beaches in June and July. Migratory 
or advective Aow of food (Cairns and Schneider 
1990) will not prevent prey depletion effects if 
predation is large in comparison with prey influx. 
However, the arrival of large schools of capelin 
at sites distant from the Witless Bay colonies 
could produce a negative correlation between 
foraging range and dive time in the absence of 
near-colony prey depletion. 

The demonstration of prey depletion by sea- 
birds will remain problematic until difficulties in 
the measurement of prey distribution and abun- 
dance are resolved. However, new techniques 
such as those used in this study will help clarify 
the patterns and magnitude of seabird predation 
and focus questions for future investigation. These 

are essential steps towards understanding the role 
of seabirds in marine food webs. 
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DAILY FORAGING BEHAVIOR OF MARBLED MURRELETS 

HARRY R. CARTER AND SPENCER G. SEALY 

Abstract. Patterns of at-sea dispersion, flocking, distribution, flights, and fish-holding behavior of 
Marbled Murrelets (Eruchyrumphus marmoratus) in Barkley Sound, British Columbia, were synthe- 
sized into a descriptive model of daily foraging behavior. Murrelets were clumped in coastal and sill 
areas in Trevor Channel and used the same feeding sites each day. Adults rearing nestlings flew to 
and aggregated at feeding sites at or before dawn, fed themselves there early in the day, flew to other 
areas later in the day to search for prey for nestlings, and returned to nest sites to feed chicks mainly 
at or after dusk. At this time, adult murrelets minimized time required to feed themselves by spe- 
cializing on abundant and easily-found prey. Consequently, this maximized time to obtain prey for 
nestlings, which were less abundant and more difficult to locate. This system may be facilitated by 
solitary foraging. 

Key Words: Marbled Murrelet; Bruchyrumphus marmoratus; British Columbia; foraging; habitat 
selection; flocking behavior. 

The foraging behavior of alcids has been dif- 
ficult to study because the birds typically forage 
long distances from nest sites over wide expanses 
of ocean without obvious landmarks. Thus, for- 
aging behavior has been inferred only roughly 
from diet, patterns of attendance at colonies or 
nest sites, and general aspects of their distribu- 
tion at sea (e.g., densities within specific marine 
habitats) (Brown 1980, Nettleship and Birkhead 
1985). While inter-seasonal and inter-year dif- 
ferences in these aspects of alcid biology have 
been examined (e.g., Gaston and Nettleship 198 1; 
Ainley and Boekelheide, 1990), the daily forag- 
ing behavior of any alcid has never been ex- 
amined directly in the field. Daily foraging be- 
havior causes variation in the numbers and 
distribution of birds at sea throughout the day 
and reflects variability of prey resources, foraging 
movements at sea, and movements to and from 
nest sites. 

The Marbled Murrelet (Brachyramphus mar- 
moratus) is a small alcid that uses nearshore wa- 
ters year round and often aggregates in small, 
well-defined feeding areas (Sealy and Carter 1984, 
Carter and Erickson 1988). While we know little 
about actual nest sites, their accessible feeding 
aggregations provide a focus on which to ex- 
amine distribution and movements at sea. Carter 
(1984) determined that Marbled Mm-relets are 
most aggregated during the nestling period, when 
the single chicks are left unattended at solitary 
nests during the day while adults forage at sea 
(Sealy 1974, Simons 1980). Adults must forage 
efficiently when feeding themselves and their 
chicks, and this should be reflected in their tem- 
poral and spatial distributions at sea. 

We integrated patterns of dispersion, flocking, 
distribution, flights, and fish-holding behavior 
with the few known aspects of nesting biology to 
construct a descriptive model of daily foraging 
behavior of Marbled Murrelets in Barkley Sound, 
British Columbia. This unique approach per- 

mitted us to infer foraging behavior from direct 
observations of birds at sea without following 
focal birds or monitoring attendance patterns at 
nest sites. Thus, we were able to elucidate factors 
affecting the selection and use of feeding areas 
by murrelets that would not have been possible 
otherwise. 

METHODS 

CENsusEs 

Marbled Murrelets were censused at sea 37 times 
between 16 June and 6 July 1980 in south Trevor 
Channel, Barkley Sound, British Columbia. A contig- 
uous-quadrat grid covering 23.7 km* of water surface 
was used (Fig. 1) and the size of all flocks of murrelets 
on the water was recorded in each of 96 0.25 km* 
quadrats on each census. Flying birds were recorded 
but not included in quadrat totals. Censuses began at 
four times (PDT) of day: dawn (05:00, N = 6), morning 
(lO:OO, N = lo), afternoon (15:00, N = 9), and dusk 
(20:00, N = 12). Each census was conducted by HRC 
from a pneumatic boat powered by an outboard engine. 
Dawn, morning, and afternoon censuses averaged 2.1, 
2.1, and 2.2 hours, respectively, whereas dusk censuses 
averaged 1.7 hours. One to four censuses were con- 
ducted each day and none was carried out on eight 
days of the 2 1 -day period that generally coincided with 
the nestling period of Marbled Murrelets in this area 
(Carter 1984, Carter and Sealy 1984). 

A sitting flock was two or more birds observed within 
1 m of one another. A flying flock was two or more 
birds that flew in the same direction, at the same speed, 
within 5 m of one another, and usually less than lo- 
15 m above the water. Single individuals were treated 
as a type of flock for ease of analysis. Flocks landing 
or taking off were classified as sitting flocks. 

Dispersion indices 

We used a comprehensive method for analyzing spa- 
tial patterns in contiguous grids based on the relation 
of Lloyd’s (1967) mean crowding index (m*) to mean 
density (m) (Iwao 1968, 1972, 1977; Iwao and Kuno 
197 1). The m*/m ratio is called patchiness (Lloyd 1967) 
and measures relative concentration. Often, m* is lin- 
early related to m. The intercept, 01, is called the index 
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CHANNEL 

FIGURE 1. Contiguous grid of 96 quadrats in south Trevor Channel, British Columbia. 

of basic contagion, and indicates whether a single in- 
dividual or a group of individuals is the basic com- 
ponent of the distribution. The slope, 0, is the density- 
contagiousness coefficient and indicates how the basic 
components distribute themselves over the habitat 
(Iwao 1968). The p index, obtained by successive 
changes in m*lm with quadrat size, provides infor- 
mation about the spatial structure of the population 
(Iwao 1972). 

We studied quadrats that differed in size by modi- 
fying Greig-Smith’s (1952) method for contiguous grids. 
To use the entire grid, three quadrats were combined 
first and then quadrat size was increased by a factor of 
two (see Carter 1984). This method produced six quad- 
rat sizes (q): 0.25,0.75, 1.5, 3.0, 6.0, and 12.0 km>. 

Grid regions and areas 

We divided the grid into 12 regions (see Carter 1984), 
using three considerations (see Cliff et al. 1975): 1) the 
system of regions should be simple; 2) the quadrats 
within a region should be similar to promote homo- 
geneity; and 3) the regions should be compact (i.e., only 
contiguous quadrats should be combined and they 
should be closely knit rather than forming a long string). 

Quadrats in coastline regions were less than 500 m 
from shore (measured from the center of the quadrat). 

Regions were grouped into areas both along and across 
the channel (see Carter 1984). Murrelets usually flew 
in straight lines in the grid, typically along or across 
the channel. The direction of flight was recorded when 
birds were first observed. Subsequent changes of di- 
rection were not examined. Because murrelets flew in 
small flocks below tree tops, all birds that flew over 
each quadrat were detected. 

The number ofbirds observed flying depended mainly 
on how much time the observer spent in each quadrat, 
which was proportional to the size of the area. Means 
of 0.5, 0.4, 0.5, and 0.6 hours were spent in south, 
south-middle, north-middle, and north along-channel 
areas, respectively, and 0.6, 1.0, and 0.4 hours in west, 
center, and east across-channel areas, respectively. The 
number of birds/hr was used to examine flights over 
different areas of the grid. 

Statistical tests 

All means in this paper are expressed -t SD (standard 
deviation). Before analyses, densities (sitting birds/km?) 
and numbers of birds flying/hr were transformed log- 
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arithmically (log,,[x + 11) because sample variances 
were greater than sample means; 1 was added to each 
count (some regions and areas contained no birds). 
This eliminated the dependence of the variance on the 
mean, and ensured that the components ofthe variance 
were additive. Post-hoc comparison tests (Sheffe’s S 
test and Games-Howell procedure) were used to iden- 
tify pair-wise differences between means after one-way 
ANOVA had indicated that differences existed. 

To justify using regional changes in mean density 
(regardless of variation around the mean) to indicate 
murrelets’ use of the grid, the log,,(mean density + 1) 
of Marbled Murrelets was plotted against log S (or 
variance). The power law states that the variance of a 
population is proportional to a fractional power of the 
arithmetic mean. The linear regression y = 0.13 + 
1.89x indicated that the log transformation was ap- 
propriate because the slope was approximately equal 
to 2. Log mean density accounted for 87% of the vari- 
ance of the log variances. 

RESULTS 

DISPERSION OF MARBLED MURRELETS AT SEA 

Quadrat use 

Numbers of birds/quadrat were positively 
skewed with a mean of 2.8 f 7.9 and ranged 
from 0 to 16 1 (Fig. 2A). This indicated that birds 
were clumped within the grid (x2 variance-to- 
mean ratio test, d = 310.6, P < 0.01). Also, 
6 1.1% of quadrats censused (N = 3462 [90 omit- 
ted due to poor observing conditions]) contained 
no birds. Similarly, mean numbers of birds/ 
quadrat were positively skewed with a mean of 
2.9 f 5.8 and ranged from 0 to 43.2 f 28.5 (Fig. 
2B). This indicated that birds often were clumped 
in particular quadrats (x2 variance-to-mean ratio 
test, d = 33.6, P < 0.01). 

Occupied quadrats (N = 1347) were arbitrarily 
divided into four classes of low, medium-low, 
medium-high, and high density containing l-10, 
1 l-30,3 l-50, and 50+ birds, respectively. Most 
occupied quadrats (82.2%) were low-density; 
medium-low, medium-high, and high-density 
quadrats represented 13.4%, 2.7%, and 1.7%, re- 
spectively. Although Marbled Murrelets were 
clumped, 38.7% of the population occurred in 
low-density quadrats; medium-low, medium- 
high, and high-density quadrats represented 
32.3%, 13.8%, and 15.3%, respectively (N = 9626 
birds). 

Dispersion pattern 

The regression of mean crowding (m*) on mean 
density(m) (Fig. 3) was linear, m* = 4.84 + 5.79 
m (F = 21.2, P < 0.001, r = 0.38), showing that 
birds were dispersed in a density independent 
pattern over the range of mean densities. Resid- 
ual plots did not indicate any curvilinear rela- 
tionship. Separate regression lines of m* on m 
for each time of day did not differ significantly 
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FIGURE 2. Frequency distributions of: A, the num- 
ber of birds per quadrat (N = 3462 q); and B, the mean 
number of birds per quadrat (N = 96 q). 

(ANOVA, F = 1.8, P > 0.05), although the dawn 
line (with highest mean densities) fell below other 
times of the day indicating that the distribution 
was less clumped. Numbers of empty quadrats 
also were lower at dawn (55.0%) than morning, 
afternoon and dusk (60.1%, 62.3%, and 64.3%, 
respectively). The slope was significantly greater 
than 1 (t = 28.8, P < 0.05) indicating that the 
dispersion of basic components was non-ran- 
dom, being clumped in some quadrats. 

Dlyereent quadrat sizes 

Regressions of m* on m for each of six quadrat 
sizes all fitted linear models, although degree of 
fit increased as quadrat size increased (Carter 
1984). Regression lines differed significantly 
(ANOVA, F = 17.8, P < O.OOl), including dif- 
fering slopes (ANCOVA, F = 11.9, P < 0.001) 
and adjusted means (ANCOVA, F = 18.9, P < 
0.00 1). All slopes were significantly greater than 
1 except at q = 12.0 km*, indicating clumped 
dispersions in all but the largest quadrats. Sep- 
arate regressions for each time of day within each 
quadrat size did not differ significantly. 

In all graphs of mean p-index values by time 
of day (see Carter 1984) positive correlations re- 
sulted between adjacent quadrats. Largest values 
occurred at smaller quadrat sizes, whereas values 
fluctuated around 1 at larger quadrat sizes. The 
general shape of the p-graph indicated that basic 
components (> 1 individual) were clumped and 
peaks in p-graphs revealed that clumping oc- 
curred at 3 spatial levels: ~0.25, 1.5, and 6.0 
km*. At the smallest quadrat size (q = 0.25 kmz), 
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MEAN DENSITY (BIRDS/O.25 km’) 

FIGURE 3. Linear regression of mean crowding on 
mean density. The dashed line indicates the random 
dispersion of basic components composed of single 
individuals. 

the p index equalled the m*lm ratio or Lloyd’s 
patchiness index, which increased from dawn to 
dusk. This further supported the trend that birds 
were less clumped at dawn but became more 
clumped towards dusk. 

FLOCKING BEHAVIOR 

Flock sizes 

Sitting flocks were positively skewed with a 
mean of 2.0 f 1.9 and ranged from 1 to 55 
individuals (Fig. 4). Of 4880 sitting flocks ob- 
served, most were single individuals (43.7%) or 
pairs (39.0%). Of 9626 sitting birds, pairs con- 
tributed most birds (40.7%) followed by single 
birds (22.5%). Flying flock sizes also were posi- 
tively skewed with a mean of 1.4 +- 1.0 and 
ranged from 1 to 25 (Fig. 4). Of 885 flying flocks 
observed, most were of single birds (68.8%), al- 
though pairs were common (25.5%). Of 1248 
flying birds observed, single birds were most 
prevalent (48.8%), followed by pairs (36.2%). 

Sitting flock sizes were similar throughout the 
day but were larger as quadrat density increased 
(x2 = 42.6, P < 0.01, Table 1). Flocks in low- 
density quadrats were excluded from the latter 
analysis because low numbers alone precluded 
larger flocks from forming. In fact, the prepon- 
derance of low-density quadrats partly account- 
ed for the large proportion of small flocks (90.9% 
of singles and pairs). Medium-low, medium-high, 
and high-density quadrats also contained large 
proportions of singles and pairs (77.7%, 75.7%, 
and 67.9%, respectively). Flock sizes increased 
with increasing quadrat density only in morning 
censuses (x2 = 32.4, P < 0.05). Flying flocks were 
largest at dawn (x2 = 18.9, P < 0.05). 

FIGURE 4. Percent frequency distributions per size 
of flock of: A, the number of sitting flocks (N = 4880); 
B, the number of flying flocks (N = 885); C, the number 
of sitting birds (N = 9626); D, the number of flying 
birds (N = 1248). 

Because sitting flocks were significantly larger 
than flying flocks (x2 = 201.8, P < O.Ol), most 
must have formed when flocks coalesced on the 
water. While flying singles joined other birds in 
flight or landed beside birds already on the water, 
pairs often flew and landed alone. Larger flying 
flocks (maximum 25) invariably broke apart as 
birds landed and other flock members flew on or 
landed elsewhere. Large sitting flocks seemed to 
form only temporarily but did not take off as a 
unit. 

Diving behavior 

Only single birds and pairs were observed div- 
ing. Members of pairs were often seen swimming 
towards each other on the surface before diving 
again. Thus, pairs may have been underestimat- 
ed if birds were apart or if one was under water. 
Three or more birds never dove together in a 
coordinated fashion. They often occurred in side- 
by-side lines which also suggested that they were 
not feeding (see BCdard 1969). Larger flocks 
sometimes included fish-holding birds that were 
not feeding at the time (Carter and Sealy 1987a), 
although most birds that held fish were alone 
(80.0%) or in flocks of two (9.6%). 

On 8 and 10 June 1980, between 14:00 and 
21:00, behaviors noted above were confirmed 
through observations of murrelets diving in wa- 
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ter lo-30 m deep near Taylor Islet. Dive times 
of 42 single birds averaged 27.8 -+ 12.8 set (range 
= 2-87 set; N = 119 dives). Dive-pause ratios, 
excluding fish-holding birds, averaged 3.9 f 3.0 
(range = 0.17-24.00; N = 105 dives). 

DENSITIES 

Numbers of sitting birds averaged 265.8 + 
118.3/census (range = 74-5 18) and densities av- 
eraged 11.3 f 5.0 birds/km* (range = 3.1-21.9). 
Mean densities were significantly higher at dawn 
and morning (14.4 and 13.9 birds/km2, respec- 
tively) than at dusk (7.7 birds/km2) (Sheffe’s S 
Test, (Y = 0.05) whereas afternoon densities were 
intermediate (11 .O birds/km*) and did not differ 
significantly from other times (Table 2). Neither 
tidal state nor weather affected densities (see 
Carter 1984). When four censuses were con- 
ducted in one day, highest numbers twice were 
recorded at dawn, twice in the morning, and once 
in the afternoon; numbers were always lowest at 
dusk, when only 37.1 + 16.7% (range 17.5- 
5 1.6%) of the highest number counted that day 
remained in the grid. The number at dusk was 
higher than at other times of day only once (see 
Carter and Sealy 1984). 

Highest mean densities occurred in regions 2 
and 3 (50.0 and 24.6 birds/km*, respectively). 
Mean densities were higher in west than east 
regions of the channel, which partly reflected more 
coastline habitat on the west (7.3 km*) than east 
(4.6 km*) side. Mid-channel regions generally 
supported lower mean densities than did coastal 
regions. Region 5, over the shallow sill, had the 
highest mid-channel mean density (6.3 birds/ 
km2). In general, regions near or over the sill at 
the mouth of south Trevor Channel had the high- 
est mean densities. 

Mean densities decreased progressively in most 
regions from dawn/morning to dusk (Table 2). 
Significant decreases were found in five regions 
of intermediate density located across the sill 
(regions 1, 5, and 9) and in regions 10 and 11 
where shallow water extended inwards from the 
sill. Low-density regions (6, 7, 8, and 12) and 
high-density regions (2, 3, and 4) did not exhibit 
significant decreases. The densities in the five 
regions were similar to high-density regions at 
dawn and in the morning, whereas they were 
similar to low-density regions later in the day. 

FLIGHTS 

The number of flying birds averaged 33.7 f 
29.5/census (range = 7-163) which correspond- 
ed to a mean of 16.3 f 12.7 birds flying/hr (range 
= 3.0-64.7) (Table 3). More birds flew/hr at dawn 
(37.4 birds/hr) when highest numbers were on 
the water; morning, afternoon, or dusk (11.1,9.3, 
and 15.2 birds/hr, respectively) did not differ 

TABLE 1. NUMBER AND SIZES OF FLOCKS IN QUAD- 
RATS OF DIFFERENT DJZN~~~~~OF~~ARBLEDM~~~ELE~~ 
BYTIMEOFDAY(N= 488OF~oc~~) 

Quadrat density’ 

Flock Medi- Medi- 
Time of size um- 

&Y class Law low E$ Iiigb TOtA 

Dawn 1 204 156 82 18 477 
2 187 154 54 12 436 
3 23 43 15 2 87 
4+ 13 33 17 6 73 

Morning 1 322 166 76 49 613 
2 266 192 68 74 600 
3 36 51 23 27 137 
4+ 30 54 29 51 164 

After- 1 308 99 49 51 509 
noon 2 224 99 62 63 448 

3 45 26 12 18 101 
4+ 21 24 19 31 104 

Dusk 1 398 91 26 19 534 
2 245 108 42 23 418 
3 27 33 13 4 83 
4-f 23 42 19 7 97 

’ Density of birds in 0.25 km’ quadrats: low (I-10 birds), medium-low 
(1 l-30 birds), medium-high (31-50 birds), and high (51-161 birds). 

significantly from each other (Table 3). North 
and south flights accounted for 75.5% of daily 
flights (Table 3). Most flights occurred over 
west, center, and south areas of the grid, which 
were associated with intermediate and high den- 
sities of birds on the water. 

At dawn, more birds flew into the grid from 
the south and north than flew out of the grid. 
Many birds flew directly towards the sill and west 
areas (Fig. 5), where there was no difference be- 
tween northward and southward flights over 
south-middle and north-middle areas at dawn. 
After dawn a few more flights occurred near the 
sill, when densities decreased there (Table 2). 
Fewer flights in morning and afternoon repre- 
sented lower within-channel flights as well as few 
birds leaving the grid area. Although dusk flights 
did not differ significantly from morning and af- 
ternoon (Table 3), the lowest number of birds 
were in the grid at this time. Increased flights 
probably occurred relative to the proportion of 
flying birds that originated from birds sitting in 
the grid. Directions of flight were the reverse of 
those at dawn (Fig. 5). 

MURRELETS HOLDING FISH 

Sitting birds holding fish averaged 3.9 -t 4.9 
individuals/census (range = O-26) and densities 
averaged 0.2 f 0.2 birds/km* (range = O-1.0). 
Few hying birds that carried fish were counted 
(range = O-5 birds/census), corresponding to 0 
to 3.3 birds/hr. However, at least one fish-hold- 
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FIGURE 5. Mean numbers ofMarbled Murrelets fly- 
ing/hour by time of day, along-channel area and flight 
direction. In the left column, the numbers of birds 
flying north (solid line) are compared with those flying 
south (dashed line); in the right column, birds flying 
west (solid line) are compared to those flying east (dashed 
line). Along-channel areas are coded: S, south; SM, 
south-middle; NM, north-middle; N, north area. Sig- 
nificant differences between directions of flight in each 
area are indicated by * (CX = .lO) and ** (o = .05); 
nonsignificant differences are indicated by NS (one- 
tailed t-test). 

and dusk (Table 3). The proportion of fish-hold- 
ing birds increased from 0.2% to 3.5% of mean 
density and 0.3% to 6.6% of mean birds flying/ 
hr from dawn to dusk. Numbers of sitting and 
flying birds did not differ significantly between 
regions or most areas. 

DISCUSSION 

DIURNAL FORAGING 

Each breeding season Marbled Murrelets ag- 
gregate daily in south Trevor Channel (Carter 
1984, Sealy and Carter 1984). This area evi- 
dently provided a reliable source of food because 
large numbers of murrelets flew there at dawn 
directly from nesting areas each day (Fig. 6). Adult 
murrelets fed primarily on juvenile Pacific her- 
ring (Clupea harengus) and Pacific sandlance 
(Ammodytes hexapterus) in Barkley Sound (Car- 
ter 1984). During the mm-relets nestling period 
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FIGURE 6. Daily movements of breeding Marbled 
Murrelets between nesting areas (NA), the Trevor 
Channel feeding area (TC), and alternative feeding ar- 
eas (AFA) during the nestling period in Barkely Sound, 
British Columbia. Movements by chick-rearing adults 
occur throughout the day whereas those by off-duty 
incubating adults primarily occur between dusk and 
dawn (see text). Non-breeding birds are assumed not 
to move in a regular fashion at sea or to nesting areas 
and are not included. 

these prey are concentrated each year in this tra- 
ditional nursery area, which is located in shel- 
tered water inside a small-scale oceanographic 
front at the south entrance of the channel (Hour- 
ston 1959; see Carter 1984). Murrelets appeared 
to travel substantial distances (over sea and land) 
from nesting areas to reach the feeding area, as 
indicated by high flight activity over water to the 
north and south of the grid. Marbled Mm-relets 
probably nest solitarily in trees around Barkley 
Sound that could be up to 75 km inland (Sealy 
and Carter 1984, Carter and Sealy 1986). Thus, 
murrelets in the feeding area probably come from 
many different nesting areas. While other alcids 
are known to aggregate at larger-scale prey patch- 
es often far from shore (e.g., Schneider et al. 1990), 
prey availability there is most likely much less 
stable over time than it is in Trevor Channel for 
murrelets. 
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The clumped distribution of foraging murre- 
lets in the grid probably reflected small patches 
of prey along coastlines and over the sill near the 
south end of the channel (Hourston 1959; see 
Carter 1984). The consistent use of specific quad- 
rats and flights directly to intermediate- and high- 
density regions at dawn indicated that birds re- 
turned to known feeding sites or were continually 
attracted to these sites, perhaps by the continual 
presence of other birds. However, as the numbers 
of birds increased, some birds apparently chose 
not to forage where other birds were clumped, 
evidenced by the constant dispersion pattern over 
the range of densities observed, the regular spac- 
ing of birds in coastal regions, and the wide use 
of the feeding area on every census. 

Few flights and a distribution similar to that 
at dawn indicated that birds moved little in the 
morning and afternoon (Fig. 6). After morning, 
more birds left than arrived in the feeding area. 
Flights over the sill after dawn possibly indicated 
birds shifting to coastal regions as also indicated 
by clumps of birds being more conspicuous over 
the sill at dawn but along coastlines later. 

FORAGING BY BIRDS FEEDING NESTLINGS 

Most murrelets seen holding fish were ob- 
served near dusk, just before they fly to their 
nests to feed nestlings (Simons 1980, Hirsch et 
al. 1981). A few birds, however, were observed 
holding fish at dawn and in the morning. Adults 
that hold fish intended for their nestlings are pre- 
cluded from capturing more fish until after they 
have fed the chick. Therefore, we infer that some 
individuals may feed chicks during the day (Fig. 
6), and mainly within a few hours of dawn. This 
is supported by observations of birds in flight 
over known nesting areas at these times (Carter 
and Erickson 1988). 

Infrequent fish-holding behavior indicated that 
prey for nestlings (second-year Pacific sandlance, 
Pacific herring, and Northern anchovy [En- 
grab mordax]) in Trevor Channel was less 
available during the day than the juvenile fish 
that adults consumed (Carter 1984). Indeed, fish 
taken for nestlings occur deeper during the day 
than prey consumed by adults (Hourston 1959, 
Mater 1965, Baxter 1967). 

Increased fish-holding by birds toward dusk 
coincided with the decrease in overall numbers 
of birds in the feeding area. The proportion of 
birds (about 65%) that had left by dusk corre- 
sponded roughly to the expected proportion of 
the population that was feeding nestlings. We 
presumed that many birds moved to and ob- 
tained prey for nestlings later in the day at al- 
ternative feeding areas that were distributed 
widely in Barkley Sound but were used by only 
a few birds at a time (Carter 1984, Sealy and 
Carter 1984). 

Simons (1980) suggested that murrelets fed 
nestlings several times on some nights. This was 
supported further by adults with food in their 
stomachs being drowned in gill nets at night in 
Trevor Channel, and by observations of birds 
apparently feeding at night at inland lakes (Carter 
1984, Carter and Sealy 1984, 1986). Thus, if 
murrelets foraged at night to take advantage of 
fish (especially for nestlings) closer to the surface, 
this might explain why some birds were present 
in the feeding area at dawn. 

The foraging behavior of Marbled Murrelets 
feeding nestlings resembled a “time minimizer” 
(Schoener 197 1, Norberg 1977). By flying di- 
rectly to Trevor Channel at dawn, birds mini- 
mized the time required to feed themselves by 
specializing on the abundant and easily found 
resources. This enabled birds to fly to alternative 
feeding areas some time before dusk and thereby 
maximized the time needed to obtain less abun- 
dant and more difficult-to-locate fish for young 
on a regular basis. The fast growth rate of nestling 
Marbled Murrelets compared with other alcids 
(Simons 1980, Hirsch et al. 1981) may result 
from regular feedings of relatively large prey loads 
(Carter and Sealy 1987a), in concert with mul- 
tiple diurnal and nocturnal feedings, or both, by 
at least some individuals. This system is en- 
hanced by rearing young when prey are most 
abundant (Hourston 1959, Carter 1984). 

SOCIAL AND FEEDING BEHAVIOR 

In Trevor Channel, murrelets occurred pri- 
marily as singles and in pairs, as has been re- 
ported elsewhere in summer and winter. Pairs 
probably were mated with chicks at the nest (see 
Sealy 1975a). Larger flocks of up to 50 individ- 
uals also have been reported previously and con- 
tain subadults and adults (Sealy 1975b). 

Marbled Murrelets apparently fed solitarily 
because only singles and pairs were observed div- 
ing and presumably feeding. Although members 
of pairs may dive together, this does not imply 
cooperative foraging. Larger flocks were loafing 
groups that formed after feeding. Large loafing 
flocks formed from positive attractions between 
individual flock members, evidenced by the large 
sizes of certain flocks (up to 55 birds), increases 
in flock size with quadrat density, and cohesive 
formations of flocks on the water. This occurred 
especially in the morning when fewer murrelets 
were actively feeding, enabling larger flocks to 
form and remain together for some time. Larger 
flock sizes, however, occurred frequently in high- 
density quadrats regardless of time of day. Larger 
flocks may involve social interaction, although 
birds also interact in flight over nesting areas at 
dawn and dusk (Carter, unpubl. data). 

We considered that mm-relets were highly sol- 
itary feeders because they occurred mainly as 
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singles and pairs in low- as well as high-density 
quadrats and tended to be more dispersed in the 
feeding area at higher densities. Thus, murrelets 
appeared to aggregate where food was clumped 
but otherwise avoided other individuals while 
feeding, perhaps to avoid interference or com- 
petition (see Leyhausen 1965, Goss-Custard 
1970, Dully et al. 1987). 

Feeding solitarily may be necessary to maxi- 
mize time required for foraging in alternative 
feeding areas for nestling prey, which occurred 
in a widely dispersed and low-density fashion in 
Barkley Sound. Thus, solitary foraging allowed 
both aggregated and dispersed prey to be ex- 
ploited efficiently (see Bedard 1969, Asbirk 1979). 
This may partly account for the continuous oc- 
currence of Marbled Murrelets in high and low 
densities along much of the coast of the North 
Pacific, as well as providing a basis for the de- 
velopment of solitary nesting (Day et al. 1983, 
Sealy and Carter 1984, Carter and Sealy 1987b). 
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Chick Rearing at Sea 

OFFSHORE DISTRIBUTIONAL PATTERNS, FEEDING HABITS, 
AND ADULT-CHICK INTERACTIONS OF THE 
COMMON MURRE IN OREGON 

J. MICHAEL SCOTT 

Abstract. From 1969 to 1973 I observed 1554 Common Murre (Uris aalge) chicks at sea during 365 
nautical miles (NM) of surveys near Newport, Oregon. Chicks were most abundant within 1.75 NM 
of a colony but were also observed farther offshore than were unaccompanied adults. Single chicks 
were unaccompanied by an adult 87 times (10.7%), accompanied by one adult 704 times (86%) and 
accompanied by two adults 19 times (2.3%). This pattern persisted throughout each breeding season. 
Seventeen of 18 adults accompanying chicks at sea were males. I determined dive durations of adults 
(maximum 153 set), which fed chicks 80.3% (N = 66) of the times they surfaced with prey. 

Key Words: Common Murre; Uris aalge; Oregon; distribution; parental behavior. 

The Common Murre (Uris aalge) is one of 
seven alcid species in which the young leave the 
nest prior to obtaining full juvenal plumage and 
go to sea accompanied by adults. I conducted 
studies to provide additional information on the 
at-sea behavior, feeding habits, and distribution 
of adult-chick groups. My objectives were to de- 
termine: 1) the type of adult-chick pairing pat- 
terns, 2) what seasonal or yearly variations in 
pairing patterns existed, 3) the sex of the accom- 
panying adults, 4) offshore distributional pat- 
terns of juveniles and unaccompanying adults, 
and 5) feeding habits of adults and young. 

MATERIALS AND METHODS 

I conducted my studies off Newport, on the central 
Oregon coast, and at Yaquina Head during May-Oc- 
tober, 1969-1973. Transects were run near the breed- 
ing colony at Yaquina Head, one ran parallel to shore 
in water less than 2 1 m deep and originated off Newport 
Jetty, 4.5 NM south of Yaquina Head; the other orig- 
inated 0.25 NM off Yaquina Head in water 20 m deep 
and ran 10 NM offshore to water 82 m deep. I made 
other observations of adult-chick groups from a small 
boat. The transects were surveyed under standard con- 
ditions of vessel speed, location, and wind and sea 
conditions (Scott 1973). I ran transects weekly during 
the summer months May-August, 1969-1973, and 
monthly for the remainder of the year, weather per- 
mitting. I began the first transect during any given day 
34 hours after sunrise. 

The 11 m Research Boat, Paiute, was used during 
all transects. I observed birds from the right side of the 
flying bridge, 3.5 m above the water line. All birds 
observed in a 180” arc around the bow of the vessel 
were counted and their occurrence noted by 0.25 NM 
segments. The behavior, direction of flight, group size, 
and age of each murre sighted were recorded on stan- 
dardized forms. 

The vessel’s engine was run at a constant speed of 
2200 RPM allowing for a speed of 9 NM under calm 
sea conditions. The vessel’s position was determined 

by using a stopwatch, allowing 100 set for each quarter 
mile traversed. Compensation for currents, winds, and 
sea conditions was made by adding or subtracting as 
much as 10 set to the elapsed time for each 0.25 NM 
traversed. The accuracy of these position estimates was 
verified using radar, reference points on land, and on 
the offshore transect, a depthmeter at the end of the 
run. These methods were accurate to within kO.25 NM 
(2.5% error) in a 10 NM run. Runs that deviated more 
than this were not analyzed. 

Weather and sea conditions (wind velocity, chop, 
fog, swell height) were held within a minimum range 
of values by the extremely limited weather conditions 
under which the vessel could run the transects. The 
effect of glare and possible effects of time of day on the 
behavior of the birds and my ability to see them were 
minimized by running the first transect of the day be- 
tween 4-5 hours after sunrise and by confining surveys 
to conditions of at least 200 m visibility. 

Information on the feeding habits ofchicks and their 
accompanying adults was obtained by direct obser- 
vations of food items handled at the surface and ex- 
amination of the contents of the proventriculus of birds 
collected at sea. Whenever possible, I tried to collect 
isolated adult-chick pairs to avoid confusion as to which 
adult was accompanying which chick. 

I obtained dive times by observing murres from dis- 
tances < 50 m. I first located a bird that was sufficiently 
isolated so that its diving behavior could be monitored 
without confusion. A timing sequence was always be- 
gun with a dive. When the bird initiated a dive, a stop- 
watch was started and run until the bird emerged. A 
second stop-watch was used to record the rest period. 
If a bird surfaced with a prey item, I calculated separate 
dive-rest ratios for that dive. 

RESULTS 

Accompanying adults 

Chicks accompanied by adults normally swam 
within 2 m of and behind the adult, calling fre- 
quently. During a bout of dives by the adult, the 
chick would generally swim in the direction the 
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TABLE 1, YEARLY VARLUION IN THE NUMBER OF AIXJLT-CHICK UOMMON MIJRRE (Uriu aalge) GROUP-~ OB- 
SERVED ON L~NGSHORE TRANSECTS OFF YAQUINA HEAD, 1970-l 972 

1969 
1970 
1971 
Total 

One adult-one chick 

N w9 

450 (84.4) 
101 (95.3) 
103 (83.1) 
704 (86.6) 

Two adultsone chick 

N W) 

12 
3 

I;::; 

4 (3.2) 
19 (2.3) 

One adult-two chicks Unaccompanied chick 

N w N W) 

3 (0.6) 68 (12.8) 
0 0 2 (1.9) 
0 0 17 (13.7) 
3 (0.4) 87 (10.7) 

adult headed upon submergence and called fre- 
quently. When the adult emerged it swam toward 
the chick and usually the chick reciprocated. 
Adults seldom emerged at distances more than 
75 m away. Pairs were not always reunited before 
the adult dove again. Adults occasionally gave 
loud raucous calls, to which the chicks imme- 
diately responded by calling and swimming to- 
ward the adult. 

I observed murre chicks: 1) unaccompanied 
by an adult, 2) with a single adult, 3) accompa- 
nied by two adults, 4) with another chick, and 
5) with another chick and a single adult. I oc- 
casionally observed two adults associated with a 
chick. However, when it was possible to observe 
such groups for 300 set, one adult always left. 

I observed no variation among years in the 
number of adults (unaccompanied chicks were 
not included in this test) accompanying chicks 
(x2 = 1.78, P > 0.776, df = 4) and therefore, 
combined data from all three years (Tables 1 and 
2). Most chicks were observed with a single adult 
(Table 1). No variation in the type of grouping 
was observed within a summer (x2 = 0.471, P 
> 0.925, df = 3). 

During July-August, 1969, many murres were 
found dead on Oregon beaches, including the 
vicinity of Yaquina Head (Scott et al. 1975). The 
percentage of chicks observed without an accom- 
panying adult was significantly different among 

years (x2 = 83.39, P < 0.001) with the number 
in 1969 being greater than 1970 (x2 = 8.65, P < 
0.005) but not significantly different from that 
observed in 1971 (x2 = 0.0029, P > 0.950). 

Sex of adult accompanying chicks 
I collected 18 adult-chick groups at sea. In all 

but one of these groups, the accompanying adult 
was a male (P < 0.005). In one group that con- 
sisted of two adults and one chick, only one of 
the adults collected was a female. The weight of 
the chick was 653 grams or 66.8% of the accom- 
panying female’s weight (977 g). Other chicks 
collected that same day weighed 302, 780, and 
893 grams, suggesting that the chick was not a 
late fledging bird (see Discussion). 

Weight of accompanied chicks at sea 

Common Murre chicks that I judged to be 75% 
or more of adult size were frequently accompa- 
nied by adults. Four of 15 juvenile birds collected 
while accompanied by adults weighed 800 g or 
more. One juvenile still accompanied by an adult 
had obtained a weight equal to that of the ac- 
companying adult. 

Diving behavior 

I observed adult Common Murres making 
dives as long as 154 s and one series of dives 
lasted 118 min (Table 3). 

TABLE 2. COMPOSITION AND OCCXJRREN~E OF 629 AIXJLT-CHICK COMMON Muaaa (Uris aulge) GROUPS DURING 
THE FOUR ~-WEEK PERIODS FOUO~~NG THE OBSERVA~ON OF THE FIRST ADULT-CHICK GROUP AT SEA. DATA 
ARE ONLY FROM FIRST TRANSECT OF THE DAY TO AVOID DUPLICATE COUNTS THESE DATA ARE FROM TRANSE~ 
RUN 4.5 MILES LONGSHORE OR 10 MILFS OFFSHORE OF YAQLJINA HEAD, OREXXIN (1970-1972) 

30 June to 15Jdyt0 30 July to 13 Aug. to 
14 July 29 July I2 Aug. 26 Aug. 

Nautical miles surveyed 30 60 60 35 
No. of adult-chick observed’ groups 46 239 142 202 
Percent of having one adult and groups one chick 97.7 96.9 99.1 95.3 
Total adults observed on the water 304 616 343 284 
Percent of adults associated with chick 15.1 38.8 41.4 71.1 
Adults/transect/mile 10.1 10.3 5.7 8.1 
Unaccompanied adults per mile 8.7 6.3 3.4 2.3 

’ Unaccompanied chicks are included in this category and assumed to be accompanied by one adult. 
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TABLE 3. DIVE/REST SEQUENCES OF ADULT COMMON 
MURRES (Uriu aalge) ACXZOMPANIED BY CHICKS IN WAT- 
ER THAT WAS AT LEAST 40 METERS DEEP. ONLY DIVE/ 
REST SEQUENCES WITH MORE THAN 3 Drvm DURING 
WHICH THE BIRD DID NOT HANDLE PREY ITEMS 

Duration (s) 
N z SD 95% C.I. 

Dives after which prey handled at surface 
Dive 50 104.1 32.9 94.8-l 13.4 
Rest 50 56.8 27.1 49.1-64.5 
Dive/rest 

ratio 50 2.1 1.1 1.82-2.42 

Dives after which prey not handled 
Dive 137 100.6 36.4 94.4-106.8 
Rest 137 44.5 26.7 39.9-49.1 
Dive/rest 

ratio 137 3.0 2.2 2.63-3.39 

I observed adult-chick groups for 1023 min. 
During this period 242 dives were made by adult 
birds and six by chicks. One hundred fifty-four 
(82.4%) of the dives were 100 set or longer (Table 
3). Prey items were handled at the surface im- 
mediately following 66 of the 242 dives by adults 
(27.3%). On 53 of these occasions (80.3%) the 
chick was fed by the adult. I observed only one 
chick capture food. The longest dive by a chick 
was 30 s (range 18.7-30), and I observed no chick 
make more than 3 consecutive dives. 

The average dive time for accompanied adult 
murres on dives in which prey was handled at 
the surface was 104.1 set, while those for dives 
in which prey was not handled at the surface 
averaged 100.6 set (Table 3). 

Feeding habits 

Of 60 food items observed being fed to chicks 
at sea, 31 were items too small to be identified. 
The identified items ranged from flatfish to an- 
chovies. 

Comparison of food items taken by adult 
murres accompanying chicks and those unac- 
companied by chicks collected at the same time 
shows that juvenile rockfish (Sebastes sp.) were 
a more important part of the diet for unaccom- 
panied adults than accompanied adults (Table 
4). One murre chick had an empty stomach, while 
the accompanying adult had large numbers of 
euphausiids. 

The prey items eaten by chicks did not differ 
significantly in size from those eaten by their 
accompanying adults (Table 5). Small uniden- 
tifiable food items were observed being fed to 
young murres by adults at sea on several occa- 
sions but no organisms of appropriate size were 
found in the analysis of stomach contents. As 

TABLE 4. INDICES OF RELATMZ IhPORTANCX (SANGER 
AND JONES 1984) (O-99 = Low IMPORTANCE, 100-999 
= MEDIUM IMPORTANCE, 1000-9999 = HIGH IMPOR- 
TANCE)OFVERTEBRATEPRJZY ITEMSTAKENBYJWFNILE 
MURRE~ ACCOMPANYING ADULTS AND ADULT MUXRFS 
UNACCOMPANIED BY JWENILES GXLFLTDATTHESAME 
TIME. BIRDS WERE COLLECTED DURING JULY AND 
AUGUST OF 1970, 1971, AND 1972 

Prey item 

Unaccom- 
Adult/chick groups 

%I2 
Adults Juveniles 
(N = 7) (N=9) ~ (l-4= 11) 

Fish 
Engraulidae 
Osmeridae 
Scorpaenidae 

(except Sebmtes) 
Sebastes 
Ammodytidae 
Anoplopomatidae 
Unidentified fishes 

2269 5591 1615 
100 - - 

1536 309 448 
4654 2625 537 

100 - 555 
- 36 - 

227 1064 37 

gauged by Sanger and Jones’ (1984) Index of Rel- 
ative Importance, Scorpaenidae are the most im- 
portant food item for all groups followed by En- 
graulidae with other taxonomic groups of minor 
importance. Some differences among groups were 
noted (Table 4) with chicks feeding more on an- 
chovies than did their accompanying adults or 
unaccompanied adults. No differences in prey 
size taken could be determined with the possible 
exception that unaccompanied adults may feed 
on smaller rockfish (Table 5). 

Chicks at sea 

I compared the occurrence of chicks within 
quarter-mile segments for the first 4 nautical miles 
offshore (west) and longshore (south) off the Ya- 
quina Head breeding colony. These transects were 
run daily within one hour of each other. Al- 
though there were more adult-chick groups ob- 
served on the offshore transect than on the long- 
shore one (156 vs. 102), a larger percentage and 
number of these were found within 1.8 NM of 
Yaquina Head on the offshore transect (Fig. l), 
and I found more adult-chick groups at distances 
greater than 2 NM longshore than were found at 
these same distances offshore (x2 = 13.41, P < 
0.005). 

Both the number and percentage of adults on 
the water that were part of adult-chick groupings 
increased following the first observation of chicks 
at sea (Table 2). At the same time, the number 
of murres/NM observed on the water remained 
relatively constant through the first two 2-week 
periods. The number of adults unaccompanied 
by chicks declined during this same time period, 
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FIGURE 1. Study area in relation to other major 
breeding sites (designated by dots offshore) for Com- 
mon Murres in Oregon. The dotted lines on the insert 
show the two major transect lines. The line running 
from the North Newport Jetty to Yaquina Head is the 
longshore transect and the line extending west from 
Yaquina Head depicts the offshore transect. 

suggesting unaccompanied adults leave the area 
to forage in areas further from Yaquina Head. 

Adults accompanied by chicks occurred sig- 
nificantly farther offshore (z = 3.9 NM, SD =2.7, 
N = 55 1) than unaccompanied adults seen on 
the water (x = 2.9, SD = 2.5, N = 453) for birds 
observed on transects run within 10 NM of the 
beach. 

Eighty-two percent of the adult-chick groups 
(N = 167) I observed during transects run more 
than 40 NM offshore were found within 10 NM 
and 97.6% within 20 NM of the Newport Jetty 
(Fig. 2). 

Adult-chick groups have been observed in Al- 
sea Bay and in Siuslaw Bay 28.6, 15.4 and 29.8 
NM south and 78.5 and 55.7 NM north of the 
nearest Common Murre colonies (Wayne Hoff- 
man, pers. comm.). The greatest distance off- 
shore I found a chick was 36 NM. 

DISCUSSION 

Chicks at sea 
Common Murre chicks were most frequently 

found offshore with a single adult male. Like 
Varoujean et al. (1979) and others (Gaston and 
Nettleship 198 1), I found that chicks are nor- 
mally accompanied offshore by just one adult, a 
male. The number of adults accompanying a chick 
did not vary seasonally or yearly. This lack of 
variation is the same as found by Varoujean et 
al. (1979) and Birkhead (1976) for Common 
Murres and Harris and Birkhead ( 1985) for Thick- 
billed Murres. Storer (1952: 141) reported for 
central California populations that “after the 
breeding season they are to be seen in family 

TABLE 5. CO&E-ARISON OF THE SIZE (CM FORK LEXVGTH FOR FISH TOTAL LENGTH FOR INVERTEBRATES) OF PREY 
ITEMS FOUND IN COMMON M~RRE (Uria a&e) CHICKS, ACCOMPANYIN G ADULTS AND ADULT MURRE~ UNAC- 
COMPANIED BY CHICKS COLLECTED AT THE SAME TIME JUNE-AUGUST (1970-l 972) NEAR NEWPORT, OREGON 

Prey item 

MUIR chicks Accompanying adult Unaccompanied adult 

x -t ?.I? N x 2 SE N x * SE N 

Crustacea 

Mysids 
Euphausiidae 
Thysanoessa spinifera 

Osteichthyes 

Clupeida 
Engraulidae 
Osmeridae 
Scorpaenidae 

(except Sebustes) 
Sebastes 
Cottidae 
Ammodytidae 
Anoplopomatidae 
Unidentified fish 

’ Average volume in cm’. 

1.3 * 0.20 (13) 0.08’ (59) 
0.68’ (550) 

0.5 + 0.04 (14) 

9.3 (2) 
10.2 f 1.5 (10) 10.6 & 2.0 (3) 13.0 (2) 

6.0 (1) 

6.1 + 0.4 (11) 5.8 f 0.6 (10) 5.5 f 0.42 (19) 
5.12 + 0.7 (5) 5.7 k 0.6 (17) 3.9 IL 0.2 (20) 

5.4 + 0.3 (5) 
9.2 (1) 

5.9 (1) 
(1) 
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FIGURE 2. Occurrence of adult-chick groups ob- 
served during transects run alongshore and offshore of 
Yaquina Head. 

groups of three-two parents and one young- 
until about late August, after which time the 
young is usually convoyed by one parent.” How- 
ever, more recently he has indicated (pers. comm.) 
that the statement that two adults accompany a 
chick immediately after leaving the nest was based 
on statements in Bent (19 19) and was not sub- 
stantiated by his own field studies. 

Uspenski (1958:54) indicates that one adult 
Thick-billed Murre of either sex usually accom- 
panies a chick to sea. However, he also stated 
“that usually only one parent is engaged in find- 
ing food for the chick.” He observed that in Sep- 
tember and October flocks were observed in mul- 
tiples of three “indicating that families (two adults 
and one young) have not broken up by that time. 

The sighting of single chicks (less than 3/4 adult 
size) probably resulted from the accompanying 
adult being submerged at the time of observa- 
tion, although a small percentage of these might 
have been orphaned. The large percentage of un- 
accompanied murre chicks in 1969 may have 
been due to an increase in orphaned chicks. An 
alternative explanation is that, as a result of low- 
er food availability, the adults were foraging a 
greater percentage of the time and were simply 
less visible. The percentage of birds collected with 
empty stomachs in 197 1 was intermediate 
(48.4%) between the figures for 1969 (75.0%) and 
1970 (26.9%). This may be indicative of a mod- 
erately poor food year. If so, this could explain 
the similarity in the nature of adult-chick group- 
ings in 1969 and 1971. 

Sex of accompanying adult 

My finding that in 17 of 18 cases the male 
accompanied the chick offshore contradicts 

10 ‘\ 
‘\+__ 

Do (0 20 30 40 IO 200 

FIGURE 3. Number and distribution of Common 
Murres observed during transects extending at least 50 
miles offshore of Oregon. Data are taken from six dif- 
ferent cruises. 

Tuck’s (196 1: 164) statement that either sex may 
accompany the chick out to sea. However, Tuck 
(pers. comm.) indicated that, “of the 20 adults 
that I collected accompanying chicks, 16 or 17 
were males.” The only females collected were 
taken toward the end of the seagoing period and 
were accompanying late fledging young. 

An advantage to having a single adult accom- 
pany a chick offshore is that it reduces the num- 
ber of birds foraging in the immediate area of 
the breeding colony. These reductions in density 
could be achieved by a long as well as an offshore 
dispersal of adult-chick pairs. 

I found no evidence to suggest seasonal or 
yearly variation in the number and sex of adults 
accompanying chicks at sea. If there is variation 
in the number and sex of adults accompanying 
chicks at sea and in other areas, then the question 
arises as to what factor or factors determine the 
number and sex of the accompanying adult(s). 
Food availability has been suggested as a key 
factor in the evolution of precociality in the al- 
cids (Lack 1968). It could be postulated that two 
adults would accompany a chick offshore during 
poor food years to maximize chances of the young 
surviving. If this is so, then the number of adults 
accompanying a chick should vary with the 
availability of food. As stated earlier, I found no 
evidence for this in my study area nor in the 
literature. 

Disperal from the breeding colony 

The distribution of adult-chick groups at sea 
off Yaquina Head, Oregon, is primarily restricted 
to waters within 15 NM of the beach (85% of 
groups observed). The number of murres ob- 
served within 10 NM of the Yaquina Head 
breeding colony decreased 2 weeks after the first 
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chick fledged. The dispersal appears to be more 
longshore rather than the offshore pattern sug- 
gested by Cody (1973:37). He argued that “the 
inshore zones are much more heavily fished than 
the offshore areas and thus the chicks could be 
moved to more profitable sites if food is equally 
available over larger and more distant areas.” 
The water depth of Yaquina Head, Oregon, in- 
creases to 66 m at 5 NM, 80 m at 10 NM and 
99 m at 15 NM. Additionally, the number of 
anchovy likely decreases with increasing distance 
offshore (Blaxter 1967). 

The coastal area is where feeding opportunities 
might be expected to be the greatest. Anchovies 
are found in large numbers in shallow inshore 
waters (Blaxter 1967) and the water is shallow 
enough so that murres can feed on fish living at 
or immediately above the bottom, something they 
might not be able to do regularly in deeper water. 
Furthermore, the deeper the water, the greater 
the volume in which a school of fish and other 
prey can hide, and in deeper water a school might 
escape predation by swimming to depths beyond 
the diving capability of the murre. Studies of the 
distribution and abundance of murres and their 
principal prey species at sea in areas with differ- 
ent physical and biological resources are needed 
to determine if feeding opportunities are greater 
in coastal areas. 
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MOVEMENTS OF ANCIENT MURRELET BROODS AWAY 
FROM A COLONY 

DAVID C. DUNCAN AND ANTHONY J. GASTON 

Abstract. Radio-tagged Ancient Murrelets (Synthliborumphus antiquus) were tracked by aircraft to 
monitor movements away from a colony. Family groups travelled 48 + 8 (SE) km from the colony 
during the first day after departure, at an average speed of 2-3 km/h. Chicks catabolized 4 1% of their 
lipid reserves in the two days between hatching and departure from the colony. The remaining reserves 
can sustain chicks for <2 days more. The presence of some family groups in central Hecate Strait 2- 
4 days after departure shows that chicks must he being fed there. 

Key Words: Ancient Murrelet; Synthliboramphus antiquus; energetics; parental behavior. 

Alcids exhibit an array of chick-rearing modes, 
from feeding semi-precocial young at the nest 
site until fully grown to rearing precocial young 
completely at sea (Gaston 1985). The latter group 
is comprised of the Synthliborarnphus murrelets. 
Because Synthliboramphus chicks go to sea with- 
in a few days of hatching (Sealy 1973), their ecol- 
ogy is almost unknown. 

Ancient Murrelets (S. antiquus) are small pre- 
cocial alcids that nest in burrows, often in mature 
forests, on islands in the North Pacific Ocean. 
Newly hatched chicks go to sea with their parents 
about two days after hatching (Sealy 1976). Par- 
ents lead their two chicks from the burrow at 
night, then generally fly to the sea and call, as 
the chicks run down to the shore to rejoin them 
(Jones et al. 1987a, b). Family groups of Ancient 
Mm-relets appear to move rapidly offshore be- 
cause they rarely are seen near colonies, and few 
have been observed at sea (Sealy and Campbell 
1979, Gaston, pers. obs.). Sealy and Campbell 
(1979) considered the paucity of sightings of An- 
cient Mut-relet broods puzzling in light of the 
large number of breeding birds (254,000 pairs in 
the Queen Charlotte Islands (QCI) (Vermeer and 
Lemon 1986)). 

The study of animals at sea is difficult. At- 
tempts to use radio telemetry on small seabirds 
have been hampered by difficulties in water- 
proofing and attaching small transmitters, and 
in tracking birds over large areas of water (Wan- 
less et al. 1985) because studies have been re- 
stricted to tracking the birds from land (Harrison 
and Stoneburner 198 1, Wanless et al. 1985, Croll 
et al. 1986, Anderson and Riclclefs 1987). We 
used small transmitters and fixed-wing aircraft 
to determine the movements of Ancient Murre- 
let broods away from a colony. 

METHODS 

Field work was conducted at a breeding colony on 
Reef Island, off the east coast of the QCI archipelago, 
and in Hecate Strait between the QCI and mainland 
British Columbia (Fig. 1). Transmitters were attached 

to Ancient Murrelet adults and chicks between 29 May 
and 6 June 1987. Two types of transmitters were used: 
RI-2 (2.0 g) for adults and BD-2 (0.8 g) for chicks 
(Holohil Systems Ltd., Woodlawn, Ontario, Canada). 

Five adults whose young had hatched were removed 
from burrows during daylight and transmitters were 
glued to their lower backs using 5-min epoxy and then 
covered with waterproof tape (Superstik, Superior In- 
sulating Tape Co., St. Louis, Missouri). Birds were then 
replaced in their burrows. Transmitters were also at- 
tached to two adults that were captured on the ground 
at night with a dipnet, while leading their chicks to the 
sea. Chicks were caught at night using funnel traps 
made oftwo SO-m-long fences of0.5-m-high clear plas- 
tic sheeting positioned to guide departing chicks to- 
wards a catching point near shore. Sixteen chicks had 
transmitters glued to them and were released at the 
water’s edge 10 min later. Only one transmitter was 
attached per batch of concurrently captured chicks to 
minimize the possibility of having more than one 
transmitter per family group. Some additional chicks 
were weighed and banded in their burrows to provide 
data on weight loss between hatching and departure. 

Departures of families were monitored from the shore 
of the island with a hand-held Yagi antenna at ap- 
proximately 15-min intervals for up to 4 h. Time of 
departure was noted, departure headings were esti- 
mated with a compass, and weather and sea conditions 
were estimated visually at Reef Island at midnight. 
Local wind speed and direction were obtained from 
Transport Canada at Sandspit Airport. 

Aerial surveys were made from a Beaver aircraft with 
a Yagi antenna attached to each side of the plane, par- 
allel to the wing. Surveys were conducted the day fol- 
lowing departure of radio-marked birds and were con- 
centrated in the area indicated by the birds’ initial 
direction of departure. The area most intensively sur- 
veyed was between Sandspit and ReefIsland, northeast 
across Hecate Strait to Banks Island. Locations ofbirds 
were plotted by triangulation from compass bearings 
on landmarks where possible, or by triangulation from 
bearings from radio beacons using an automatic di- 
rection finder (ADF). Surveys on subsequent days were 
conducted over central and northern portions of Hec- 
ate Strait, and were generally concentrated over an area 
indicated by extrapolation from the initial positions 
and directions of travel of the birds. These less frequent 
surveys covered an area due east from Reef Island 
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FIGURE 1. Bathymetric map (fathoms) of Hecate Strait, British Columbia showing the movements of radio- 
tagged Ancient Murrelet chicks (C) and adults (A) away from their breeding colony on Reef Island. Positions 
are 6-8 h (circles), 12-18 h (stars), 36-42 h (triangles), and 60-84 h (squares) after departure from the colony. 
Dashed lines connect positions of the same bird. 

across Hecate Strait, north to Rose Point. Surveys were 
flown at an altitude of 90-180 m in an approximate 
grid pattern and extended virtually the entire width of 
Hecate Strait. The area where the surveys were con- 
ducted and over which birds potentially ranged was 
about 7500 km* (width of Hecate Strait x distance 
between Reef Island and halfway to northern tip of 
QCI). Twelve survey flights were made from May 29 
to June 9. Detection distance of transmitters was 2-4 
km as determined from time between radio contact 
and maximum signal strength, and from transmitters 
attached to pieces of wood floating at sea. The large 
area over which the birds ranged and small detection 
distance of transmitters, combined with presumed loss 
of some transmitters and mortality of chicks, resulted 
in few locations of radio-marked birds per flight, par- 
ticularly of birds that had left the colony > 1 day pre- 
viously. 

To determine energy reserves of chicks as they de- 
parted the colony, chicks were collected from the funnel 
traps in 1986. Yolk sacs of these chicks were excised 
and weighed, and all material was preserved in 9% 
formalin. Lipid was extracted from chicks and yolk 
sacs with petroleum ether in a Soxhlet apparatus. En- 
ergy reserves of these chicks were compared to those 
of newly hatched chicks (from Duncan and Gaston 
1988). Lipid content is expressed as a lipid index (g 
lipid/g lean dry mass). Statistics are given as mean + 
1 SE. 

RESULTS 

Thirteen chicks captured in funnel traps had 
been weighed previously in their burrows. These 
chicks lost 5.1 -t 0.6 g during the 36 f 3 h 
between weighings (N = 13). Because the chicks 



MOVEMENTS OF ANCIENT MURRELETS--Duncan and Gaston 111 

were O-24 h old when first weighed, total weight 
loss between hatching and departure would be 
higher. Some weight loss was caused by catab- 
olism of most of the yolk, yolk sacs of departing 
chicks were 0.6 + 0.2 g (N = 10) compared to 
3.4 g (N = 7) in newly hatched chicks (Duncan 
and Gaston 1988). Lipid from both the yolk sac 
and carcass was used during this time (Table 1); 
the lipid indices of chicks decreased from 0.71 
to 0.41 between hatching and departure, repre- 
senting a mean loss of 4 1% of their lipid. 

We assume that the transmitters did not sub- 
stantially interfere with the normal behavior of 
the birds and that radio-marked adults were ac- 
companied by chicks. Observations of radio- 
marked chicks and adults leaving the colony 
supported this assumption with the following ex- 
ception. One of the two adults captured above 
ground while accompanying chicks to the sea 
moved more rapidly at sea than the other birds 
and was observed twice from the aircraft, each 
time without chicks and in the company of 4-6 
other adults (this was the only radio-marked in- 
dividual observed from the air). This bird was 
excluded from all analyses. 

All sixteen radio-tagged chicks left the island 
between 00:00-02:00. Signals from chicks were 
detected from shore for an average of 108 f 12 
min (N = 15) but those from adults (larger trans- 
mitters) were heard for 148 f 24 min (N = 6). 
In all cases signal strength diminished within 30 
min of chicks being released, indicating rapid 
movement away from the colony. All birds head- 
ed northeast, although it was difficult to deter- 
mine direction because signal strength fluctuat- 
ed, presumably because of obstruction from 
waves. 

Wind was from the south on all dates when 
radio-marked birds departed from the colony. 
On 29 May, wind was from the southeast and 
increased from 20 km/h at 0O:OO to 60 km/h by 
mid-afternoon. Birds located 6-8 h after leaving 
the colony that day (two chicks and one adult) 
were farther west than those located on other 
dates, probably due to the strong wind and con- 
sequent rough sea conditions. 

Eleven birds (48%) were located from the air 
within 24 h of their leaving Reef Island. Mean 
distance from the colony 6-8 h after departure 
was 13 f 2 km with an average speed of 1.9 + 
0.3 km/h (N = 7) (Figs. 1, 2). By 12-18 h after 
departure birds were 48 f 8 km (N = 5) northeast 
of Reef Island, and were distributed over an area 
> 1000 km2. Average speed of the family groups 
at this time was 3.0 f 0.4 km/h (N = 5). 

Four birds located >24 h after they left the 
colony were at least 25 km from land, but were 
not much farther from the colony than those 
located after 12-l 8 h (Figs. 1,2). No aggregations 



Ancient Murrelet chicks must probably be fed 

t t 

<2 days after leaving the colony. 

(5) t 

The rapid attenuation of radio signals supports 

(2) (3) 
observations of family groups quickly leaving the 
vicinity of the island. Within 4 h after sunrise, 
Jones et al. (1987a) found some family groups 
swimming rapidly away from Reef Island, 4-l 2 
km from the island, and Sealy (1976) reported 
that family groups from Langara Island in the 
QCI archipelago were > 10 km from shore by 
daybreak. The rapid movement may be to reach 
areas of high food availability quickly, or to get 
away from land where avian predators (e.g., gulls) 
are more abundant, or both. 

The rate of movement of family groups in the 
first 24 h after leaving the colony was 2-3 km/ 

*(7) 

I I -- I I 
h, which is over two times greater than the the- 

6-S 12-18 36-42 60-84 oretical maximum swimming speed of chicks 

TIME (Hr) 
(1.0-1.3 km/h; from Prange and Schmidt-Niel- 
sen’s (1970) equation). This suggests, assuming 

FIGURE 2. Mean (*SE) distances of radio-marked the theory is correct, that the chicks moved by 
Ancient Murrelet family groups from Reef Island with- running on the water (which they have been ob- 
in 4 days of leaving the colony. Numbers in parentheses served to do while departing from the island) or 
denote sample sizes. by moving with the currents. 

Tidal flow apparently did not determine di- 
rection of travel because the direction of the tidal 
flow at night would have been reversed over the 

of birds were observed, although two chicks were one-week span that birds departed, tidal flow 
an estimated 500 m apart 12-l 8 h after departure generally runs north and south in Hecate Strait 
(Fig. 1; northeast of Sandspit). The chicks dif- (Thomson 198 1). Despite this, all family groups 
fered in weight more than most siblings (Gaston, initially travelled northeast after leaving Reef Is- 
unpubl. data), suggesting that two family groups land. Also, family groups maintained this general 
may have been travelling together. They may, heading for 12-l 8 h after leaving the colony even 
however, have been siblings, despite attempts to though the tidal current changed direction twice 
mark only one member of a family group. each day. Surface water flow in Hecate Strait is 

DISCUSSION 
primarily due to wind-induced currents (Thom- 
son 198 l), and these probably influence the 

Ancient Murrelet chicks hatch with one of the movements and survival of mm-relet broods. For 
highest lipid contents among birds (Duncan and example, on May 29, the strong northeasterly 
Gaston 1988). However, they lose > 5 g between wind and resulting rough sea conditions ap- 
hatching and leaving the colony (see also Sealy peared to push birds to the west more than 
1976, Vermeer and Lemon 1986), including 1.6 subsequent groups and may also have caused 
g of lipid. When the chicks go to sea, their lipid mortality of chicks. Three of the first four birds 
indices are 0.41. At indices of <0.20-0.30, lipids radio-tagged (three chicks and one adult) were 
of migrating birds can only be used with a con- located by aircraft early on that day, when they 
current catabolism of non-fat tissue (Odum et al. left Reef Island, but none was found subsequent- 
1964, Johnston 1968) and at 0.1-0.2, a chick is ly. Because these were the first birds marked, they 
close to starving to death (Duncan 1988 and ref- were available for the greatest number of search- 
erences within). An emaciated chick that was es and thus had the highest probability of being 
found dead at sea had a lipid index of 0.08. If detected later. 
the rate of lipid catabolism remained the same Some family groups remained in central Hec- 
at sea as it was between hatching and colony ate Strait for 2-4 days after leaving the colony 
departure, the lipid index of an unfed Ancient despite the fact that they had the speed to move 
Murrelet chick would be 0.1 (i.e., starvation) out of the study area within about two days. 
about two days after leaving the colony. How- Although chicks must be fed during this time, it 
ever, energy utilization is likely higher at sea be- is unknown whether this is a brood-rearing area 
cause of increased costs of locomotion and of or merely a resting area. The initial northeastern 
thermoregulation due to lower ambient air and heading suggests some family groups may have 
water temperature (but see Eppley 1984). Thus, travelled to the north end of the QCI. Vermeer 
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et al. (1985) recently observed Ancient Mm-relet 
family groups over a seamount and along the 
edge of the continental shelf break > 15 km off 
the northwest coast of the QCI. The water depth 
in those areas is 50-200 m, similar to that in 
which we found broods >24 h after leaving the 
colony (25-100 fathoms; Fig. 1). The shallow 
bank in northern Hecate Strait may make this 
area unfavorable and could be the reason no fam- 
ily groups were found there. It is not known if 
birds moved into southern Hecate Strait because 
surveys were not conducted south of Reef Island. 
Although Ancient Murrelet family groups ap- 
peared to be widely dispersed as suggested by 
Sealy and Campbell (1979), Vermeer et al.% 
(1985) observations of aggregated groups shows 
how interpretation of spatial patterns is scale de- 
pendent (Hunt and Schneider 1987). 

The use of radio telemetry to study small sea- 
birds such as Ancient Murrelets is limited by the 
short transmission range of small radio trans- 
mitters and the wide dispersion of birds at sea. 
Surveys such as those of Vermeer et al. (1985) 
which census and document locations of birds at 
sea, combined with information on food habits 
and energy reserves of the chicks, are needed to 
further elucidate the chick-rearing ecology of An- 
cient Murrelets. 
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Diets in Relation to Prey Resources 

GELATINOUS ZOOPLANKTON IN THE DIET OF THE 
PARAKEET AUKLET: COMPARISONS WITH 
OTHER AUKLETS 

NANCY M. HARRISON 

Abstract. I studied the diet and foraging habits of the Parakeet Auklet (Cyclorrhynchus psittaculu), 
Least Auklet (Aethia pusillu) and Crested Auklet (A. cristutellu) in the northern Bering Sea from 1983 
to 1986. Parakeet Auklets frequently fed on gelatinous zooplankton (e.g., jellyfish and ctenophores) 
and jellyfish symbionts such as hyperiid amphipods and fish larvae. In the Chirikov Basin 54% of the 
Parakeet Auklets collected (N = 13) had eaten jellyfish and 69% had eaten ctenophores (some birds 
with both prey); near St. Matthew Island 54% (N = 39) had eaten jellyfish, with no ctenophores in 
evidence. Euphausiids and other zooplankton, which live independently of jellyfish, were abundant 
at the latter site and were eaten by all three auklet species. I found greater dietary overlap between 
Parakeet Auklets and the Aethiu species at St. Matthew Island than in the Chirikov Basin. The unique 
upturned bill of the Parakeet Auklet may be a specialization for handling slippery gelatinous zoo- 
plankton. In the Chirikov Basin Parakeet Auklets were more dispersed than were Least Auklets, which 
were usually aggregated. The dispersed foraging distribution of the Parakeet Auklet may be linked to 
its habit of feeding on jellyfish. 

Key Words: Crested Auklet; Least Auklet; jellyfish, ctenophore; diet; Bering Sea. 

BCdard (1969a) studied the feeding habits of 
the Parakeet Auklet (Cyclorrhynchus psittacula), 
the Least Auklet (Aethiapusilla), and the Crested 
Auklet (A. cristatellu) on St. Lawrence Island in 
the Northern Bering Sea. He found very little 
dietary overlap among the three species. The 
Least and Crested Auklets were dependent on 
seasonally abundant zooplankton, copepods and 
euphausiids, respectively. Parakeet Auklets had 
a varied diet which included hyperiid amphi- 
pods, fish larvae and other large zooplankton; 
there was less temporal variation in their diet 
than in the diets of the Aethia species. All three 
species fed in the same areas at sea, and the low 
dietary overlap suggested there were fundamen- 
tal differences in their foraging behavior. 

Colony attendance patterns indicate that the 
Parakeet Auklets spend more time at sea than 
the Aethia auklets (BCdard 1969a, Manuwal and 
Manuwal 1979). Least and Crested auklets have 
activity patterns on the colony that suggest they 
feed after dawn and in the late afternoon (Sealy 
and BCdard 1973). The largest numbers of Par- 
akeet Auklets occur on the colony at midday; 
they spend 60% more time at sea than the Aethia 
auklets (Bedard 1969a) and potentially feed at 
night as well as during the day (Bedard 1967, 
pers. obs.). 

The auklets are in effect partitioning resources. 
The Least Auklet is smaller than the Crested and 
Parakeet auklets, and it consistently feeds on 
smaller prey. The Crested and Parakeet auklets, 

however, are of similar size and bill proportions, 
yet have completely different diets. BCdard 
(1969a) concluded that the differences in prey 
selection by these two species must result from 
differences in daily activity patterns, subtle dif- 
ferences in bill morphology and innate prefer- 
ences for different zooplankton. It is difficult to 
infer how the auklets maintain their dietary spe- 
cialties without an understanding of their for- 
aging habitat, and the patterns in which they 
encounter their prey. 

Birds living in terrestrial environments are of- 
ten seen to feed in different microhabitats, the 
vegetation providing habitat structure that de- 
termines where they search for prey. In marine 
environments jellyfish potentially provide sim- 
ilar habitat structure (Hamner et al. 1975) of- 
fering surfaces for other creatures to sit upon and 
forests of tentacles to hide among, and they are 
ubiquitous and abundant. 

I first noted Parakeet Auklets feeding on jel- 
lyfish at sea in the area of St. Matthew Island in 
1983 (Harrison 1984); there are two reasons for 
suspecting that jellyfish are a frequent prey. First, 
Parakeet Auklets often have material in their 
stomachs that is amorphous, well digested, and 
difficult to identify (BCdard 1969a, pers. obs.). 
Second, many of the prey documented for the 
species (Bedard 1969a, Hunt et al. 198 1) are jel- 
lyfish symbionts or parasites. Hyperiid amphi- 
pods are typically jellyfish associates (Harbison 
et al. 1977, Lava1 1980) as are gadid fish larvae 
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(Mansueti 1963, Van Hyning and Cooney 1974). 
My observations were the first sign ofthe jellyfish 
host in their diet. 

In this paper I assess the relative importance 
of jellyfish in the diet of the Parakeet Auklet. I 
address the following questions. To what extent 
do Parakeet A&lets eat jellyfish? Do crustaceans 
and fish associated with jellyfish constitute an 
important part of their diet? Do food habits vary 
geographically? Do jellyfish occur less in the diet 
of Parakeet Auklets from a site where more nu- 
tritious prey are abundant? How do the diets of 
Parakeet, Crested and Least Auklets differ? How 
are the distributions of Least and Parakeet Auk- 
lets affected by spatial patterns of prey avail- 
ability? 

METHODS 

Collections 
Foraging auklets were collected at sea during the 

breeding season (late June-August) from 1983 to 1986 
in the waters surrounding St. Matthew Island and in 
the Chirikov Basin (Fig. 1). Small numbers of birds 
were collected from a number of sites, usually only one 
or two species represented in any single collection. Least 
Auklets were collected in the Chirikov Basin just north 
of Gambell, St. Lawrence Island, near the location of 
B&lard’s study. Both Aethiu species were collected north 
of Savoonga, St. Lawrence Island. Least and Parakeet 
auklets were collected in 1984 and 1985 at many po- 
sitions along the “King Island transect” from east of 
King Island to a point 64 km due west (Fig. 1). Auklets 
were frequently collected from mixed-species feeding 
flocks in the St. Matthew area; in 1984 all St. Matthew 
collections were made on the east side of the island, 
where large aggregations of murres (Uris spp.) and auk- 
lets fed on euphausiids (Hunt et al. 1988). In 1985 and 
1986 all collections were made in the Sarichef Strait 
area. 

The proventriculus and gizzard were removed 
promptly after a bird was shot and the gular pouch was 
searched for prey. I found no difference between the 
contents of the proventriculus and the gular pouch 
(Harrison 1987) and combined the data for analysis. 

Food samples were examined while fresh for the 
presence of fragile prey, such as jellyfish and cteno- 
phores. The presence of ctenophores was confirmed by 
the identification of comb rows; nematocysts helped 
confirm the presence of jellyfish. Gut contents were 
preserved in 80% ethanol for later study. 

All intact crustaceans and fish were tallied. When 
possible I measured the volume of each prey species 
or species group (e.g., Scyphomedusae). I calculated 
the frequency occurrence of prey among the samples 
(frequency occurrence = number of stomachs contain- 
ing a given prey/number of stomachs examined x 100). 
Estimates of jellyfish are conservative because many 
samples had remnants of possible jellyfish tissue that 
could not be confirmed. The number of prey items is 
usually ambiguous in these samples because many prey 
are represented by fragments. I did not compare num- 
ber, volumes or weights of prey, as these are likely to 
be biased by relative digestibility, especially for gelat- 

inous zooplankton. However, to obtain some measure 
of the relative importance of prey, I used prey number 
and volume (for gelatinous zooplankton) to assess the 
importance of each prey in a given sample. I then made 
separate tallies of all prey in the stomachs, and assigned 
these to one, two or all three of the categories based 
on the following criteria: 

1. Any identifiable prey type was tallied in the “all 
prey” frequency analysis. 

2. Prey occupying at least one third of a sample’s 
volume, or constituting at least one third of the number 
of prey items, was considered “significant prey.” 

3. Prey dominating a sample in volume or number 
by 10 fold was considered “dominant.” 

In comparing the diets of the auklets I used an over- 
lap index (Horn 1966, Diamond 1983) “C,” with val- 
ues ranging from “0” for no overlap to “1” indicating 
complete overlap 

2 i X,Y, 
c = ” ‘=I ” 

where s is the number of prey categories in the two 
bird species being compared, and category i is repre- 
sented x times in species x and y times in species y. 
Although “ 1” indicates total overlap, the actual value 
calculated for a pair of samples depends on the number 
of prey categories (Diamond 1983). I did not include 
squid beaks, nereid beaks or fish bones when calcu- 
lating overlap indices because they are retained an un- 
known time in the guts. 

Using overlap indices is a problematical procedure 
because there is no theoretical statistical distribution 
that can be used to compare overlap measures. How- 
ever, by taking random combinations of the data, a 
“random expectation” can be established. For exam- 
ple, to compare the diets of birds collected from a single 
feeding flock, I entered the prey of all individuals of 
each species pair (i.e., 6 Parakeet Auklets and 4 Least 
Auklets) into a Turbo Pascal program. The program 
shuffled the data into all possible permutations (a total 
of 10 birds redistributed into 210 possible combina- 
tions of 4 and 6), calculated overlap indices for each 
new set of 4 and 6 in turn (210 overlap values) and 
then determined the mean overlap and the standard 
deviation. The actual overlap between the two samples 
can then be compared to the calculated random ex- 
pectation. 

Overlap indices were also used to compare species 
using the full set of data. I did not run all possible 
combinations because of the very large numbers of 
permutations. After the program calculated 1000 over- 
lap values for a species pair, the mean changed rela- 
tively little, and the standard deviation was nearly con- 
stant. Mean overlaps are presented based on 1000 
permutations, 

Plankton sampling 

Acoustic data were collected by T. Cooney using a 
Biosonics high-frequency echosounder (200 kHz). 
Acoustic records showing plankton biomass, integrated 
with depth, are presented for the full water column 
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FIGURE 1. Location of the Chirikov Basin and St. Matthew Island in the northern Bering Sea, with transect 
shown extending east and west of King Island. 

along two transects, one in the St. Matthew Island area, 
through the Sarichef Strait, and the second across the 
Chirikov Basin, west of King Island. 

Plankton tows were made as part of a concurrent 
study (Hunt et al. 1990). A one-meter 505-micron mesh 
net was lowered to within 5 m of the bottom, then 
hauled vertically to the surface. Plankton were pre- 
served in formalin, split into subsamples and counted 
in the laboratory. Gelatinous animals tend to be dam- 
aged or destroyed by nets, and no quantitative data are 
provided on their abundance. 

Bird distributions 

Numbers of Least Auklets and Parakeet Auklets were 
censused along a transect near King Island (Fig. l), 
which extended 32 km due east of King Island to 64 
km west. At 16 km intervals we made vertical plankton 
tows and measured physical properties of the water 
column (temperature, salinity and density with depth) 
using a CTD (Conductivity-Temperature-Depth probe). 
The transect was run 15 times during the four year 
study. 

Continuous counts were made from the ship, the 
R/ VAlpha Helix, while steaming between hydrograph- 
ic stations. All birds were counted within a 90 degree 
arc from bow to beam to a distance of 300 m; only 
those auklets sitting on the water were used in the 
analysis of foraging dispersions. 

I compared the distribution of Least and Parakeet 
auklets using Kolmogorov and Smimov methods (So- 
kal and Rohlf 198 1). I divided each continuous transect 
into 10 minute intervals, then established a frequency 
distribution based on the number of 10 minute obser- 
vation blocks with 0 birds, 1 bird, 2 birds, etc. I com- 
pared each species to the expected cumulative fre- 
quency distribution for the Poisson distribution. If the 
frequency distribution was significantly different from 
the Poisson (P < 0.05) then I determined by inspection 
whether the birds were more clumped or more dis- 
persed than random. 

STUDY AREAS 

The Chirikov Basin is the shallow (50 m) northern 
extreme of the Bering Sea. The western half has an 
oceanic fauna because of the influence of the Anadyr 
Current; the current passes from the deeper Bering Sea 
north through the Bering Strait (Coachman et al. 1975) 
(Fig. l), carrying in large calanoid copepods and other 
oceanic zooplankton (Cooney and Coyle 1982). The 
plankton community changes across the basin, with a 
zooplankton community characteristic of coastal Alas- 
kan waters in the east. The coastal community has a 
relatively low plankton biomass, and a high diversity 
of jellyfish, small fish and crab larvae (Cooney 198 1). 
The highest biomass of plankton is in the central Chi- 
rikov Basin where the oceanic water and coastal water 



St. Matthew Island Chirikov Basin 

1983 1984 1985 1986 1984 1985 

No. samples 8 14 7 10 9 4 

Gelatinous zooplankton 
Ctenophora 66 15 
Scyphomedusae 75 43 43 60 56 50 

Medusa associates 
Amphipoda 

Hyperia 38 10 
Hyperoche 43 
Unid. hyperiid 11 25 

Gadid fish 
Theragra chalcogramma 25 100 40 
Unid. gadid larvae 33 

Free-swimming prey 
Pteropoda 

Limacina 25 20 33 50 
Polychaeta 

Nereid beaks 25 57 80 
Copepoda 

Neocalanus plumchrus 25 
N. cristatus 11 
Calanus marshallae 14 
Pseudocalanus elongatus 43 
Unid. copepod 13 

Amphipoda 
Parathemisto libellula 25 43 80 11 

Euphausiacea 
Thysanoessa raschii 64 60 

’ For example, 75% of the 8 Parakeet Auklets collected in 1983 had Scyphomedusae in their stomachs, the remaining 25% without Scyphomedusae. 
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TABLE 1. FREQUENCY OF OCCURRENCE OF PREY FROM PARAKEET AUKLETS~ 

meet (Hunt et al. 1990); in these hydrographically 
structured areas there are high densities of large cal- 
anoid copepods (Neocalanus plumchrus and N. cris- 
tatus) and large numbers of larval shrimp and lithode 
crabs. Two species, frequently important prey for sea- 
birds, also occur in these areas: the hyperiid Parathe- 
misto libellula, a voracious predator on copepods, and 
euphausiid Thysanoessa raschii (Motoda and Minoda 
1974). 

St. Matthew Island is centrally located on the Bering 
Shelf in an area where there is a variety of zooplankton 
species from both northern and southern Bering Sea 
communities. Substituting for the large copepods of 
the Chirikov Basin is Calanus marshallae, which is the 
prey of carnivorous plankton such as walleye pollock 
larvae (Theragra chalcogramma) (Motoda and Mino- 
da 1974). 

The abundance of jellyfish and other gelatinous an- 
imals such as ctenophores is not discussed in the lit- 
erature on the zooplankton of the region, most sam- 
pling based on net tows. However, their abundance is 
readily apparent. Divers suggest they are one of the 
dominant groups of the Bering Shelf community 
(Hamner 1982). Fishermen trawling for walleye pol- 
lock routinely complain about how jellyfish foul fishing 
nets. 

The large medusae, Chrysaora (4-50 cm diameter 
bell) and the other common jellyfish of the Bering shelf 

community, Cuspidella. Cyanea and Aequorea, have 
benthic polyp stages that produce medusae asexually 
in the spring (Hamner 1982). The medusae are abun- 
dant in the midwater environment from spring through 
fall, when they develop gonads and become sexually 
mature. They produce planulae, which descend to spend 
the winter on the bottom. 

RESULTS 

Parakeet Auklets persistently fed on gelatinous 
animals such as jellyfish and ctenophores (Table 
1). Comparisons of food samples with reference 
specimens confirm that the Scyphomedusae 
Chrysaora and Cyanea were among the auklet’s 
prey; these are very large jellyfish (up to 50 cm 
diameter), which were abundant throughout the 
study area. The high occurrence of ctenophores 
(probably Beroe) in birds from the Chirikov Ba- 
sin illustrates how generalized the Parakeet Auk- 
let is in this behavior. 

Many of the prey (Table 1) may have been 
ingested as a unit with medusae. The amphipods 
Hyperia and Hyperoche as well as gadid fish live 
in association with jellyfish (Van Hyning and 
Cooney 1974, Lava1 1980). The pteropod Li- 
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TABLE 2. FREQUENCY OF OCCURRENCEOF PREY FROM THREEAUKLET SPECIES FROM ST. MATTHEW ISLAND, 
FORALLPREYOCCURRINGINSAMPLES(L‘ALL"),PI~EYOCCURRINGINSIGNIL~CANTNUMBERSORVOLUMES(L‘SIG"), 
AND PREY DOMINATING SAMPLES (“DoM")' 

TaXOn 

C. p~i,sitfncula (N = 39) A. pusilh (N = 58) A. crislatda (N = 6) 

All Sig Dom All Sig DOllI All Sig Dom 

Gelatinous zooplankton 
Scyphomedusae 

Medusa associates 
Amphipoda 

Hyperia 
Hyperoche 
Unid. Hyperiidae 

Gadid fish 
Therugru chalcogramma 
Therugru otolith 

Free-swimming prey 
Chaetognatha 

Sagitta 
Pteropoda 

Limacina 
Polychaeta 

Nereid beaks 
Copepoda 

Calanus marshallae 
Pseudocalanus elongatus 

Amphipoda-Hyperiidae 
Parathemisto libellula 

Amphipoda-Gammaridae 
Protomedia 
Monoculodes 
Anonyx 
Pleustidae 
Unid. Gammeridae 
Unid. Amphipoda 

Euphausiacea 
Thysanoessa raschii 

Decapoda 
Pandalidae larvae 
Hippolytidae larvae 
Crangodidae larvae 
Lithode crab larvae 
Brachyuran crab larvae 

Fish 
Ammodytes 

54 38 13 5 

10 
8 

5 
3 

0 
0 5 

2 

33 
33 

18 13 16 
22 

3 

10 

36 

5 
8 

33 

0 0 5 

0 
0 

18 

0 64 
0 

3 36 

5 
I 
2 
3 
5 
9 

39 26 23 29 

3 
16 
2 

22 
5 

3 

0 

0 
0 

3 

2 

0 

53 

I 

0 
0 
0 
0 
0 
5 

14 

0 
5 
0 
2 
0 

0 

0 17 0 0 

0 
0 

0 67 17 0 
83 

0 

0 

26 

2 67 0 0 

0 
0 
0 
0 
0 
2 

7 100 83 67 

0 
2 
0 
0 
0 

0 

' For example, 54% of the 39 Parakeet Auklets collected near St. Matthew Island contained Scyphomedusae, the remaining 46% without Scypho- 
medusae. Of the same 39 birds, 38% had “significant” volumes of Scyphomedusae, the remaining 62% either had not eaten Scyphomedusae or only 
eaten a small amount. 13% of the 39 hxds had Scyphomedusae dominating their stomach contents. 

macina is the primary prey of the jellyfish Chrys- All three auklet species fed both on jellyfish 
aora, and it may have been ingested by the birds and jellyfish associates (Tables 2, 3). Parakeet 
incidentally (Hamner 1982). Note the much low- Auklets more often had jellyfish associates in the 
er occurrence of jellyfish associates among the “significant prey” category and the “dominant 
prey of Parakeet Auklets from the Chirikov Ba- prey” category than did the other auklets. Very 
sin, where they ate more ctenophores than jel- few symbiotic hyperiid amphipods were eaten 
lyfish. Beroe does not typically have numerous by the Aethiu auklets, although gadid fish larvae 
associated fish and crustaceans as do jellyfish, were frequently eaten. The contribution of jel- 
and the birds with ctenophores in their crops lyfish to the diet of the Aethia species was minor. 
tended to have little else. On the other hand, jellyfish occurred more often 
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TABLE 3. FREQUENCY OF OCCURRENCE OF PREY FROM THREE AUKLET SPECIES FROM THE CHIRIKOV BASIN, FOR 
ALL PREY OCCURRING IN SAMPLES (“ALL”), PREY OCCURRING IN SIGNIFXANT NUMBERS OR VOLUMES (“SIG”), 
AND PREY DOMINATING SAMPLES (“DoM”)’ 

C. psittacula (N = 13) A. pusrNa (N = 83) A. crirtateNa (N = 22) 

All Sig Dom All Sig Dom All Sig DOIll 

Gelatinous zooplankton 

Ctenophora 
Scyphomedusae 

Medusa associates 

Amphipoda 
Unid. Hyperiidae 

Gadid fish 
Unid. Gadidae larvae 
Theragra otolith 

Free-swimming prey 

Pteropoda 
Limacina 

Cephalopoda 
Squid beaks 

Polychaeta 
Nereid beaks 

Copepoda 
Neocalanus plumchrus 
N. cristatus 
Calanus marshallae 
Pseudocalanus elongatus 
Eucalanus bungii 
Unid. Copepoda 

Amphipoda-Hyperiidae 
Parathemisto libellula 

Amphipoda-Gammaridae 
Byblis 
Pleustidae 

Unid. Amphipoda 
Euphausiacea 

Euphausiid larvae 
Thysanoessa raschii 

Decapoda 
Pandalidae larvae 
Hippolytidae larvae 
Lithode crab larvae 
Crab megalops 

69 54 38 
54 38 15 

23 

23 

0 0 

23 0 

23 

5 

36 

38 0 0 

5 

1 

8 0 0 
3 8 8 

53 29 23 
64 29 7 

1 0 0 
1 0 0 

11 1 0 
11 2 2 

10 
14 

10 
5 

5 0 

8 0 0 19 5 1 23 18 

1 
4 
7 

0 
0 
0 

0 
0 
0 

1 0 0 
16 4 4 36 27 14 

23 14 5 

5 0 0 

39 22 
5 2 
8 1 
4 1 

’ Explanation same as for Table 2. 

in Parakeet Auklets than hyperiids or fish, sug- 
gesting the jellyfish frequently were ingested on 
their own. 

Parakeet Auklets also fed on zooplankton that 
do not associate with jellyfish. Parakeet Auklets 
from the St. Matthew collections in 1984 were 
full of euphausiids (Table l), as were all seabird 
species feeding in the area (Hunt et al. 1988). 
Most of the Parakeet Auklets collected in 1986 
were part of mixed-species feeding flocks, and 
these birds had free-swimming prey such as eu- 
phausiids and the hyperiid amphipod Parathe- 
misto. 

Figure 2 compares auklet diets at St. Matthew 
Island, the Chirikov Basin and St. Lawrence Is- 

land; the information on the latter site is from 
BCdard (1969a). Bedard evaluated the relative 
importance of various prey by combining all 
samples from a given species and comparing the 
volume occupied by each prey. He calculated the 
volume using numerical data and estimated the 
volume that fresh, intact prey would occupy. BC- 
dard’s volumetric measure of prey importance 
is only roughly comparable to my measure based 
on the frequency occurrence of prey. Our data 
nonetheless permit comparison. 

BCdard (1969a) did not identify jellyfish as a 
food of the Parakeet Auklet, although he ob- 
served ctenophores in their diet. While he did 
not separate free-swimming Parathemisto from 
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FIGURE 2. Diets of Parakeet, Crested and Least Auklets at three sites in the northern Bering Sea. 

the parasitic hyperiid amphipods, combining 
them in the category Hyperiidae, he stated that 
Parathemisto was the most important constitu- 
ent of the Parakeet Auklet’s diet. 

Bedard’s (1969a) data for Least and Crested 
auklets were more similar to my data for these 
species at St. Matthew Island than in Chirikov 
Basin (Fig. 2). The Least and Crested auklets 
that I collected near Bedard’s site both fed on 
Neocalanus copepods, whereas Bedard found 
Least Auklets feeding on Calanus and Crested 
Auklets feeding on euphausiids. Searing (1977) 
studied the Aethia on another St. Lawrence col- 
ony and his results were similar to mine. Given 
that Calanus is indicative of coastal influence 
and Neocalanus of the influence of the oceanic 
Anadyr Current, the changes in diet probably re- 
flect a changing community and are linked to 
oceanographic variation. 

There were marked differences in prey distri- 
butions at my two study sites. Figure 3 shows 
acoustic records for a transect across the Chiri- 
kov Basin, and another through the Sarichef Strait 
at St. Matthew Island. The mean biomass in the 
Chirikov Basin was 5.8 g/mZ; near St. Matthew 
Island it was 10.2 g/m*. The variance to mean 
ratio for plankton biomass for the Chirikov Ba- 
sin transect was 2.6, whereas the ratio along the 
St. Matthew transect was 2 1.2, indicating a much 
patchier biomass along the St. Matthew transect. 
Plankton tows indicated the patches of prey near 
St. Matthew were made up of euphausiids and 
hyperiid amphipods (Parathemisto). 

There were differences between the two sites 
in the extent of dietary overlap among the auklets 
(Tables 4, 5). Only a few overlap values deviated 
significantly from the random expectation. There 
was relatively low overlap between the Parakeet 

TABLE 4. DIETARY OVERLAP BETWEEN THREE AUKLET SPECIES IN THE CHIRIKOV BASIN 

“Sig. prey” category “All prey” category 

Actual overlap Mean overlap (SD)’ Actual overlap Mean overlap (SD) 

Parakeet vs. Crested 0.13 0.50 (0.12) 
Parakeet vs. Least 0.09 0.20 (0.07) 
Crested vs. Least 0.52 0.50 (0.09) 

L Mean overlap and standard deviation calculated from random permutations of data; see text. 

0.36 0.51 (0.10) 
0.16 0.29 (0.06) 
0.53 0.65 (0.05) 
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Auklet and the Aethia auklets in the Chirikov 
Basin, and greater overlap at St. Matthew Island. 
The use ofgelatinous prey by the Parakeet Auklet 
was most pronounced in the Chirikov Basin, 
where I calculated the lowest overlap values (Par- 
akeet vs. Least 0.09, Parakeet vs. Crested 0.13). 
The Parakeet Auklets often captured locally 
abundant euphausiids and Parathemisto at St. 
Matthew Island, as did the Least and Crested 
auklets, and their diets were more similar. Least 
and Crested auklets differed more in their prey 
selection around St. Matthew Island where there 
were large patches of the preferred prey of each 
species, and less so in the Chirikov Basin. While 
some Crested Auklets fed on euphausiids, both 
Aethia species were eating mostly copepods in 
the Chirikov Basin; it is not clear whether this 
was due to a shortage of euphausiids or the abun- 
dance of large copepods. 

The small scale distribution of prey is likely 
to affect the extent of dietary overlap between 
the three species. Table 6 describes the diet of 
auklets collected from a single feeding flock. The 
three species tended to have many of the same 
prey types in their stomachs. However, the var- 
ious prey were represented in different propor- 
tions, resulting in distinct differences between 
auklet species in their prey selection; the differ- 
ences are evident in the “signif?_cant prey” cate- 
gory. I found no overlap between the Crested 
Auklet and the other species in the “significant 
prey” category (Table 7). Least and Parakeet 
auklets had only slightly lower dietary overlap 
than would have occurred by chance. The Par- 
akeet Auklets mostly ate Parathemisto and jel- 
lyfish (Table 6); the Least Auklets ate Puruthe- 
m&o and copepods. 

Least and Parakeet Auklets, while frequenting 
the same ocean habitat, behave differently. Par- 
akeet Auklets were distributed randomly along 
the transect (Fig. 4) in a pattern that could not 
be differentiated from the Poisson distribution, 
while the Least Auklets were non-random, and 
clumped (K-S comparison to Poisson, P = 0.05). 
Least Auklets occurred in several patches be- 
tween stations 5 and 7, an area with high den- 
sities of Neocalanus copepods. The eastern end 
of the transect (salinity 30-32%~) has lower 
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FIGURE 3. Acoustic records showing planktonic 
biomass along a transect through the Sarichef Strait, 
St. Matthew Island (A) and a transect west of King 
Island in the Chirikov Basin (B). 

plankton biomass than the oceanic western end 
(salinity 32-32.5%~). The Least Auklets were more 
restricted to the oceanic areas with high plankton 
biomass, whereas Parakeet Auklets were found 
in both habitats. 

When all distributional data from the King 
Island area (15 transects) were compared to a 
Poisson distribution, Least Auklets were more 
aggregated than the random distribution on 14 

TABLE 5. DIETARY OVERLAP BETWEEN THREE AUKLET SPECIES AT ST. MATTHEW ISLAND 

“Sig. prey” category 

Actual overlap Mean overlap (SD)’ 

“All prey” category 

Actual overlap Mean overlap (SD) 

Parakeet vs. Crested 0.49 0.73 (0.11) 0.70 0.74 (0.09) 
Parakeet vs. Least 0.18 0.24 (0.02) 0.49 0.47 (0.02) 
Crested vs. Least 0.24 0.89 (0.13) 0.48 0.76 (0.07) 

’ Mean overlap and standard deviation calculated from random permutations of data; see text. 
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FIGURE 4. Distribution of Parakeet Auklets (A) and 
Least Auklets (B) relative to a salinity profile for the 
Ring Island transect. 

of the 15 transects, and random on 1 of the 15 
transects (K-S comparison to Poisson, P = 0.05). 
The Parakeet Auklets were aggregated on 6 of 
the 15 transects and random for the other 9. 

DISCUSSION 

Gelatinous zooplankton are an important part 
of the Parakeet Auklet’s diet, and probably are 
a preferred food. The primary reason for feeding 
on jellyfish may be the high nutritive value of 
associated crustaceans and fish larvae; hyperiid 
amphipods and fish larvae are easily observed 
on and around jellyfish in the surface waters. All 
hyperiid amphipods are tied to jellyfish at some 
stage of their life cycle; some are specialized for 
a parasitic existence on jellyfish (Lava1 1980). 
Fish larvae seek out the tentacles for protection 

(Dahl 196 l), and association with jellyfish may 
be essential for the larval stages of many gadid 
species (Walford 1958). Many ctenophores and 
salps also often have hyperiid associates (Madin 
and Harbison 1977, Harbison et al. 1977). 

Most seabirds in the Bering Sea feed on jel- 
lyfish (Harrison 1984). Gadid larvae together with 
small amounts of jellyfish are found in the guts 
of many alcids including Thick-billed Murres 
(Uris lomvia) and Common Murres (U. aalge). 
In the Bering Sea only Northern Fulmars (Ful- 
marus glacialis) approach Parakeet Auklets in 
the frequency of jellyfish in their diet. Most of 
these species have eaten very little gelatinous 
tissue and probably are in pursuit of associated 
zooplankton. The quantities of gelatinous tissue 
in Parakeet Auklets, however, suggest that they 
are taking more than would be ingested inciden- 
tally while capturing associates. They also fed on 
a variety of ctenophore, which apparently had 
few associates, if any. 

The Parakeet Auklet’s bill is highly specialized 
and unusual in that the lower mandible is a nar- 
row hook that curves up and around the blunt 
upper mandible. How Parakeet Auklets use this 
tool in capturing prey has long been disputed 
(Bent 1946). It has been suggested that the beak 
is a tool for picking crustaceans out of crevices, 
or prying open bivalves; given the pelagic dis- 
tribution of Parakeet Auklets at sea, these ex- 
planations are unlikely. 

In a study of bill structure in the Alcidae, Be- 
dard (1969b) used bill width and tongue char- 
acteristics to place the Parakeet Auklet in an in- 
termediate position between the plankton eating 
species and the puffins (which eat both plankton 
and fish). While this is consistent with the eclectic 
diet of the species, it does not explain the ap- 
parent scooping device for a lower mandible, 
which I suggest functions in either hooking ge- 
latinous animals or picking zooplankton from 
medusae. Underwater observations of Parakeet 

TABLE 6. FREQUENCY OF OCCURRENCE OF PREY FROM THREE AUKLET SPECIES IN THE SARICHEF STRAIT 

Parakeet (N = 6) Least (N = 5) Crested (N = 4) 

All’ Sig2 All Sig All Sig 

Gelantinous zooplankton 83 50 0 0 25 0 
Chaetognatha 0 0 20 0 0 0 
Limacina (pteropod) 33 0 0 0 0 0 
Calanus (copepod) 0 0 80 40 25 0 
Parathemisto (hyperiid) 83 50 60 40 50 0 
Thysanoessa (euphausiid) 33 0 20 0 100 100 
Decapod larvae 0 0 20 0 0 0 
Theragra (gadid fish) 17 0 20 0 25 0 
Ammodytes (fish) 0 0 20 0 0 0 

’ “All prey” category. 
2 “Srgnificant prey” category. 
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TABLE 7. DIETARY OVERLAP BETWEEN AUKLETS COLLECTED IN SARICHEF STRAIT 

“Sig. prey” category “All prey” category 

Parakeet vs. Crested 
Parakeet vs. Least 
Crested vs. Least 

Actual overlap 

0 
0.44 
0 

Mean overlap (SD)’ 

0.67 (0.23) 
0.68 (0.19) 
0.62 (0.21) 

Actual overlap 

0.65 
0.42 
0.57 

Mean overlap (SD) 

0.83 (0.08) 
0.76 (0.10) 
0.73 (0.11) 

’ Mean overlap and standard deviation calculated from random permutations of data; see text 

Auklets feeding on a variety of prey will be re- 
quired to establish the merits of this peculiar bill. 

A Parakeet Auklet has to eat a large quantity 
of jellyfish to derive the same net energy as from 
a meal of crustaceans (Table 8). Water content 
varies between 95-99% for both jellyfish and 
ctenophores (Curl 1962). It requires ten times 
the amount of gelatinous tissue to obtain the 
same amount of organic material as found in a 
hyperiid amphipod or euphausiid. 

The frequency occurrence of prey in the Par- 
akeet Auklet’s diet appears to depend on the local 
relative abundance of food. In the St. Matthew 
Island area, where there were patches of eu- 
phausiids and other high quality prey, the Par- 
akeet Auklet fed on a wide variety of animals; 
in the Chirikov Basin my small sample suggests 
a dependence on gelatinous animals. 

The observations of prey taken by the three 
auklet species feeding together indicate the auk- 
lets are sensitive to fine-scale (10s to 100s of 
meters) patterns in prey distributions. Crested 
Auklets fed on euphausiids, whereas Parakeet 
Auklets from the same flock fed on jellyfish and 
Parathemisto. Parakeet Auklets may be feeding 
in a microhabitat surrounding and including jel- 
lyfish; they may not encounter many of the an- 
imals that dominate the diets of the Aethia spe- 
cies. The divergent diets of the auklets are 
probably related to their response to small-scale 
heterogeneity in their habitat. 

BCdard (1969a) observed differences between 

TABLE 8. PREY CONTENT FOR SELECTED GELATINOUS 
ANIMALS AND CRUSTACEANS’ 

Energy 
% @al/ash 

organic free dry 
% water COllk”t % ash W) 

Cyanea 
(jellyfish) 95.4 1.7 2.9 5.5 

Beroe 
(ctenophore) 95.3 1.4 3.3 4.0 

Hyperoche 
(hyperiid) 80.0 16.7 3.3 6.4 

Thysanoessa 
(euphausiid) 73.0 23.3 3.7 6.4 

I Derived from Percy and Fife (1981) and Curl (1962). 

the Parakeet Auklet and the Aethia species that 
appeared to be consequences of different foraging 
strategies. The Aethia species switched between 
zooplankton prey as they became sequentially 
abundant through the season; Parakeet Auklets 
maintained a constant diet. Least and Crested 
Auklets lost more weight during breeding (lo- 
12%) than Parakeet Auklets (5.5%). Parakeet 
Auklets consistently had larger reserves of sub- 
cutaneous fat than the Aethia species; Crested 
Auklets, in particular, appear to experience ex- 
treme energetic stress during the breeding season. 
There is also more annual variation in breeding 
success in the Aethia species than in the Parakeet 
Auklet. Parakeet Auklets would appear to have 
a dependable supply of food. 

The Parakeet Auklet may represent a species 
adapted for the capture of a widely dispersed 
prey, whereas the Aethiu auklets appear to be 
adapted for tracking spatially and temporally 
patchy prey. 

Parakeet Auklets occupy areas of the eastern 
Bering Sea where Least and Crested Auklets are 
absent (Bidard 1969a). The Aethia species are 
restricted to areas with high seasonal productiv- 
ity. The Parakeet Auklet appears to find adequate 
conditions in less productive waters. 

While the three auklets are seen feeding in the 
same marine habitats, they appear to be adapted 
for different prey distributions. The Parakeet 
Auklet is unusual among the Alcidae in feeding 
on a dispersed prey; it may be adapted for the 
use of a midwater microhabitat. The Parakeet 
Auklet’s persistent use ofjellyfish and associated 
animals may be the explanation for the many 
differences between it and the Aethia species. 
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THE WINTER DIET OF THICK-BILLED MURRES IN 
COASTAL NEWFOUNDLAND WATERS 

RICHARD D. ELLIOT, PIERRE C. RYAN, AND WAYNE W. LIDSTER 

Abstract. The diets of Thick-billed Murres wintering off Newfoundland were sampled by analyzing 
stomach contents of birds shot bv hunters in 1984-1985 (N = 660) and 1985-1986 (N = 550). Fish, 
especially arctic cod (Boreogudusiuidu) with fewer capelin’(Mallot& villosus), sand lance (Ammodytes 
sp.) and Atlantic cod (Gadus morhua), predominated in samples from November to December in 
northern zones. Crustaceans, particularly the euphausiids (Thysanoessa spp.), predominated from 
January to March as the murres gradually moved south. This switch in diet corresponded to a drop 
in surface temperature below 0°C as arctic pack ice moved into Newfoundland waters. We conclude 
that fish descended in the water column to reach warmer layers at a time when Thysunoessu migrated 
into coastal areas and swarmed near the surface, thereby reversing the relative availability of these 
prey for murres. 

Key Words: euphausiid; murre; Newfoundland; diet; sea-surface temperature; food. 

The summer diets of young and adult Thick- 
billed Mm-t-es (Uris lomvia) have been well de- 
scribed at colonies in the Canadian arctic and 
Labrador (e.g., Gaston 1985, Gaston and Noble 
1985, Birkhead and Nettleship 1987). However, 
only Tuck (196 1) and Gaston et al. (1983) have 
considered the diet of this species in winter in 
Newfoundland waters, from examinations based 
on limited stomach samples obtained from hunt- 
ers. 

Thick-billed Murres that breed in the eastern 
Canadian arctic and western Greenland move 
south in the fall with the Labrador current, which 
carries arctic water from western Baffin Bay and 
Hudson Strait along the coasts of Labrador and 
eastern Newfoundland to the Grand Banks. These 
birds reach northern Newfoundland in mid-Oc- 
tober (Gaston 1980, pers. obs.), about two months 
ahead of the pack-ice. The murres remain as far 
north as they can fmd large patches of open water, 
but by March extensive ice keeps most birds 
southeast of the Avalon Peninsula (Gaston 1980). 
Smaller numbers winter along the south coast of 
the island, with a few in the Gulf of St. Lawrence. 

Gaston (1980) calculated that about four mil- 
lion Thick-billed Murres from the Canadian arc- 
tic and western Greenland winter off Newfound- 
land. Based on the size of the annual harvest, we 
assume that about half of these birds spend part 
of that time in sheltered bays and coastal waters 
where Newfoundlanders traditionally hunt 
“turrs,” the local name for murres (R. D. Elliot, 
unpubl.). The recovery of many harvested murres 
that had been banded in arctic colonies (Gaston 
1980, R. D. Elliot and P. C. Ryan, pers. obs.) 
confirms that these are the same populations for 
which there is extensive information on summer 
diet (e.g., Gaston and Noble 1985). In addition 
to hunting pressure and disturbance, these win- 
tering murres are subjected to many storms and 

rapidly-changing ice conditions that limit their 
movements and likely affect their feeding effi- 
ciency and requirements. 

Both Thick-billed and Common murres (Uria 
aalge) are hunted legally in Newfoundland and 
Labrador, although most Common Murres move 
south of the island to winter offshore (Brown 
1986). Thus, they are mainly taken early in the 
season, or along the south coast, and probably 
make up less than 5% of the total annual harvest 
(R. D. Elliot, unpubl.). The hunting season ex- 
tends from September through March, although 
murres are usually present for only l-3 months 
in any location, with most birds taken after No- 
vember (Wendt and Coach 1984). Murres are 
shot from open boats about 5-7 m long within 
5-15 km of shore, when weather and ice con- 
ditions permit; 20-40 murres is a typical day’s 
take for a crew of 2-3 hunters. Most birds are 
plucked and cleaned the day they are shot, giving 
us opportunities to collect stomach contents and 
data on species, age, and condition of the murres. 

The objectives of this study were to determine 
the diets of Thick-billed Murres through the win- 
ter, in relation to surface water temperature, ice 
cover and geographic location, which are likely 
to influence the availability of prey. We compare 
the murres’ winter and summer diets and review 
winter diets of potential competitors in New- 
foundland waters. We also consider possible 
changes in murres’ winter diet since the 1950s 
(Tuck 1961). Our results contribute new infor- 
mation on the wintering distribution of several 
species of non-commercial prey. Limitations im- 
posed by reliance on hunters to provide stomach 
samples, and the lack of information on prey 
availability, are offset by the large numbers of 
samples obtained over five months of the fall 
and winter, from 1100 km of coast in the win- 
tering range of this species. 
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FIGURE 1. Map of the study area, showing murre survey zones and the locations where stomach samples 
were collected in early 1984 (A), 1984-1985 (O), and 1985-1986 (0). 

METHODS 

FIELD COLLECTIONS 
Murres in this study were shot by hunters between 

1 November and 31 March of 1984-1985 and 1985- 
1986, usually on the surface within 10 km of shore. It 
was not possible to collect foraging birds only, although 
most hunters believed that the birds were feeding when 
shot. Murres were kept cool until cleaned by hunters, 
usually within 6 h of shooting. For about half the sam- 
ples we removed the stomachs (i.e., proventriculus and 
gizzard) and immediately froze them individually to 
avoid mixing or losing their contents. Stomachs from 
other samples were frozen by hunters for us, together 
with the other digestive organs, and were later thawed 
and separated in the lab. 

We could not control or record the time between 
death and the freezing of the stomach, during which 
time digestion could still occur. Although this affects 
the numbers of organisms that could be identified and 
counted (see below), we do not believe that there was 
a systematic bias in the distribution of these elapsed 
times. 

We tried to obtain at least 20 stomachs on each 
collection date. Thirty-five collections were made from 
17 locations in 1984-1985, and 26 from 15 locations 
in 1985-l 986 (Fig. 1). Details of collecting dates and 

locations have been deposited in the Atlantic Regional 
Library, Canadian Wildlife Service (Box 1590, Sack- 
ville, New Brunswick EOA 3CO). Samples were later 
grouped by month and by survey zone (Fig. 1) for 
analysis. Samples were also collected at five locations 
in Zones 7 and 9 in early 1984 while we developed our 
techniques, and these were analyzed in less detail. 

Heads were collected from almost all birds sampled 
to identify the species of murre involved, but were 
grouped for each sample, rather than being kept with 
the correct stomach. Stomachs from known Common 
Murres were excluded from analysis, although others 
were included in some samples kept for us by hunters. 
Based on the identification of the heads with the sam- 
ples, we estimate that 2-3% of the stomachs considered 
here were from Common Murres. An exception is a 
sample of 61 murres from Zone 11 taken on 12-13 
February 1986, of which 20% were Common Murres. 

LABORATORY ANALYSIS 

After thawing, the contents of the proventriculus and 
gizzard were weighed, sorted, identified, and counted 
separately. Contents were separated initially into fish, 
crustacean, and squid remains and wet weight was 
measured for each group. Pebbles and other non-food 
items such as plastic were also weighed and counted. 
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Individual food items were identified to genus or 
species where possible, using reference samples col- 
lected during the surveys and standard keys. All fish 
material was well digested, and was identified by the 
otoliths present. Identifications were confirmed by per- 
sonnel from the Northwest Atlantic Fisheries Centre 
(Department of Fisheries and Oceans) and the Biology 
Department, Memorial University of Newfoundland. 
Crustacean remains were preserved in 40% isopropyl 
alcohol, and fish otoliths and cephalopod beaks were 
washed in water, dried, and stored on acetate sheets. 

The higher number of left or right sagittal otoliths 
was taken as the minimum number of fish present for 
species such as capelin (Mullotus villosus), where left 
and right otoliths could be separated. For other species, 
otoliths paired by size and differing in length by less 
than 5% were considered to be from the same indi- 
vidual (Gaston and Noble 1985). The numbers of pairs 
of eyes were counted for euphausiids, and the number 
of complete telsons enumerated for other crustaceans. 
We used the numbers of jaws divided by two for poly- 
chaete worms, and the greater number of upper or 
lower beak halves for squid. 

DATA ANALYSIS AND INTERPRETATION 

The effects of differential digestive rates on the in- 
terpretation of murre stomach content data have been 
discussed by Bradstreet (1980) and Gaston and Noble 
(1985). Prey tissue is digested very rapidly, with the 
exception of most bony or chitinous parts. Food re- 
mains from the main prey taxa encountered in our 
study are probably digested or evacuated in the fol- 
lowing order: squid and fish flesh, crustaceans, fish 
otoliths, and squid beaks. Although the latter may re- 
main in the gizzard for at least several weeks (Brad- 
street 1980), most other items probably disappear within 
24 hours (Uspenski 1956). 

A crude estimate of the relative volumes of the major 
taxa consumed is given by the wet weight of the re- 
mains in the proventriculus. Gizzard contents were not 
included in these comparisons to reduce the error re- 
sulting from the more rapid digestion there of fish and 
squid. We presented our data in terms of: (1) the pro- 
portion by wet weight of fish, crustaceans and squid in 

the proventriculus; (2) the proportion of stomachs 
(proventriculus and gizzard) containing food in which 
each taxon was found, and (3) within fish and crustacea, 
the proportion of all individuals identified that were 
assigned to each taxon. 

The categories of “other fish” and “other crusta- 
ceans” include taxa which were too digested to identify. 
Some of these would be taxa identified and recorded 
from other stomachs, and some may never have been 
identified. We assume that numbers involved were small 
enough to be of little consequence, with the possible 
exception of some unidentified gadoids (particularly 
Gadus and Boreogadus) grouped with “other fish.” 

Samples were compared on the basis of the murres’ 
age composition, the proportion of ice cover, water 
temperature, survey zone and month. The proportion 
of birds 4-8 months old was calculated using a dis- 
criminant function based on four skull and bill mea- 
surements (Gaston 1984, Elliot and Gaston 1986). This 
proportion was derived from measurements of the 
overall sample of birds for which stomachs were an- 
alyzed. However, as the head and stomach from each 
individual were not usually kept together, we were un- 
able to assign individual stomachs to a specific age 
category. Data for ice cover (expressed in tenths of the 
surface covered) were obtained from charts issued at 
4-day intervals by the Atmospheric Environment Ser- 
vice, supplemented by hunter reports. Sea-surface tem- 
peratures were interpolated to the nearest 1°C from 
charts produced weekly by the Canadian Forces Me- 
teorological Service. 

RESULTS 

Although a few stomachs from Common 
Murres were probably included in these analyses, 
their contents were generally similar to those from 
Thick-billed Murres. This similarity is apparent 
in the comparison of contents from the two spe- 
cies shot from the same flock in northern Bon- 
avista Bay (Zone 7) on 12 December 1984 (Table 
1). 

TABLE 1. COMPARISON OF STOMACH CONTENTS OF COMMON AND THICK-BILLED MURRES FROM ONE FLXK IN 
NORTH BONAVISTA BAY, 12 DECEMBER 1984 

Prey species 

Atlantic cod 
Arctic cod 
Capelin 
Other fish 

All fish 

Roportion by wet weight 
in proventricuhs 

Common Thick-billed 

1 .ooo 0.997 

Percent occurrence of taxa in 
stomachs containing food 

Common Thick-billed 

0 3.4 
14.3 37.9 

100.0 58.6 
0 20.7 

100.0 100.0 

Hyperiid amphipods 0 3.4 
Gammarid amphipods 0 3.4 

All crustaceans 0.000 0.003 0 6.8 

No. of stomachs containing food 7 29 
No. of empty stomachs 2 12 
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Month 

FIGURE 2. The proportions of major taxa in murre stomachs, by wet weight, month and survey zone. A, 
1984-1985, and B, 1985-1986. The number of stomachs (N) is shown for each sample, and survey months are 
indicated as November (N), December (D), January (J), February (F’), and March (M). 

OVERALL TRENDS IN DIET COMPOSITION 

In 1984-1985 and 1985-1986 there was an 
overall trend for fish to predominate early in the 
season in samples in northern survey zones, when 
compared to the proportion of wet weight in the 
proventriculus (Figs. 2a,b). There was a marked 
shift to crustaceans after December in most 
southeastern zones in both years. Arctic squid 
(Gonatus fabricii) were only recorded regularly 
in not-them survey zones early in 1985-l 986 (Fig. 
2b). 

The increase in the proportion of crustaceans 
was related to increased ice cover and decreased 
surface water temperature. A step-wise multiple 

TABLE 2. PERCENT OCWRRENCE OF MAJOR TAXA IN 

MURRE STOMACHS CONTAINING FOOD IN EARLY 1984 

MOllth 

JZlNk3l-Y February March 

zone 7 9 9 

Gadidae 8.9 64.9 3.7 
Capelin 2.2 5.4 34.3 
Other fish 20.0 21.6 29.6 
All fish 31.1 10.3 67.6 

All crustaceans 84.4 45.9 45.4 

Arctic squid 2.2 0 0.9 

No. of stomachs 
containing food 

No. of empty stomachs 
45 37 108 

5 0 66 

regression analysis of the factors in Tables 3 and 
4, for both years considered together, showed 
that only the month of the sample and the amount 
of ice present significantly contributed to the re- 
gression relationship (r2 = 62.8%, F = 20.40, P 
< 0.001). The importance of sea-surface tem- 
perature is under-estimated in such a linear anal- 
ysis, as it is related to the proportion of fish taken 
in a step function. Samples from water temper- 
atures below and above 0°C have markedly dif- 
ferent prey compositions (Fig. 3). Fish predom- 
inated in only two of the samples below 0°C but 
in all from warmer surface waters. 

All samples in north Bonavista Bay (Zone 7) 
included in Figures 2a,b were collected off the 
same 20-km stretch of coast near Wesleyville and 
Greenspond. In this zone, murres ate fish almost 
exclusively in December in both years, at sea- 
surface temperatures of about 2°C. They switched 
completely to crustaceans for the next three 
months when temperatures were below 0°C and 
pack-ice was usually present nearby (Tables 3, 
4). Crustaceans also occurred in most stomachs 
there in January 1984 (Table 2) when surface 
temperatures were about - 2°C. A similar differ- 
ence between crustacea in December 1984, and 
fish in November 1985, off the eastern Northern 
Peninsula (Zone 3), again corresponded with 
lower water temperature and the presence of ex- 
tensive ice in December (Tables 3, 4, Fig. 2). 
Similar trends were apparent when considering 
the percent occurrence of each prey taxon, or the 
proportion of stomachs from each sample con- 
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taining food in which that taxon occurred (Tables 
5, 6). 

Among the fish recorded, Atlantic cod (Gadus 
morhua), arctic cod (Boreogadus saida), capelin, 
and sand lance (Ammodytes sp.) each predomi- 
nated in samples from different zones (Figs. 4a,b). 
Samples in which crustaceans predominated 
showed less variation, with euphausiids (Thysa- 
noessu spp.) being the most common in all but 
those from the Burin Peninsula in February 1986 
(Zone 11, Tables 5, 6). 

COMPARISON OF FISH SPECIES IN THE DIET 

Individuals of all the major fish species were 
of similar size (5 to 15 cm) based on the size of 
otoliths, which enabled us to compare the ap- 
proximate proportion each species represented 
of the total numbers of fish present in each sam- 
ple (Figs. 4a,b). 

Arctic cod was the most common species, be- 
ing numerically dominant in both years at most 
sites on the northeast coast (Zones 2-6) where 
fish were the major prey by weight. Capelin dom- 
inated in samples from northern Bonavista Bay 
(Zone 7) in December of both years, off the 
southern Avalon Peninsula (Zone 10) in Feb- 
ruary 1985, and in the small sample from White 
Bay (Zone 4) in November 1985. Sand lance was 
most plentiful off southern Labrador (Zone 1) in 
December 1985, and Atlantic cod was the major 
fish species in the only sample from the southern 
Strait of Belle Isle in November 1985 (Fig. 4, 
Tables 5, 6). 

Small numbers of other species were identified 
in addition to those listed in Tables 5 and 6. We 
recorded 67 sand lance (N = 21 stomachs), 16 
rock cod (Gadus oguc) (N = 9), 6 silver hake 
(Merluccius bilinearis) (N = 6), 3 Greenland hal- 
ibut (Reinhardtius hippoglossoides) (N = 3), and 
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FIGURE 3. The relationship between sea-surface 
temperature and the proportion by wet weight of fish 
in the proventriculus. 

2 redfish (Sebastes sp.) (N = 2). Apart from sand 
lance, which were mostly from Labrador sam- 
ples, individuals of these species occurred spar- 
ingly in most samples where fish predominated. 

There was no apparent relationship between 
the number of pebbles in stomachs and the month 
or location, or with the presence of fish in the 
stomach (Tables 5, 6). Pebbles may have been 
retained from the previous summer, when murres 
had fed on bottom-dwelling fish such as blennies 
(e.g., Gaston and Noble 1985). Most pebbles were 
also small enough (ca. 2-5 mm across) to have 
been present in the stomachs of the fish eaten by 
murres. 

TABLE 3. THE PROPORTION OF FISH AND CRUSTACEANS BY WET WEIGHT IN PRO VENTRICULUS IN RELATION TO 
ZONE, MONTH, ICE COVER, TEMPERATURE AND PROPORTION OF FIRST-YEAR MURRES, IN 1984-1985 

survey 
zone MOdI sample size 

Proportion Pmpoltion of Ice cover surface temp. Froportion of 
of fish crustaceans c-w (“0 Jimyears 

1 
1 
3 
5 
7 
7 
7 
7 
8 
9 
9 

10 
10 

Nov. 
Dec. 

E 
Dec. 
Jan. 
Feb. 
Mar. 
Feb. 
Feb. 
Mar. 
Feb. 
Mar. 

20 0.996 0.004 0 2 0.92 
35 0.963 0.037 0 1 0.86 
91 0.007 0.993 10 -1 0.78 
25 0.995 0.005 10 -1 0.15 
73 0.973 0.027 0 2 0.33 
58 0 1 .ooo 7 -1 0.29 
61 0.009 0.991 10 -2 0.30 

102 0 1 .ooo 9 -2 0.49 
37 0.372 0.628 9 -2 0.20 
41 0.032 0.968 1 -1 0.29 
40 0.03 1 0.969 9 -1 0.29 
57 0.703 0.297 8 -1 0.29 
20 0.155 0.845 6 -1 0.29 
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FIGURE 4. The proportion of all fish identified to species, by month and survey zone in (A) 1984-1985, and 
(B) 1985-1986, for samples in which at least 20 fish were identified. The number of fish (N) is shown for each 
sample, and survey months are indicated as November(N), December (D), January (J), February (F), and March 
(W. 

COMPARISON OF CRUSTACEANS AND SQUIDIN 
THE DIET 

Comparisons of the relative importance of 
crustacean taxa by number are affected by dif- 
ferences in their biomass, ranging from relatively 
large shrimp such as Pandalus borealis to smaller 
euphausiids and amphipods such as Parathemis- 
to gaudichaudii. However, this source of error is 
probably small, as euphausiids (Thysanoessa spp.) 
completely dominated all samples but one in 
which crustaceans predominated by weight, both 
by percent occurrence (Tables 5, 6) and by ab- 

solute number (Figs. 5a,b). The exception was 
the February sample from the south coast (Zone 
11) where the hyperiid P. gaudichaudii predom- 
inated by weight and number. 

Seven Thysanoessa inermis, 15 T. raschii and 
one Meganyctiphanes norvegica were positively 
identified to species in 1984-l 985, and all of the 
several hundred euphausiids examined closely in 
1985-1986 were T. raschii. The latter is assumed 
to have been the most abundant euphausiid taken 
in both years. 

Of 1782 hyperiid amphipods identified to spe- 
cies, 1753 (98.4%) were Parathemisto gaudi- 

TABLE 4. THE PROPORTION OF FISH, SQUID AND CRUSTACEANS BY WET WEIGHT IN PR~~ENTREUL~~ IN RE- 

LATION TO ZONE, MONTH, ICE COVER, TEMPERATURE AND PROPORTION OF FIRST-YEAR MURRES, IN 1985-l 986 

survey 
z0ne MOllth 

1 
2 
3 
4 
5 
6 
7 
7 
7 
7 

11 

Nov. 
Nov. 
Nov. 
Nov. 
Nov. 
Nov. 
Dec. 
Jan. 
Feb. 
Ma. 
Feb. 

15 
22 
37 
12 
54 

130 
20 
58 
27 

115 
60 

0.99 1 0 0.009 0 3 0.93 
0.889 0.111 0 0 3 0.91 
0.955 0.045 0 0 4 0.80 
0.941 0.051 0.008 0 1 0.89 
0.994 0.006 0 0 4 0.82 
0.980 0.001 0.019 0 6 0.95 
1 .ooo 0 0 0 2 0.50 
0.012 0 0.988 8 -1 0.16 
0 0 1 .ooo 9 -2 0.03 
0 0 1.000 9 -1 0.11 
0.238 0 0.762 0 -1 0.64 
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FIGURE 5. The proportion of all crustaceans identified to genus, by month and survey zone in (A) 1984- 
1985, and (B) 1985-l 986, for samples in which at least 200 crustaceans were identified. The number ofcrustaceans 
(N) is shown for each sample, and survey months are indicated as December (D), January (J), February (F), and 
March (M). 

chaudii (N = 15 stomachs) and 30 were P. li- 
bellula (N = 16). Twelve gammarid amphipods 
were keyed to species, including 2 Gammarus 
wilkitzkii (N = l), 7 G. locusta (N = 7), 2 Gam- 
marellus angulosus (N = 2) and 1 Weyprechtia 
pinguis (N = 1). Of 100 decapods identified, 94 
were Pandalus borealis (N = 3), 5 were P. mon- 
tagui (N = 3) and 1 was Sabinea septemcarinata 
(N = 1). 

All of the 6 13 cephalopods identified by beaks 
in 149 stomachs were arctic squid. Most were 
recorded in 1985-1986 in November samples 
from southern Labrador and northern New- 
foundland coasts (Zones 1-6, Tables 5, 6), at 
relatively warm surface temperatures of l-6°C. 
Some beaks may have been retained in murres’ 
stomachs for several weeks, and carried into these 
areas from farther north. The similar distribution 
of records of squid flesh in the proventriculus 
(Fig. 2), and the general absence of beaks from 
gizzards in samples collected farther south from 
January onwards in 1985-1986 (Tables 5, 6), 
suggest that retention times were short and that 
most squid were consumed in the zone in which 
they were recorded. 

DISCUSSION 

The diet of wintering Thick-billed Murres 
changed as they moved south along the New- 
foundland coast ahead of advancing ice, and as 
water temperature decreased through the season 

at a single location. In both years, the diversity 
of the murres’ diet declined markedly as surface 
temperatures dropped below O”C, from a range 
of several important fish species to a single crus- 
tacean taxon, with a drop in the trophic level of 
their major prey. The records of Gaston et al. 
(1983) from the early 1980s fit well with the pat- 
tern recorded here; gadids, capelin and squid 
dominated the samples early in the winter, and 
euphausiids were most common later in the sea- 
son. 

The pattern of geographical and temporal 
change we recorded in coastal Newfoundland 
waters may not occur in murres wintering over 
the continental banks. Murres there concentrate 
at the shelf-breaks (Tuck 196 1, Brown 1986), 
where upwelling conditions may make a different 
set of prey available (Ogi and Tsujita 1977). 

ENVIRONMENTAL CONDITIONS AND PREY 
AVAILABILITY 

The cold water and pack-ice carried south by 
the Labrador current influence the behavior and 
movements of the murres’ winter prey as shown 
by differences in the birds’ diet, both between 
years in one zone (e.g., Zone 2) and in one year 
through the season (e.g., Zone 6). The differing 
responses of prey to cold water and the presence 
of ice appear to be the main factors that affect 
their availability to murres. 
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Capelin 

In summer capelin are the key forage fish for 
many vertebrate predators in Newfoundland wa- 
ters, including fish (e.g., Reddin and Carscadden 
198 1, Akenhead et al. 1982) whales (Winters 
and Carscadden 1978) breeding alcids and vis- 
iting Greater Shearwaters (Pufinu.r gravis) (Brown 
and Nettleship 1984). Tuck (1961) also found 
that capelin predominated in winter murre diets 
in the early 19 50s occurring in over 90% of Thick- 
billed and Common murre stomach samples. Al- 
though the exact dates and locations of Tuck’s 
samples are not known, it appears that capelin 
was a more important winter prey then, a con- 
clusion also reached by Gaston et al. (1983) from 
fewer samples. 

We doubt, however, that Tuck’s (1961) sam- 
ples were representative of the whole winter. Most 
capelin move well offshore as waters cool, or 
concentrate in deep inshore trenches in Trinity, 
Notre Dame and other bays (several of which 
were near some of our sampling sites), where they 
then occur in large inactive schools in cold water 
at depths of 140-200 m (Winters 1970). While 
these concentrations could be important prey for 
murres if within diving range, they were not 
heavily exploited during our study. 

Capelin numbers vary markedly as a result of 
differential post-spawning survival of cohorts 
(Carscadden 1984, Leggett et al. 1984) and may 
be affected by commercial fishing. However, the 
commercial harvest has been low since 1979 
(Carscadden 1984) and with high survival of the 
1982 and 1983 cohorts (J. E. Carscadden, pers. 
comm.) appreciable numbers of 1% to 3% year- 
old capelin were probably available during our 
study. We conclude that capelin may be impor- 
tant prey early in the winter before they move 
to deeper water, and later in areas where birds 
are able to reach winter concentrations by diving 
deeply. 

Arctic cod 

The most important fish prey was the arctic 
cod, a small pelagic cold-water species often as- 
sociated with near-shore environments and ice 
edges (Bradstreet 1982). It feeds on the same prey 
as the similarly-sized capelin (Lilly 1980) and is 
a major prey of breeding thick-bills in the arctic 
(e.g., Gaston et al. 1985); it also appears in the 
diet of Common Murre chicks in southern Lab- 
rador (Birkhead and Nettleship 1987). Tuck 
(196 1) reported it as only an incidental prey item 
of murres wintering in Newfoundland waters. 
Gaston et al. (1983) found gadids, most of which 
were probably arctic cod, in 56% of stomachs 
from Twillingate (Zone 6) in November 198 1, 
and 77% from Trinity Bay (Zone 9) in February 
1983. 

Arctic cod apparently spawn off Labrador in 
winter, with fry carried south in the Labrador 
Current, to remain in varying numbers off north- 
em Newfoundland for one or more years. This 
probably reflects differences in year-class strength 
(W. H. Lear, pers. comm.). Arctic cod numbers 
appear to have increased in areas north of Bon- 
avista Bay from the 1950s to the 1970s (Lear 
1979), and were still quite high in late 1984 (Lear 
and Baird 1985). Most arctic cod have been re- 
corded in concentrations at depths from 28-400 
m, and at temperatures from - 1.7 to 3.5”C (Lear 
1979), although the murres we sampled fed on 
them in coastal waters at depths of less than 
150 m. 

Since arctic cod occasionally associate with ice 
in arctic waters, we doubt that their general ab- 
sence from murre diets in late winter reflects a 
downward movement in the water column, out 
of the birds’ diving range. Our small January 
198 5 sample in ice-covered Green Bay (Zone 5) 
was dominated by arctic cod, although this spe- 
cies is not common from Bonavista Bay (Zone 
7) south (Lear and Baird 1985). The general lack 
of arctic cod in murre diets after January prob- 
ably reflects the reduced overlap of areas occu- 
pied by the two species, as murres move south 
ahead of advancing ice. 

Atlantic cod 

Adult Atlantic cod are demersal fish that win- 
ter well offshore at depths of 200-600 m, at tem- 
peratures of 24°C (Lear 1984). However, many 
small cod of the size eaten by murres winter in 
coastal bays of eastern Newfoundland (Lear et 
al. 1980) frequented by murres. They may grad- 
ually become less available to murres as water 
temperatures drop through the winter, and they 
become less active and stay close to the bottom 
(Winters 1970). Atlantic cod was the dominant 
prey only in the southern Strait of Belle Isle (Zone 
2) in November 1985, where surface tempera- 
tures were about 3°C although they were still 
important later in the winter in southern zones 
at water temperatures close to 0°C. 

Tuck (196 1) reported Atlantic cod in about 4% 
of the stomachs of wintering Thick-billed and 
Common murres, similar to the overall propor- 
tion found in our study. Some of the gadids re- 
ported by Gaston et al. (1983) from Twillingate 
in November 198 1, and Trinity Bay in February 
1983, may have been Atlantic cod (see above). 

Sand lance 
Sand lance are important forage fish in areas 

where water is less than 90 m deep over a sandy 
bottom (Scott 1985). They are usually confined 
to cool waters in the range of - 1 to 2°C (Winters 
1983) and, unlike capelin, do not move to deeper 
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water in winter. Spawning occurs from Novem- 
ber to January (Winters 1983), and it seems likely 
that sand lance spend the winter in shallow water 
near, or buried in, the sandy bottom and are not 
available to murres in coastal areas after No- 
vember. 

Arctic squid 

This pelagic species is widely distributed in 
arctic, low arctic and boreal waters (Wiborg 1979) 
and is a prey of minor importance for breeding 
Thick-billed Murres (e.g., Gaston 1985). It was 
found in low but regular numbers in coastal and 
offshore waters from southern Labrador to Bon- 
avista Bay (Zones l-6), by experimental trawls 
in November 1979, and November-December 
1980 (E. G. Dawe, unpubl.). Arctic squid prob- 
ably breed in April to June at one year of age 
(Wiborg 1979), so squid taken by murres in late 
fall were probably young-of-the-year about 2-5 
cm in length. 

All arctic squid that we recorded were from 
murres killed during November and December, 
in relatively warm waters above 0°C. This sug- 
gests that the availability of fish and squid, which 
often occurred together in murre stomachs, may 
both have been related to water temperature. 

Like other squid species, numbers of arctic 
squid may vary from year to year, as they differed 
markedly between 1984-1985 and 1985-1986. 
We recorded very few in late 1984, although Gas- 
ton et al. (1983) found small squid, probably 
Gonatus fubricii, in all 16 murre stomachs from 
Zone 6 in November 198 1. It was the most nu- 
merous item in their sample, but occurred in only 
40% of stomachs we collected from Zone 6 in 
November 1985. 

Euphausiids 

The main euphausiids eaten by murres, Thysa- 
noessa raschii and T. inermis, are abundant her- 
bivorous crustaceans in arctic and northern bo- 
real waters over the continental shelf of the North 
Atlantic. Surveys by Berkes (1976) and Sameoto 
(1976) over six years showed that both species 
were abundant in the Gulf of St. Lawrence most 
of the year, although they were not sampled when 
heavy ice was present from February to April. 
Both euphausiids were also found in fall and win- 
ter in the Bay of Fundy (Kulka et al. 1982), on 
the Scotian Shelf (Sameoto and Jaroszynski 1972), 
and off southeast Newfoundland (Lindley 1980). 
They normally descend to great depths each day; 
for example T. ruschii usually concentrates in the 
upper 20 m at night, but reaches depths of lOO- 
200 m by day (Berkes 1976). 

In Nova Scotian waters, Sameoto and Jaro- 
szynski (1972) found that T. raschii and T. iner- 
mis migrated from offshore areas farther than 

about 25 km from shore to within 3-5 km of the 
coast, in late winter and spring to spawn. T. raschii 
appeared inshore in large numbers in January 
and February, and T. inermis arrived about a 
month later. Many of these euphausiids did not 
undergo die1 vertical migration, but remained 
near the surface during the day in pre-spawning 
swarming activities (D. D. Sameoto, pers. 
comm.). 

We assume that similar pre-spawning move- 
ments take place off Newfoundland, where 
swarms of Thysanoessa in the upper layers of 
inshore waters during the day, beginning in Jan- 
uary, would be particularly available to foraging 
murres. Fish are also probably less available after 
December because murres move south of the 
prey’s range (e.g., arctic cod) or because the fish 
move into deeper water (e.g., capelin, Atlantic 
cod), and euphausiids then become the murres’ 
main prey. 

Hyperiid amphipods 

The only other numerically-important crus- 
taceans were the carnivorous hyperiids, Parathe- 
misto spp. P. gaudichaudi has a more southerly 
distribution than the larger P. libellula (Shih et 
al. 197 l), and was the dominant prey in the sam- 
ple from the ice-free waters of Fortune Bay (Zone 
11) in February 1986. Fish may not have been 
available in the upper sub-zero waters then, caus- 
ing murres to prey on this locally-abundant crus- 
tacean which also migrates vertically each day. 

COMPARISON WITH OTHER AREAS AND SEASONS 

The diets of Thick-billed Murres collected at 
sea in the North Pacific Ocean have been dom- 
inated variously by squid (Sanger 1986), fish such 
as walleye pollock (Therugru chalcogramma; Ogi 
and Tsujita 1977) and crustaceans such as eu- 
phausiids (Ogi and Tsujita 1977) and amphipods 
(Ogi and Hamanaka 1982), the latter taken es- 
pecially in deeper waters. Squid dominated a 
small sample (N = 8) from the west Gulf of Alas- 
ka in one of the few winter studies @anger 1986). 

In the eastern Arctic, Thick-billed Murres fed 
mainly on arctic cod and a gammarid amphipod 
(Onisimus litoralis) in the Barrow Strait in June 
(Bradstreet 1980). Both fish and crustaceans also 
are taken by adults near arctic colonies in sum- 
mer, with arctic cod usually predominating; sand 
lance and capelin are also important prey at some 
locations (Bradstreet and Brown 1985, Brad- 
street and Gaston 1990). 

Fish are usually fed to murre chicks at Cana- 
dian arctic colonies (Gaston 1985), and include 
the species eaten by adults along with several 
species of sculpins (Cottidae) and blennies (Blen- 
nioidea). Arctic cod are again usually the most 
important species numerically and by volume 
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(Bradstreet and Brown 1985). Most murres in 
our November and December samples were first- 
year birds, and their main prey species then were 
the same fish they were likely fed as chicks 34 
months earlier. Thus there is considerable over- 
lap in the diet of Thick-billed Murres in summer 
and winter, with arctic cod of major importance 
year-round except when murres are south of that 
prey species’ range. 

FACTORS AFFECTING PREY AVAILABILITY 

Although arctic cod and euphausiids were the 
main prey items recorded, each of four fish spe- 
cies and two crustacean genera predominated in 
murre diets at different times in the two winters 
studied. These prey are all closely linked, either 
as potential competitors or predators, and de- 
clines in one species such as capelin may permit 
others such as sand lance to increase (Winters 
1983). 

Most pursuit-diving seabirds that may com- 
pete with murres for prey during the summer in 
Newfoundland (Winters and Carscadden 1978, 
Brown and Nettleship 1984) leave the area dur- 
ing the fall or occur in areas where competition 
with murres is minimal. For example, Black 
Guillemots (Cepphus grylle) winter in low num- 
bers along the coast, and feed singly or in small 
groups much closer to shore, most likely on ben- 
thic fish (Bradstreet and Brown 1985). Dovekies 
(Alle alle), which probably feed on small crusta- 
ceans, including the euphausiids taken by murres 
(Bradstreet and Brown 1985) winter in high 
numbers well offshore (Brown 1986). 

Harp seals are the only numerous marine 
mammals in coastal waters in late fall and winter. 
They reach Newfoundland waters later than 
Thick-billed Murres, with the arrival of pack ice 
in December and January, and remain until April 
or May. 

Adult harp seals prey largely on arctic cod, 
capelin and shrimps (e.g., Pandalus borealis) 
(Sergeant 1973, 1976; Bowen 1985) in northern 
coastal areas (Zones 3-6) under the pack ice. 
These prey are inaccessible to murres that have 
moved farther south. Harp seal pups first feed 
independently in April on euphausiids Thysano- 
essa spp. and P. borealis (Sergeant 1976, Bed- 
dington and Williams 1980) while adults con- 
tinue to eat fish with varying amounts of 
crustaceans (Bowen 1985). Thus, euphausiids are 
important to seals in early spring, when they may 
still be major prey of Thick-billed Murres. 

The commercial fishery may have the greatest 
influence on numbers of prey such as shrimp, 
Atlantic cod and capelin. An intensive offshore 
capelin fishery in the 1970s was suspected of 
adversely affecting food availability and puffin 
chick survival (Brown and Nettleship 1984). The 

apparent shift away from capelin in the winter 
diet of murres since the 1950s (Tuck 196 l), could 
also reflect effects of the fishery. However, the 
predator-prey dynamics of murre prey species 
are very complex, and capelin stocks may be as 
high now as they were 30 years ago (J. E. Car- 
scadden, pers. comm.). 

Prey populations may also be greatly affected 
by environmental variables, such as the effects 
of meteorological and hydrographic conditions 
on survival of larval capelin (Leggett et al. 1984), 
or the strength of the Labrador current on num- 
bers of arctic cod. Because the availability of 
specific prey probably varies from year to year, 
we suspect that murres feed opportunistically on 
whichever of several prey taxa may be locally 
abundant in coastal waters. Variations in weath- 
er and ice conditions, and disturbance by hunt- 
ers, which affect short-term feeding success, seem 
more likely to affect winter survival than more 
gradual changes in the abundance of specific prey. 

ACKNOWLEDGMENTS 

We thank Nancy House, John Maxwell and Eliza- 
beth Young for help in analyzing stomach contents and 
George Lilly, David McKinnon, Wayne Penney, and 
Don Steele for help in identifying specimens. We have 
benefitted greatly from discussions or comments on 
earlier drafts from Don Bowen, Mike Bradstreet, Dick 
Brown, David Cairns, Jim Carscadden, Earl Dawe, 
Tony Erskine, Tony Gaston, Ian Goudie, Henry Lear, 
George Lilly, Bill Montevecchi, David Nettleship, 
I-Hsun Ni, Wayne Penney, John Piatt, Doug Sameoto, 
Gerald Sanger, Spencer Sealy and Kees Vermeer. We 
are particularly grateful to the many turr hunters and 
their families who responded warmly to our requests 
for heads and puddocks. We hope this information on 
turr bait will add to their understanding of the ecology 
of Newfoundland’s turrs. 

LITERATURE CITED 

AKENHEAD, S. A., J. E. CARSCADDEN, H. LEAR, G. R. 
LILLY, AND R. WELLS. 1982. Cod-capelin interac- 
tions off northeast Newfoundland and Labrador. Pp. 
141-148 in M. C. Mercer (ed.), Multispecies ap- 
proaches to fisheries management advice. Can. Spec. 
Publ. Fish. Aquat. Sci. 59. 

BEDDINGTON, J. R., AND H. A. WILLIAMS. 1980. The 
status and management of the harp seal in the North 
West Atlantic. Mar. Mammal Comm. Rep. MM-79/ 
03. 

BEIXES, F. 1976. Ecology of euphausiids in the Gulf 
of St. Lawrence. J. Fish. Res. Board Canada 33: 1894- 
1905. 

BIRKHEAD, T. R., AND D. N. NETTLESHIP. 1987. Eco- 
logical relationships between Common Mimes, Uriu 
aalge, and Thick-billed Murres, Uria lomvia, at the 
Gannet Islands, Labrador. III. Feeding ecology of 
the young. Canad. J. Zool. 65:1638-1688. 

BOWEN, W. D. 1985. Harp seal feeding and interac- 
tions with commercials fisheries in the north-west 
Atlantic. Pp. 136-152 in J. R. Beddington, R. J. H. 
Beverton, and D. M. Lavigne (eds.), Marine mam- 



MURRE DIET IN WINTER--Elliot et al. 137 

mals and fisheries. George Allen and Unwin, Lon- 
don. 

BRADSTREET, M. S. W. 1980. Thick-billed Murres 
and Black Guillemots in the Barrow Strait area, 
N.W.T., during spring: diets and food availability 
along ice edges. Canad. J. Zool. 58:2130-2140. 

BRADSTREET, M. S. W. 1982. Occurrence, habitat use 
and behaviour of seabirds, marine mammals, and 
arctic cod at the Pond Inlet ice edge. Arctic 35:28- 
40. 

BRADSTREET, M. S. W., AND R. G. B. BROWN. 1985. 
Feeding ecology of the Atlantic Alcidae. Pp. 263- 
318 in D. N. Nettleship and T. R. Birkhead (eds.), 
The Atlantic Alcidae. Academic Press, Orlando. 

BROWN, R. G. B. 1986. Revised atlas of eastern Ca- 
nadian seabirds. 1. Shipboard surveys. Canad. Wildl. 
Serv. Supply and Services Canada, Ottawa. 

BROWN, R. G. B., AND D. N. NETTLESHIP. 1984. Cape- 
lin and seabirds in the northwest Atlantic. Pp. 184- 
194 in D. N. Nettleship, G. A. Sanger and P. F. 
Springer (eds.), Marine birds: their feeding ecology 
and commercial fisheries relationships. Canad. Wildl. 
Serv. Spec. Publ., Ottawa. 

CARSCADDEN, J. E. 1984. Capelin in the northwest 
Atlantic. Pp. 170-183 in D. N. Nettleship, G. A. 
Sanger, and P. F. Springer (eds.), Marine birds: their 
feeding ecology and commercial fisheries relation- 
ships. Canad. Wildl. Serv. Spec. Publ., Ottawa. 

ELLIOT, R. D., AND A. J. GASTON. 1986. The age 
structure of the Newfoundland Thick-billed Murre 
harvest. Abstracts Int. Omithol. Congr. 19:462. 

GASTON, A. J. 1980. Population, movements and 
wintering areas of Thick-billed Murres (Uria lomvia) 
in eastern Canada. Canad. Wildl. Serv. Proar. Note 
1 lO:l-10. 

GASTON, A. J. 1984. How to distinguish first-year 
murres, Uris spp., from older birds in winter. Canad. 
Field-Nat. 98:52-55. 

GASTON, A. J. 1985. The diet of Thick-billed Murre 
chicks in the eastern Canadian arctic. Auk 102:727- 
734. 

GASTON, A. J., D. K. CAIRNS, R. D. ELLIOT, AND D. 
G. NOBLE. 1985. A natural historv of Diaaes Sound. 
Canad. Wildl. Serv. Rep. Ser. No: 46. -- 

GASTON, A. J., R. I. GOUDIE, D. G. NOBLE, AND A. 
MACFARLANE. 1983. Observations on “Turr” 
hunting in Newfoundland: age, body condition and 
diet of Thick-billed Murres (Uris lomvia), and pro- 
portions of other seabirds killed off Newfoundland 
in winter. Canad. Wildl. Serv. Progr. Note 141: l-7. 

GASTON, A. J., AND D. N. NOBLE. 1985. The diet of 
Thick-billed Murres (Uria lomvia) in west Hudson 
Strait and northeast Hudson Bay. Canad. J. Zool. 
63:1148-l 160. 

KULKA, D. W., S. COREY, ANDT. D. ILES. 1982. Com- 
munity structure and biomass of euphausiids in the 
Bay of Fundy. Canad. J. Fish. Aquat. Sci. 39:326- 
334. 

LEAR, W. H. 1979. Distribution, size and sexual ma- 
turity of arctic cod (Boreogadus saida) in the North- 
west Atlantic during 1959-1978. CAFSAC Res. Dot. 
79/7. 

LEA%, W. H. 1984. Atlantic cod-underwater world. 
Dept. Fish. and Oceans, Supply and Serv. Canada. 

LEAR, W. H., AND J. W. BAIRD. 1985. Minimum 
estimates of abundance of arctic cod (Boreogadus 

saida) in NAFO divisions 2J, 3K, and 3L from re- 
search vessel surveys. NAFO SCR Dot. 85142. 

LEAR, W. H., A. M. FLEMING, AND R. WELLS. 1980. 
Results of small cod surveys in eastern Newfound- 
land during 1959-1964. NAFO SCR Dot. 801’44. 

LEGGE~T, W. C., K. T. FRANK, AND J. E. CARSCADDEN. 
1984. Meteorological and hydrographic regulation 
of year-class strength in capelin (Mallotus villosus). 
Canad. J. Fish. Aquat. Sci. 41:1193-1201. 

LILLY, G. R. 1980. The food of arctic cod, Boreogadus 
saida (Lepechin), off Labrador in autumn, 1978. 
CAFSAC Res. Dot. 80/4. 

LINDLEY, J. A. 1980. Population dynamics and pro- 
duction of euphausiids. II. Thysanoessa inermis and 
T. raschii in the North Sea and American coastal 
waters. Mar. Biol. 59:225-233. 

OCI, H., AND T. TSUJITA. 1977. Preliminary exami- 
nation of stomach contents of murres (Uris sp.) from 
the eastern Bering Sea and Bristol Bay, June-August, 
1970 and 1971. Jap. J. Ecol. 23:201-209. 

OCI, H., AND T. HAMANAKA. 1982. The feeding ecol- 
ogy of Uria lomvia in the northwestern Bering Sea 
region. J. Yamashina Inst. Omith. 14:270-280. 

REDDIN, D. G., AND J. E. CARSCADDEN. 198 1. Salm- 
on-capelin interactions. CAFSAC Res. Dot. 81/2. 

SAMEOTO, D. D. 1976. Distribution of sound scat- 
tering layers caused by euphausiids and their rela- 
tionship to chlorophyll a concentrations in the Gulf 
of St. Lawrence estuary. J. Fish. Res. Board Canada 
33:681-687. 

SAMEOTO, D. D., AND I. 0. JAROSZYNSKI. 1972. Mac- 
rozooplankton biomass measurements in St. Mar- 
garet’s Bay, 1967 to 1970. Fish. Res. Board Canada 
Tech. Rep. 33:1-148. 

SANGER, G. A. 1986. Diets and food web relation- 
ships of seabirds in the Gulf of Alaska and adjacent 
marine regions. In Environmental assessment of the 
Alaskan continental shelf: final reports of the Prin- 
cipal investigators. 45:63 l-77 1. Anchorage, Alaska: 
NOAA National Ocean Service. 

Scorr, J. S. 1985. Sand lance. Underwater world. 
Dept. Fish. and Oceans, Supply and Serv. Canada. 

SERGEANT, D. E. 1973. Feeding, growth and produc- 
tivity of northwest Atlantic harp seals (Pugophilus 
groenlandicus). J. Fish. Res. Board Canada 30:17- 
29. 

SERGEANT, D. E. 1976. The relationship between harp 
seals and fish populations. ICNAF Res. Dot. 76/ 
125. 

SHIH, C. T., A. J. G. FIGUERA, AND E. H. GRAINGER. 
197 1. A synopsis ofcanadian marine plankton. Fish. 
Res. Board Canada Bull. 176: l-264. 

TUCK, L. M. 1961. The murres. Canad. Wildl. Serv. 
Monogr. No. 1. 

USPENSKI. S. M. 1956. The bird bazaars of Novava 
Zemlya. Canadian Wildlife Service Translations of 
Russian Game Reports, Vol. 4. Ottawa. (Translated 
from Russian, 1958.) 

WENDT, J. S., AND F. G. COOCH. 1984. The kill of 
murres in Newfoundland in 1977-78, 1978-79 and 
1979-80 hunting seasons. Canad. Wildl. Serv. Progr. 
Note 146:1-10. 

WIBORG, K. F. 1979. Gonatus fubricii (Lichtenstein), 
a possible fishery resource in the Norwegian Sea. 
Fisken Hav. 1979:33-46. 

WINTERS, G. H. 1970. Biological changes in coastal 



138 STUDIES IN AVIAN BIOLOGY NO. 14 

capelin from the over-wintering to the spawning con- WINTERS, G. H., AND J. E. CARSCADDEN. 1978. Re- 
dition. J. Fish. Res. Board Canada 27~22 15-2224. view of capelin ecology and estimation of surplus 

WINTERS, G. H. 1983. An analysis of biological and yield from predator dynamics. ICNAF Res. Bull. 13: 
demographic parameters of sand lance A. dubius from 21-30. 
the Newfoundland Grand Bank. Canad. J. Fish. 
Aquat. Sci. 40:409-19. 



Studies in Avian Biology No. 14:139-148, 1990. 

PHYSICAL AND BIOLOGICAL DETERMINANTS OF THE 
ABUNDANCE, DISTRIBUTION, AND DIET OF THE 
COMMON MURRE IN MONTEREY BAY, CALIFORNIA 

DONALD A. CROLL 

Abstract. Physical and biological factors affecting the diet, distribution, and abundance of the Com- 
mon Murre (Uris aalge) in Monterey Bay, California were investigated from September 198 1 through 
September 1983. Murre diet shifted both seasonally and annually, indicating an opportunistic feeding 
strategy. Highest abundance of murres was found during the summer period of late upwelling when 
murres exploit a dependable peak in prey availability (juvenile rockfish, Sebastes spp.) resulting from 
earlier upwelling episodes. Murres probably use this peak in food availability to feed dependent chicks 
at sea, replenish fat stores, and molt. During fall and winter productivity in Monterey Bay is low, and 
its importance to murres is reduced. 

Distribution during summer when murre abundance is high is probably determined by local up- 
welling and current patterns. Densities were highest in the northern region of Monterey Bay, probably 
due to higher food availability. Water is advected from the southern to the northern portions of the 
Bay, carried by an eddy of the California Current. Upwelling is centered off of Point Pinos to the 
South. As recently upwelled, nutrient rich water is transported from south to north, it promotes 
increased phytoplankton production, which works its way to higher trophic levels as it is carried north. 
This results in higher prey availability in the north, and thus higher Common Murre density. 

The primary effect of the 1982/1983 El Nifio-Southern Oscillation phenomenon was a decrease in 
primary productivity that lead to a reduced availability of the normally dependable summer prey 
resources. As a consequence, murres which came into the Bay in June 1983 in large numbers quickly 
dispersed, resulting in low densities in July and August. Murres that were found in Monterey Bay at 
this time were thin and fed on a different array of prey items. 

This study supports the hypothesis that concentrations of higher trophic level marine predators are 
concentrated “downstream” from upwelling centers. Peak abundance of murres in Monterey Bay 
occurred shortly after the seasonal peak in upwelling. During this peak abundance, murres were 
concentrated in the northern portion of the Bay (Soquel Cove) which is downstream of the upwelling 
center off of Point Pinos to the south. 

Key Words: Seabird, murre; distribution; diet; Monterey Bay; El Niiro. 

The importance of food availability in the de- 
termination of seabird numbers has long been 
suggested but rarely documented quantitatively 
(e.g., Ashmole 197 1, Shuntov 1972). The inter- 
relation of breeding success, timing of breeding, 
and food availability has received considerable 
attention (e.g., Lack 1954, 1966, 1968) leading 
Ashmole (197 1) to conclude that the location of 
breeding colonies may be determined in large 
part by the productivity of surrounding waters. 
For example, Anderson et al. (1982) found that 
Brown Pelican (Pelecanus occidentalis) repro- 
ductive output is closely related to local prey 
availability and abundance. 

The role that food availability and productiv- 
ity play in governing seabird distributions during 
nonbreeding seasons has not been determined 
clearly. Briggs et al. (1984) found that the dis- 
tribution of phalaropes during the winter in the 
California Current was correlated with oceano- 
graphic “fronts.” Haney (1987) found the non- 
breeding seabirds he studied in the South Atlan- 
tic Bight off the southeastern United States were 
concentrated on the “crests” of internal waves, 
whereas Woodby (1984) found that the spring 

distribution of murres (Uria spp.) was only loose- 
ly correlated with prey patches in the southeast- 
em Bering Sea. Brown (1980) suggested the char- 
acterization of nonbreeding seabird distribution 
on the basis of water types, while recognizing the 
importance of locally concentrated food. I used 
Brown’s approach in analyzing the results of the 
present study. 

The Common Murre (Uria aalge) is the most 
abundant breeding seabird along the coast of Cal- 
ifornia (Briggs et al. 1983), typically arriving on 
central California colonies in February or March. 
Monterey Bay (Fig. 1) is approximately 32 km 
north of a small breeding colony of 2000-5000 
birds at Hurricane Point, and approximately 160 
km south of colonies on the Farallon Islands that 
number 60,000-100,000 birds (Sowls et al. 1980, 
Briggs et al. 1983). The first murres with depen- 
dent chicks normally appear in Monterey Bay in 
July (Alan Baldridge, Hopkins Marine Station, 
pers. comm.), but post breeding females, non- 
breeders, and failed breeders may arrive earlier 
(pers. obs.). Although present in Monterey Bay 
throughout the year, murre abundance varies 
seasonally, apparently in concert with seasonal 
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FIGURE 1. Monterey Bay, California study site. 
Transect route is indicated. 

changes in oceanographic conditions. In their 
large scale study of seabird distribution off Cen- 
tral California, Briggs et al. (1983) found signif- 
icant seasonal changes in Common Murre dis- 
tribution. However, the large scope of that study 
precluded the description of small scale distri- 
bution patterns in populations responding to lo- 
cal changes in currents and productivity. 

Since nonbreeding seabirds are not tied to a 
colony site, their distribution should, to a large 
degree, be a reflection of prey distribution. The 
diet of the Common Murre in the northeastern 
Pacific has received considerable attention (see 
Ainley and Sanger 1979 for a review). Unfor- 
tunately, studies of the winter diet of the Com- 
mon Murre suffer from low sample size, making 
both seasonal and interspecific comparisons dif- 
ficult (e.g., Baltz and Morejohn 1977). 

By coupling bimonthly shipboard transects 
with feeding data from Common Murres inci- 
dentally entangled in commercial gill nets, I 
sought answers to the following questions for 
Monterey Bay Common Murres: 1) are there ma- 
jor seasonal or yearly changes in the diet? 2) are 
there major seasonal or yearly changes in distri- 
bution and abundance? 3) how do observed 
changes reflect spatial and temporal differences 
in oceanographic conditions and biological pro- 
ductivity? 

Normal oceanographic seasonal transitions 
within Monterey Bay have been described by 
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FIGURE 2. Monthly mean temperature and tem- 
perature anomaly for Monterey Bay, California. Tem- 
perature anomaly is the difference between the mean 
monthly temperature and the 30 year mean monthly 
temperature (Avers 1981, 1982, 1983). 

several authors (Bolin and Abbott 1963, Abbott 
and Albee 1967, Broenkow and Smethie 1978, 
Shea and Broenkow 1982). Generally, the hy- 
drographic cycle may be divided into three vari- 
able, overlapping seasons: 1) upwelling from 
February through August, which encompasses 
both the Common Murre breeding period in the 
spring (February through May) and postbreeding 
period in the summer (June through August); 2) 
the fall, when offshore California Current waters 
enter the coastal region from September through 
October; and 3) the winter, when the California 
Counter Current (Davidson Current) surfaces 
from November through January. For the pres- 
ent study I considered the oceanographic seasons 
of Monterey Bay as follows: February-May (ear- 
ly upwelling period), spring; June-August (late 
upwelling period), summer; September-October 
(oceanic period), fall; November-January (Da- 
vidson period), winter. 

Beginning in fall, 1982 there was an increase 
in water temperature in Central California caused 
by a strong “El Niilo,” persisting through the end 
of this study (Fig. 2). This provided an oppor- 
tunity to compare the feeding and distribution 
of Common Murres under different circumstanc- 
es: a normal year (198 1-1982) and an “El Nirio” 
year (1982-1983). 

METHODS 

FEEDING 

I examined the stomach contents of 238 murres in- 
cidentally entangled in commercial gill nets in Mon- 
terey Bay. One hundred ninety-nine samples were taken 
from June 198 1 through August 1982, excluding No- 
vember through January. In addition, 39 samples were 
taken June through August 1983. All individuals were 
caught within the Bay at depths ranging from 3 to 70 
m. As the gill nets were set over a 24 hour period, exact 
time of capture could not be determined. Birds taken 
from the fishermen who were hauling in their nets were 
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placed immediately on ice to retard digestive processes 
during transport to the laboratory. In the laboratory, 
the peritoneal cavity was opened and sex, length and 
width of gonads, and diameter of largest follicle in 
females were determined. The proventriculus and giz- 
zard were removed and frozen for later analysis of their 
contents. 

Fat analysis 
As an objective index of the fat condition of each 

bird, I measured the thickness of the dermis at an 
incision made in the skin over the left part of the upper 
breast (over the furculum) to the nearest 0.5 mm. Chu 
(1984) found that this measurement is a reliable pre- 
dictor of fat condition in shearwaters. Individuals col- 
lected in summer were separated by sex and breeding 
status. Nonbreeders were defined as those lacking a 
brood patch. In the fall (September-October), individ- 
uals were simply separated by sex. 

All comparisons of fat thickness were made by anal- 
ysis of variance or Student’s t-test (Zar 1974). Multiple 
comparisons were made using the Student Newman 
Keuls (SNK) multiple comparisons test (Zar 1974). 

Molt analysis 

I evaluated the stage of molt for each individual. 
Body molt was scored as present when new pinfeathers 
were found over approximately 10% or more of the 
breast area. Wing molt was recorded if one primary 
was missing with a pinfeather coming in to replace it, 
or iftwo or more primaries were missing on both wings. 

Stomach analysis 

The contents of the proventriculus and gizzard were 
sorted to the lowest determinable taxonomic category. 
The volume of each category was then measured by 
displacement of water in a graduated cylinder. Ceph- 
alopod beaks and fish otoliths were washed, and then 
identified by comparison with reference collections at 
Moss Landing Marine Laboratories, and pictorial guides 
(Fitch 1964, 1966; Iverson and Pinkas 1971; Morrow 
1977). The minimum number of fish represented by 
otoliths was taken to be the greatest number of left or 
right sagittae; the minimum number of individual 
cephalopods was taken to be the greatest number of 
upper or lower beak halves (Baltz and Morejohn 1977). 

Data analysis 
To describe the seasonal importance of each prey 

species, I calculated percent composition of prey by 
number (o/N), volume (%V), and frequency of occur- 
rence (%FO). Using these values, I then calculated an 
Index of relative importance (IRI) developed by Pinkas 
et al. (1971) to avoid biases in assessing prey impor- 
tance indicated by the above categories. This index is 
calculated for each prey category as: 

(O/ON, + %V,) (O/oFO,) = IRI, 

Diversity indices 

Green (1979) and Hurlbert (197 1) suggest that sim- 
ple indices such as the number of prey species (S) is a 
biologically meaningful measure that is a less ambig- 
uous and better measure of biological change with re- 
spect to its relationship to environmental change than 
the more complex diversity indices. Accordingly, I cal- 

culated the simpler values: number of species (which 
is the number of species found in each stomach av- 
eraged over the sampling period), and percent domi- 
nance for each season. The percent dominance of prey 
species in the diet was calculated as follows: 

D = i (n/N)* 
:=I 

where Z = total number of prey species eaten, n, = 
number of individuals of prey species, i, present in 
sample, and N = total number of individuals in sample. 

This value was then averaged over all stomachs for 
the sampling period. Dominance values range from 0 
to 1. A dominance value of 1 indicates a sample with 
only one prey species. 

Overlap indices 
I used the percent similarity index (PSI) (Saunders 

1960) to measure dietary overlap by season and year. 
It is calculated by summing the smallest percent by 
number ofeach prey species within the seasons or years 
under comparison: s 

PSI = 2 min %N, 
I=1 

There are no statistical tests for computing significant 
overlap; I follow Silver (1975) in using 80%. I used 
chi-square analysis of the raw numerical prey data to 
compare yearly and seasonal murre diets. Prey ob- 
served in less than 10 stomachs were lumped as “other 
fish.” I computed the G-statistic for significance testing 
(Sokal and Rohlf 1981). 

TRANSECX 
Thirty-five strip transects were surveyed within 

Monterey Bay from September 198 1 through Septem- 
ber 1983, using methods similar to those described by 
Briggs and Hunt (198 l), except that the zone distances 
were modified to 200 m. These transects occurred ap- 
proximately bimonthly, conditions permitting. To fa- 
cilitate seasonal comparisons of relative densities, the 
ship ran an identical rectangular course for each census 
(Fig. 1) at a constant speed of 18.5 km/hr. Course was 
selected to sample adequately both the inshore region 
of the Bay, and the offshore canyon slope. 

Two observers sat 3 m above the water line and 
recorded murres observed between 0 and 90 degrees 
to port and starboard of the bow. To minimize vari- 
ation due to observer bias, the same observers made 
almost all surveys. In addition to number of individ- 
uals, the following data were taken: 1) distance from 
the ship, visually estimated and coded as Zone 1, O- 
50 m from the ship or Zone 2, 51-200 m from the 
ship; 2) time of observation; 3) behavior of bird (flying, 
sitting on water surface, or following the ship); 4) sea 
condition (Beaufort scale), glare, percent cloud cover, 
precipitation, and a subjective evaluation of sighting 
conditions were recorded each hour or as conditions 
changed; the transect was terminated if sea state was 
greater than Beaufort 3, or subjective sighting condi- 
tions were poor; 5) boat speed, location, and time were 
logged every 15 min and at course changes to ensure 
that the ship followed the designated track for place- 
ment of sightings along the track line; 6) during the late 
upwelling period, Common Murre chick/adult pairs 
were noted. 
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FIGURE 3. Seasonal diet of Monterey Bay Common 
Murres. Importance of prey species represented by per- 
cent index of relative importance (see text for expla- 
nation). ND = data not available for this season. 

The transect was broken into 3 km segments for 
analysis. For each segment a density was calculated 
(number of murres per 3 km x 0.2 km segment) to be 
used as a discrete sample for statistical comparisons. 
Because variances were proportional to the means, 
samples were transformed by a square-root transfor- 
mation for statistical testing. Comparisons between 
density values for each season were made by analysis 
of variance (Zar 1974). The data were subdivided into 
two depth categories: offshore (waters deeper than 40 
m), and inshore (waters 540 m deep). The Monterey 
submarine canyon axis was chosen as the north-south 
dividing line. Therefore, comparisons within each sea- 
son were made with respect to: north bay, inshore; 
north bay, offshore; south bay, inshore; and south bay, 
offshore. Comparisons between locations were made 
with one-way ANOVA or Student’s t-test (Zar 1974). 

Sea-surface temperature was measured by aircraft 
within four days of transect date using a radiation ther- 
mometer (Barnes PRT-5) mounted through the aircraft 
floor (see Briggs et al. 1981 for system description). 
Isotherms were plotted from aircraft data and then 
superimposed on transect data. Chlorophyll-a was 
measured by the Coastal Zone Color Scanning satellite 
(CZCS-Nimbus 7; see Gordon et al. 1980 for system 
description) within two days of transect date. Relative 
chlorophyll values are derived for each km2. The sat- 
ellite-derived chlorophyll values for the center of each 
discrete transect segment were used for data analysis. 
Depth was taken as the depth at the center of each 
discrete transect segment. Distance from nearest point 
of land was taken from the center of each discrete 
transect segment. 

RESULTS 

FEEDING 

Percent IRI values show that the diet of Com- 
mon Murres in Monterey Bay is dominated by 
juvenile rockfish (Sebastes spp.), market squid 
(Loligo opalescens), northern anchovy (Engrau- 
lis mordax), and night smelt (Spirinchus starksi) 
(Fig. 3). The importance of each of these species 
changed seasonally (Fig. 3). Juvenile rockfish 
(primarily Sebastes jordani) dominated during 
summer 1981 (O/ IRI = 83.5), then became less 

important during the 198 1 fall period (o/o IRI = 
45.5), when market squid became much more 
important (% IRI = 48.0). By winter, 1982 ju- 
venile rockfish % IRI had dropped to a low of 
8.0 and market squid to 36.9, while northern 
anchovy dominated (% IRI = 38.5), and night 
smelt increased to 10.7%. The diet of the Com- 
mon Murre was different each season (G = 
198.465, P < .OOl), and subdivision of the chi- 
square showed that each season was different from 
both the previous and subsequent season. 

Diets in the summers of 1981, 1982, and 1983 
were significantly different (G = 198.7, P < .OOl) 
(Fig. 3). As in 198 1, the diet in 1982 was dom- 
inated by juvenile rockfish (% IRI = 66.8); how- 
ever, in 1982 market squid and night smelt were 
much more important. There was also a signif- 
icant difference (G = 67.26, P < .OO 1) in summer 
diets in 1981 and 1982. 

In the summer of 1983 the murres’ diet changed 
dramatically, and differed significantly from 198 1 
(G = 444.08, P < .OOl) and 1982 (G = 274.8, 
P < .OO 1). Juvenile rockfish were not important 
in 1983 and were replaced by market squid as 
the important food item, followed by northern 
anchovy. Also, a new species became important, 
juvenile ling cod (Ophiodon elongutus). Table 1 
reveals that there was no seasonal difference ei- 
ther in the number of prey species per stomach 
(Kruskall Wallis; H = 9.452, P > .05) or in dom- 
inance values (Arcsine transform ANOVA; F = 
1.289, P > .05). Therefore, individuals at any 
one time only fed upon one or two prey types. 
Within year overlap comparisons from June 198 1 
through May 1982 (Table 2) revealed that there 
were notable seasonal shifts in diet. 

Results of between-year overlap comparisons 
from the summers of 198 1, 1982, and 1983 (Ta- 
ble 2) show that overlap was high (PSI = 77.6) 
for 1981 vs. 1982, whereas it was low between 
1981 vs. 1983 (PSI = 25.6) and 1982 vs. 1983 
(PSI = 9.5). Thus in 1983 murres preyed upon 
a much different array of prey than in the pre- 
vious two years. 

FAT ANALYSIS 

Summer fat indices did not differ between 198 1 
and 1982 for each breeding or sex category (Stu- 
dent’s t-test, P i .05). Therefore, the indices for 
each category were combined for analysis. Mean 
(*SD) summer indices for each category were: 
nonbreeding female 3.3 mm (-t l.O), N = 37; 
postbreeding female 2.1 mm (*0.9), N = 48; 
nonbreeding male 3.5 mm (&0.9), N = 69; post- 
breeding male 3.0 mm (-t l.O), N = 50. Mean 
values for the four categories were significantly 
different (one way ANOVA; F = 22.04, P < 
.OO l), and female postbreeders were significantly 
leaner than all other categories (SNK; q = 11.14; 



COMMON MURRE BIOLOGY - Croll 143 

TABLE 1. NUMBER OF SPECIES PER STOMACH AND TABLE 2. COMPAFU~~NS OF MONTEREY BAY COMMON 
SPECIES DOMINANCE VALUES FOR MONTEREY BAY MURRE DIET BY SEASON AND YEAR (AS MEASURED BY 
COMMON MURRES PERCENT SIMILARITY INDEX) 

SGWXl 

Summer 198 1 
Fall 1981 
Spring 1982 
Summer 1982 
Summer 1983 

Number species/ 
stomach 

1.63 
1.13 
1.80 
1.47 
1.59 

DOlTUlaIlCe 

0.72 
0.75 
0.53 
0.68 
0.67 

Comparison PSI 

Summer 1981 vs. Fall 1981 53.18 
Fall 1981 vs. Spring 1982 49.74 
Spring 1982 vs. Summer 1982 37.50 
Summer 198 1 vs. Summer 1982 77.61 
Summer 1981 vs. Summer 1983 9.46 
Summer 1982 vs. Summer 1983 25.60 

P < .OO 1). No difference was found between the 
remaining three categories (SNK, P > .05). 
Therefore, summer postbreeding females were 
leaner than all other birds, which in turn exhib- 
ited no important differences in fat indices. 

Fall fat indices of males did not differ from 
females (t = 1.54, P > .05), and the combined 
mean fat value was 3.9 mm (k l.O), N = 42. 

July. Murre numbers then increased and peaked 
in late August. Thirty-two percent of all murres 
observed during summer 1982 were adult/chick 
pairs. The remarkably high mean density (169.2 
birds/km2) for late August was due primarily to 
a feeding flock comprised of over 3000 individ- 
uals in the northern, inshore region. 

Summer 1983 fat values did not differ signif- 
icantly among the breeding/sex categories, in 
contrast to the situation in 198 1 and 1982 (one 
way ANOVA, F = 2.592, P > .05). Therefore, 
the 1983 fat values were combined (combined 
mean 2.6 [+0.9], N = 34) and compared with 
198 l-l 982 values. The 1983 summer birds were 
significantly fatter than 1981-1982 summer 
postbreeding females (Student’s t-test; P > .05), 
but significantly leaner than all other 198 1-1982 
summer categories (one way ANOVA; P > .05). 

Area1 utilization: September 1981-August 1982 

Not all areas of Monterey Bay were equally 
important to Common Murres. In fall 198 1 and 
summer 1982, the greatest concentrations were 
found in the northern inshore regions of the bay 
(Fig. 5) (Table 3). During other seasons the four 
areas were used equally (Table 3). However, 
numbers increased sharply during March in the 
offshore regions of the bay due to the migration 
pulse mentioned above. 

MOLT 
Environmental correlates: September 
1981-August 1982 

Body molt began in early July and finished by 
early November. Body molt occurred gradually 
over an extended period, while wing molt was 
rapid, all primaries were lost simultaneously. 

Comparison of the number of postbreeding (as 
indicated by brood patches) vs. nonbreeding 
Common Murres molting in July shows that 
nonbreeding birds begin their molt sooner than 
postbreeding birds (G test; G = 7.38, P < .Ol). 

TRANSECT 

Seasonal abundance: September 1981-August 
1982 

In Monterey Bay, Common Murres were most 
abundant during the summer and fall (Fig. 4). 
Beginning in September 198 1, population den- 
sities declined and remained low through the 
winter (Fig. 4). Density increased abruptly in 
March 1982, suggesting a strong northward mi- 
gratory pulse, since 12.6% (N = 144) of all murres 
sighted were actively flying to the north, whereas 
85.0% (N = 1057) were sitting on the water, and 
the remainder (2.4%, N = 39) flew in directions 
other than north. Moreover, numbers rapidly 
dropped again in April and remained low until 

A correlation matrix from environmental 
measurements along the transect line on 22 Sep- 
tember 198 1 and 30 August 1982, when murre 
densities were high, showed that densities were 
positively correlated with temperature, but not 
with distance from land or depth of water (Table 
4; critical r,,,,,,, = 0.4 13). While chlorophyll was 
negatively correlated with both depth and dis- 
tance from land, temperature was not correlated 
with either parameter. Although positively cor- 
related in 198 1, chlorophyll and temperature were 
not correlated in 1982. Murre density was highly 
correlated with chlorophyll in 1981 but not in 
1982 (Table 4). 

Seasonal abundance: September 
1982-September 1983 

From September 1982 through May 1983 
(fall-spring) murre abundance was similar to 
that of the previous year (Fig. 4). However, the 
influx observed during the spring 1982 was not 
duplicated in 1983. In 1983 there were marked 
differences in murre abundances during the sum- 
mer months. There was a rapid, large buildup in 
June, followed by an exodus in July. Numbers 
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FIGURE 4. Common Murre densities in Monterey 
Bay from bimonthly transects. 

throughout the rest of the summer remained at 
low levels, similar to those in winter. 

Area1 utilization: September 1982-August 1983 

Unlike in 198 1, murres did not utilize the var- 
ious regions of Monterey Bay differently during 
the fall period (Fig. 5). In the winter and spring 
of 1983, density was significantly higher in the 
offshore regions. These differences were not ob- 
served the previous year. Differences in area1 uti- 
lization from the previous year were also evident 
during the summer. Similarly to summer 1982, 
murres were concentrated in the northern in- 
shore region during summer 1983. 

DISCUSSION 

Throughout the year murres in Monterey Bay 
preyed upon groups that form large surface 
schools as adults (market squid, northern an- 
chovy, night smelt), or have schooling juvenile 
forms (rockfish). The importance of the various 

TABLE 3. ANOVA COMPARISONS OF SEASONAL 

MONTEREY BAY COMMON MURRE DENSITIES (BIRDS/ 

oh@) BY AREA 

F Error df Significance 

Fall 1981a 
Winter 1982 
Spring 1982 
Summer 1982= 
Fall 1982 
Winter 1983b 
Spring 1 983b 
Summer 1983a 

7.02 100 P < 0.01 
1.38 106 N.S. 
2.39 126 N.S. 
5.11 152 P < 0.01 
1.85 22 N.S. 

15.78 100 P i 0.01 
12.52 94 P < 0.01 
3.10 126 P c 0.05 

*Student Newman Keuls multiple comparisons found Common MUIR 
density was significantly higher in the northern inshore area; no significant 
ddTerence between other areas. 
b Student Newman Keuls multiple c~mpans~ns found Common Murre 
density was SigniEcamly higher in the offshore area; no significant dif- 
ference between north-south densities. 

FIGURE 5. Area1 distribution of Monterey Bay 
Common Murres. Depths greater than 40 meters con- 
sidered offshore. 

species in the diet changed from season to season 
and from year to year. The widest variety of 
important prey species (% IRI values greater than 
5) is taken by murres in the spring, whereas in 
summer murres appear to depend mainly on ju- 
venile rockfish. As a population, the murres fed 
on a wide range of prey items, but the number 
of different prey species found in each individual 
bird was low. Evidently individual murres feed 
opportunistically, and since most of the prey spe- 
cies form large, monospecific schools (Frey 197 l), 
an individual gut will show high dominance of 
a few species. 

Because wintering seabirds are not tied to 
breeding colonies, they are able to exploit 
ephemeral prey patches. Accordingly, one may 
expect winter seabird distribution and abun- 
dance to be adjusted rapidly as prey availability 
changes. The primary reason for an overwinter- 
ing seabird to be found at sea is to exploit food 
resources dependably available there. Thus, dif- 
ferential seasonal abundance of wintering sea- 
birds should be a reflection of differential sea- 
sonal availability of prey within a particular area. 

The seasonal abundance of murres in Mon- 
terey Bay was greatest in the summer. Abun- 
dance then dropped rapidly during the fall, and 
remained low during the winter and spring 
(breeding) seasons. Their absence during the 
breeding season indicates that Monterey Bay is 
not an important area to breeders. However, it 
is used by adults with dependent chicks, molting 
nonbreeders, and lean, molting postbreeding fe- 
males as a feeding area beginning in July. Braune 
and Gaskin (1982) speculated that the build-up 
of postbreeding larids off Deer Island, New 
Brunswick, indicated the importance of the area 
as a reliable food source for the replenishment 
of energy reserves lost during breeding, and as a 
feeding area to meet the energetic demands of 
molting. Monterey Bay probably serves a similar 
function for Common Murres. 
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TABLE 4. CORRELATION MATRICES OF COMMON MURRE DENSITIES AND ENVIRONMENTAL PARAMETERS DURING 
SUMMER 1981 AND 1982 IN MONTEREY BAY 

Depth Distance Temperature Chlorophyll 

Murre density -0.291a -0.378 0.442 0.622 
-0.303b -0.348 0.594 0.202 

Depth 0.832 -0.381 -0.515 
0.832 -0.281 -0.544 

Distance -0.270 -0.736 
-0.264 -0.783 

Temperature 0.565 
0.361 

a Transect date: 22 September 198 I. 
b Transect date: 30 August 1982. 

The productivity of the waters of Monterey 
Bay has been studied intensively, mostly through 
the efforts of the California Cooperative Oceanic 
Fisheries Investigations program (e.g., Bolin and 
Abbott 1963, Broenkow and Smethie 1978, Gar- 
rison 1979, Shea and Broenkow 1982). Garrison 
(1979) found that phytoplankton standing stocks 
peaked during the spring and summer upwelling 
period between February and June and dropped 
to their lowest levels during winter. One would 
expect to first see an increase in grazers, followed 
by an increase in higher-level zooplankton feed- 
ers resulting from this increase in phytoplankton 
standing stocks. Anchovy, which feed directly on 
phytoplankton as well as on zooplankton, form 
large surface schools between April and June off 
California (Frey 197 1). Cailliet et al. (1979) found 
that northern anchovy had the highest relative 
abundance of all shoaling prey groups collected 
in midwater trawls in February in Monterey Bay. 
It appears they are available to murres between 
February and June, when the anchovy possibly 
take advantage of the increase in phytoplankton 
standing stocks. Indeed, the northern anchovy 
was the most important prey of murres at this 
time. 

The murre diet was dominated by juvenile 
rockfish during the summer, which Cailliet et al. 
(1979) found to be the most abundant prey taxa 
in shallow water in Monterey Bay during this 
period. Juvenile rockfish feed primarily on small 
crustaceans (Todd Anderson, Moss Landing Ma- 
rine Laboratories, pers. comm.) and probably 
come into the bay during the summer to take 
advantage of high zooplankton numbers which 
result from the earlier phytoplankton increases. 
These observations best support the hypothesis 
that Common Murres in Monterey Bay exploited 
a seasonal peak in prey availability produced by 
earlier upwelling episodes. 

Juvenile rockfish abundance probably drops 
off beginning some time in the fall, as juvenile 
rockfish begin to switch to rock substrate habitats 

offshore (Anderson 1984). This coincides with a 
reduction of primary productivity in the bay 
(Bolin and Abbott 1963). At this time murre 
abundance also drops and those that remain be- 
gin to feed upon market squid. However, squid 
availability is reduced at this time as well (Cail- 
liet et al. 1979). Thus, Common Murres disperse 
out of Monterey Bay some time during the fall, 
when primary productivity has dropped consid- 
erably (Bolin and Abbott 1963), and prey avail- 
ability has presumably decreased as well. Evi- 
dence suggests that at this time murres may be 
concentrating in the offshore shelf waters (Briggs 
et al. 1983). 

Differential utilization of various habitats by 
seabirds has been discussed on both large and 
small scales (see Hunt and Schneider 1987 for a 
review). During the summer, murres concentrate 
in the shallow, northern portions of the bay. Cor- 
relation analysis from this time period revealed 
that murres concentrated in the warmer regions 
of the bay that were shallow and close to shore; 
chlorophyll was relatively unimportant in ex- 
plaining variability in murre density. Thus, with- 
in the small-scale area of Monterey Bay during 
the summer period, murres appeared to select a 
particular set of environmental parameters. 

How do these observations reflect the small 
scale processes occurring in Monterey Bay? 
Broenkow and Smethie (1978) found that up- 
welling occurs predominantly south of Monterey 
Bay. Nutrient-rich upwelled waters are advected 
into the Bay from the south by an eddy of the 
California Current and penetrate northward. 
Lasley (1977) found a net northerly inshore flow 
of water from Point Pinos towards Point Santa 
Cruz. Lasley (1977) also found that as water 
flowed to the north, chlorophyll levels decreased 
from a maximum off Point Pinos to a minimum 
in the northern bay, nutrient levels decreased, 
while temperature and oxygen levels increased. 
He believed low chlorophyll-to-phaeophyton ra- 
tios in the central and northern bay indicated 
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substantial zooplankton grazing, whereas high 
ratios in the southern bay suggested little grazing. 
As water moves to the north, the biomass of 
higher trophic levels increases. As a result, a rel- 
atively higher abundance of species feeding upon 
zooplankters (i.e., juvenile rockfish) in the north- 
em regions of the bay is expected. It appears that 
murres are concentrated in the warmer, low chlo- 
rophyll waters some distance away from the 
source of upwelling. This distance allows time 
for the effects of increased primary production 
to work its way up the food chain as the water 
is transported from the upwelling center. 

Briggs et al. (1984) concluded similarly from 
a study of phalarope feeding in the California 
Current. They found that phalaropes fed upon 
zooplankton that was concentrated in conver- 
gences offshore. Phalarope distribution was cor- 
related negatively with chlorophyll concentra- 
tion. In their view, the best possible feeding 
conditions for phalaropes probably occurred 
“downstream” from an active upwelling center, 
where productivity resulting from upwelling has 
had time to work its way up the food chain. In 
their study of the relationship of seabird distri- 
bution to the hydrography of California, Briggs 
and Chu (1987:295) stated that “for fish and 
squid and their predators as well, optimal com- 
binations of substrate, circulation, and feeding 
conditions are met downstream from major up- 
wellings in less turbulent waters.” Indeed, zoo- 
plankton and phytoplankton stocks were in- 
versely related at smaller scales (Hunt and 
Schneider 1987). This may explain the relatively 
poor correlations of higher-trophic-level seabirds 
with oceanographic indicators of primary pro- 
ductivity such as low water temperature, high 
nutrient levels, and high chlorophyll concentra- 
tion. 

In winter 1982/1983, the effects ofan El Niiio- 
Southern Oscillation (ENSO) were first measured 
in the California Current off California (Reed 
1983). These included anomalously high sea sur- 
face temperatures, high sea levels, and a deep- 
ening of the thermocline from about 30 m to 60- 
70 m in 1983 (McClain 1983). McGowan (1985) 
found zooplankton levels were down to record 
lows from previous 30 year median values. The 
1982/ 1983 ENS0 probably had two possible ef- 
fects in the Central California region: 1) the on- 
shore transport of warm, low-salinity water from 
the California Current (Simpson 1984) resulted 
in a downward tilt of the coastal thermocline; 
and 2) the poleward propagation of a baroclinic 
wave created at the equator resulted in an anom- 
alous isotherm deepening off California and en- 
hancement of the Davidson Current during win- 
ter 1982/1983, creating record high sea levels 

(McClain 1983). Whatever the cause, warm oce- 
anic waters intruded into Monterey Bay (Fig. 2), 
effectively capping the usual nutrient upwelling. 
Anomalous observations of warm water species 
from the south (e.g., pelagic red crabs, Pleuron- 
codes planipes; California barracudas, Sphy- 
raena argentea; and common dolphins, Delphi- 
nus delphis) increased (Alan Baldridge, Hopkins 
Marine Station, pers. comm.), while productivity 
decreased. 

Concurrently, on the Farallon Islands off San 
Francisco, reproduction of seabird species de- 
pendent on seasonal upwelling was severely de- 
pressed (Boekelheide 1984). Common Murre egg 
production fell to 49% of the previous year, and 
the fledging rate of murres dropped from a nor- 
mal mean of 0.7 to 0.9 chicks per pair to less 
than 0.05 per pair (Boekelheide 1984). Juvenile 
rockfish, which are normally the dominant prey 
delivered to chicks, were delivered in only 17.8% 
of the feeds in 1983 compared to 64.7% in 1982 
(Boekelheide 1984). 

There were also changes in murre distribution 
in Monterey Bay. Significantly more murres were 
found in the offshore regions in spring 1983. 
Maximum mean abundance in June increased 
well above the maximum mean density seen the 
previous year (from 4 birds/km2 in 1982 to 88 
birds/km2 in 1983). This increase probably in- 
cluded failed breeders (out of 16 females ex- 
amined, ova with yolk were found in 3 females, 
and eggs with complete shells were found in 2 
females, pers. obs.). Evidence of widespread 
breeding failure was indicated by the absence of 
dependent chicks. Murre numbers then declined 
rapidly so that by late July the mean density was 
only 3 birds/km* (compared to 65 birds/km2 in 
1982). 

Fat indices and diet of Common Murres in 
Monterey Bay also differed markedly during 
summer 1983. Murres examined were signifi- 
cantly leaner than those examined in 198 1 and 
1982, with the exception of the postbreeding fe- 
males. Juvenile rockfish were the most important 
prey item to murres during the summer in 198 1 
and 1982, but in 1983 few juvenile rockfish were 
taken. Instead, market squid dominated the diet, 
followed by northern anchovy. Lea and Van 
Tresca (1984) found reduced rockfish reproduc- 
tive output in both 1982 and 198 3, and McClain 
(1983) observed lower market squid abundance 
in Monterey Bay in 1983. A prey species never 
seen in previous years, juvenile ling cod (Ophio- 
don elongatus), became the third most important 
prey item in 1983. Juvenile ling cod are widely 
dispersed on the sandy bottom (Frey 197 1). This 
change in Common Murre diet to include a non- 
shoaling prey species in significant numbers is 
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especially interesting, since it would require a 
coincidental change in the normal foraging be- 
havior. 

Therefore, as a result of the 198211983 ENSO, 
a large number of lean Common Murres entered 
Monterey Bay in June 1983. No chicks were found 
in the bay in 1983. The normally reliable juvenile 
rockfish resource probably was not available, re- 
sulting in a change in diet from that observed in 
the previous years. With low food availability, 
the murres quickly moved out of the bay, cre- 
ating densities in July that are normally observed 
during the fall and winter seasons of low pro- 
ductivity. 

During normal hydrographic years in Mon- 
terey Bay, Common Murres exploit a dependable 
seasonal peak in prey availability resulting from 
an earlier upwelling episode. Murres use this peak 
in food availability during the summer to feed 
dependent chicks, replenish fat stores, and molt. 
Murre diet and abundance change seasonally in 
response to changing local productivity. During 
the summer, when murre densities are highest, 
murres concentrate in the northern part of Mon- 
terey Bay. As advected water is transported from 
the southern to northern portions of the bay in 
an eddy of the California Current, the effects of 
increased production due to offshore upwelling 
results in a concomitant increase in higher tro- 
phic level productivity. This results in higher 
prey availability in the northern areas, leading 
to higher Common Murre abundance. The 1982/ 
1983 ENS0 resulted in depressed productivity, 
and ultimately decreased murre abundance in 
Monterey Bay. 

This study indicates the importance of rec- 
ognizing the temporal lag in productivity that 
results from increased nutrient availability after 
a physical event such as coastal upwelling. Bio- 
logical benefits from increased nutrient avail- 
ability are separated in time from the physical 
events that initiated them. Ocean currents trans- 
late this temporal separation into a spatial sep- 
aration. Thus, distributions of higher trophic lev- 
el organisms such as seabirds will be spatially 
separated from the physical indicators of pri- 
mary productivity and nutrient availability. 

ACKNOWLEDGMENTS 

This work was supported by the Monterey Audubon 
Society, and the Asociacion de Biologos Ambulantes. 
Moss Landing Marine Laboratories provided logistical 
support. Tom Keating, Larry Spear, Jo Guerrero, Mi- 
chael Newcomer, James Anderson, Bernadette Allen, 
Margo Jameson, and Lisa Ballance helped in surveys, 
laboratory analyses, and net observations. Dr. Kenneth 
Briggs provided invaluable advice in all aspects of the 
study. Dr. Bemd Wursig, Dr. Michael Foster, Dr. James 
Nybakken, Dr. Terrie Williams, and Dr. Joseph Jehl 

gave useful comments of the manuscript. Sheila and 
Alan Baldridge provided much appreciated encour- 
agement and advice throughout the study. 

LITERATURE CITED 

ABBOTT, D. P., AND R. ALBEE. 1967. Summary of 
thermal conditions and phytoplankton volumes 
measured in Monterey Bay, California, 1961-1966. 
Calif. Coop. Ocean. Fish. Invest. Rept. 11: 155-l 56. 

AINLEY, D. G., AND G. A. SANGER. 1979. Trophic 
relations of seabirds in the northeastern Pacific Ocean 
and Bering Sea. Pp. 95-122 in J. C. Bartonek and 
D. N. Nettleship (eds.), Conservation ofmarine birds 
of northern North America. U.S. Dept. Interior 
Wildl. Res. Rept. no. 11. 

ANDERSON, D. W., F. GRESS, AND K. F. MAIS. 1982. 
Brown Pelicans: influence of food supply on repro- 
duction. Oikos 39:23-3 1. 

ANDERSON, T. 1984. Ecology ofjuvenile rockfish off 
Monterey, California. Unpublished M.Sc. thesis, 
Moss Landing Marine Laboratories, California State 
University, San Jose, California. 

ASHMOLE, N. P. 1971. Sea bird ecology and the ma- 
rine environment. Pp. 223-286 in D. S. Famer and 
J. R. King (eds.), Avian biology, Vol. 1. Academic 
Press, New York. 

AVERS, S. 198 1, 1982, 1983. Oceanographic monthly 
summary. Vols. 1 and 2, issued monthly. U.S. Dept. 
Commerce, NOAA, Washington, D.C. 

BALTZ, D. M., AND G. V. MOREJOHN. 1977. Food 
habits and niche overlap of seabirds wintering on 
Monterev Bav. California. Auk 94:526-543. 

BOKELHEID& RI 1984. A rocky road to success for 
Farallon Islands Common Murres. Point Reyes Bird 
Observatory Newsletter 64: 14. 

BOLIN, R. L., AND D. P. ABBOTT. 1963. Studies on 
the marine climate and phytoplankton of the coast 
of California 1954-l 960. Calif. COOD. Ocean. Fish. 
Invest. Rept. 9:23-45. 

BRAUNE, B. M., AND D. E. GASKIN. 1982. Feeding 
ecology of non-breeding larids off Deer Island, New 
Brunswick. Auk 99~67-76. 

BRIGGS, K. T., AND E. W. CHU. 1987. Trophic rela- 
tionships and food requirements of California sea- 
birds: updating models of trophic impact. Pp. 279- 
304, in J. P. Croxall (ed.). Seabird feeding ecology 
and role in marine ecosystems. Cambridge Univer- 
sity Press, Cambridge. 

BRIGGS, K. T., AND G. L. HUNT, JR. 198 1. Seabirds: 
details of strip censusing techniques. Pp. 257-276 in 
Summary report 1975-1978: marine mammal and 
seabird survey of the Southern California Bight area. 
Natl. Tech. Info. Serv. Rep. PB-81-248-197. 

BRIGGS, K. T., E. W. CHU, D. B. LEWIS, W. B. TYLER, 
R. L. PITMAN, AND G. L. HUNT, JR. 198 1. Distri- 
bution, numbers, and seasonal status of seabirds of 
the Southern California Bight area. Natl. Tech. Info. 
Serv. Rep. PB-81-248-197. 212 p. 

BRIOGS, K. T., W. B. TYLER, D. B. LEWIS, AND K. F. 
DETTMAN. 1983. Seabirds of central and northern 
California, 1980-1983: status, abundance, and dis- 
tribution. Publ. Center for Coastal Marine Studies, 
Univ. Calif. Santa Cruz. August 1983. 



148 STUDIES IN AVIAN BIOLOGY NO. 14 

BRIGGS, K. T., K. F. DETTMAN, D. B. LEWIS, AND W. 
B. TYLER. 1984. Phalarope feeding in relation to 
autumn upwelling off California. Pp. 51-62, in D. 
N. Nettleship. G. A. Sanaer. and P. F. Sprinaer (eds.), 
Marine birds: their ecology and commercial l&h& 
relationships. Ottawa. Spec. Publ. Canad. Wildl. Serv. 

BROENKOW, W. W., AND W. M. SMETHIE, JR. 1978. 
Surface circulation and replacement of water in 
Monterey Bay. Estuarine and Coastal Marine Sci. 6: 
583-603. 

BROWN, R. G. B. 1980. Seabirds as marine animals. 
Pp. l-39, in J. Burger, B. L. Olla, and H. E. Winn 
(eds.), Behavior of marine animals. Vol. 4. Plenum 
Press, New York. 

CAILLIET, G. M., K. KARPov, AND D. A. AMBROSE. 
1979. Pelagic assemblages as determined from purse- 
seine and large midwater trawl catches in Monterey 
Bay and their affinities with market squid, Loligo 
op&scens. Cal. Coop. Oceanic Fisheries Invest. Rept. 
20:21-30. 

CHU, E. W. 1984. Sooty Shearwaters off California: 
diet and energy gain. Pp. 64-7 1 in D. N. Nettleship, 
G. A. Sanger, and P. F. Springer (eds.), Marine birds: 
their ecology and commercial fishing relationships. 
Ottawa. Spec. Pub. Canad. Wildl. Serv. 

FITCH, J. E. 1964. The fish fauna of the Playa Del 
Rey locality, a southern California marine Pleisto- 
cene deposit. L.A. Co. Mus. Contrib. Sci. 82. 

FITCH, J. E. 1966. Additional fish remains, mostly 
otoliths, from a Pleistocene deposit at Playa Del Rey, 
California. L.A. Co. Mus. Contrib. Sci. 119. 

FREY, H. W. 1971. California’s living marine re- 
sources and their utilization. Calif. Fish and Game. 
148 p. 

GARRISON, D. L. 1979. Monterey Bay phytoplankton 
I: seasonal cycles of phytoplankton assemblages. J. 
Plankton Res. 1:241-265. 

GORDON, H. R., D. K. CLARK, J. L. MUELLER, AND W. 
A. HOVIS. 1980. Nimbus 7 coastal zone color scan- 
ner: system description and initial imagery. Science 
210:60-66. 

GREEN, R. H. 1979. Sampling design and statistical 
methods for environmental biologists. J. Wiley and 
Sons, New York. 257 p. 

HANEY, J. C. 1987. Ocean internal waves as sources 
of small-scale patchiness in seabird distribution on 
the Blake Plateau. Auk 104:129-133. 

HUNT, G. L., AND D. C. SCHNEIDER. 1987. Scale- 
dependent processes in the physical and biological 
environment of marine birds. Pp. 74 1 in J. P. Crox- 
all (ed.), Seabird feeding ecology and role in marine 
ecosystems. Cambridge University Press, Cam- 
bridge. 

HURLBERT, S. H. 1971. The non-concept of species 
diversity: a critique and alternative parameters. 
Ecology 52:577-586. 

IVERSON, I. L. K., AND L. PINKAS. 1971. A pictorial 
guide to the beaks of certain eastern Pacific cephalo- 
pods. Calif. Dept. Fish and Game, Fish. Bull. 152: 
83-105. 

LACK, D. 1954. The natural regulation of animal 
numbers. Oxford Univ. Press, Oxford. 

LACK, D. 1966. Population studies of birds. Oxford 
Univ. Press. Oxford. 

LACK, D. 1968. Ecological adaptations for breeding 
in birds. Methuen, London. 

LASLEY, S. R. 1977. Hydrographic cycles in Monterey 
Bay surface waters in relation to nearshore circula- 
tion. Unpublished M.Sc. thesis, Calif. State Univ., 
San Jose, California. 

LEA, R. N., AND D. VANTRESCA. 1984. Biological 
indicators of the “El Niiio” condition off central Cal- 
ifornia. Paper presented at California-Nevada Chap- 
ter of American Fisheries Sot. Meeting, Sacramento, 
California, 4 February 1984. 

MCCLAIN, D. 1983. Coastal ocean warming in the 
northeast Pacific, 1976-1983. Paper presented at 
Salmonid-Oceanography Workshop. Oregon State 
Univ. Newport, Oregon. November 1983. 

MCGOWAN, J. A. 1985. El Niiio in the Southern Cal- 
ifornia Bight. Pp. 166-187 in W. S. Wooster and D. 
L. Fluharty (eds.), El Niiio North. Washington Sea 
Grant Pub. WSG-WO 85-3. 

MORROW, J. E. 1977. Illustrated keys to otoliths of 
forage fishes of the Gulf of Alaska, Bering Sea, and 
Beaufort Sea. In Environmental assessment of the 
Alaskan continental shelf. Annual reports of prin- 
cipal investigators for the year ending March 1977. 
Receptors-Fish. U.S. Dept. Comm., NOAA and U.S. 
Dept. Int., BLM, Washington, D.C. 

PINKAS, L., M. S. OLIPHANT, AND I. L. K. IVERSEN. 
197 1. Food habits of albacore, bluefin tuna, and 
bonita in California waters. Calif. Dept. Fish and 
Game, Fish Bull. 152:1-105. 

REED, R. K. 1983. Oceanic warming offthe U.S. West 
Coast following the 1982 El Niiio. Trop. Oceano- 
graphic-Atmospheric Newsletter 22: 10-l 2. 

SAUNDERS. H. L. 1960. Benthic studies in Buzzard’s 
Bay. III: The structure of the soft bottom commu- 
nity. Limnol. and Ocean. 5: 138-l 53. 

SHEA, R. E., AND W. W. BROENKOW. 1982. The role 
of internal tides in the nutrient enrichment of Mon- 
terey Bay, California. Est., Coastal, and Shelf Sci. 
15~57-66. 

SHUNTOV, V. P. 1972. Sea birds and the biological 
structure of the ocean. (Trans. from Russian). Bur. 
Sport Fish. Wildl. and Natl. Sci. Found., Wash. D.C. 
Nat. Tech. Inf. Serv. TT 74-55032. 

SILVER, M. W. 1975. The habitat of Salpa fisiformis 
in the California Current as defined by indicator as- 
semblages. Limnol. and Ocean. 20:230-237. 

SIM~ON, J. J. 1984. El Nino-induced onshore trans- 
sort in the California Current during 1982-1983. 
Geophysical Res. Letter 11:232-236. - 

SOKAL, R. R., AND F. J. ROHLF. 1981. Biometry. 
Second Ed. W.H. Freeman and Co., San Francisco. 

Sowrs, A. L., A. R. DEGANGE, J. W. NELSON, AND G. 
S. LESTER. 1980. Catalog of California seabird col- 
onies. U.S. Dept. Int.. Fish and Wild. Serv. Reo. 
FWS/OBS-80/37. 

WOODBY, D. A. 1984. The April distribution ofmurres 
and prey patches in the southeastern Bering Sea. 
Limnol. and Ocean. 29: 18 l-l 88. 

ZAR. J. H. 1974. Biostatistical analysis. Prentice-Hall, 
Inc., Englewood Cliffs, New Jersey. 



Studies in Avian Biology No. 14:149-163, 1990. 

Auks in Peril 

DECLINE OF THE COMMON MURRE IN CENTRAL 
CALIFORNIA, 1980-1986 

JEAN E. TAKEKAWA, HARRY R. CARTER, AND THOMAS E. HARVEY 

Abstract. Aerial surveys of 13 Common Murre (Uris aalge) colonies were conducted in California 
in 1985 and 1986. Breeding population estimates for eight colonies in central California and five 
colonies in northern California were compared with estimates determined in 1980-1982. The central 
California population declined 52.6% within 4-6 years, from 229,080 in 1980-1982 to 108,530 in 
1986. The northern California population remained relatively unchanged during the same period; 
combined totals at four colonies declined 5.4% from 118,080 in 1979-1982 to 111,730 in 1986. 
Population decline in central California was caused by high mortality from an intensive nearshore 
gill-net fishery, compounded by that from oil spills and a severe El Niiio-Southern Oscillation event 
in 1982-1983. Individual colonies declined 45.8-100% and the most severe declines occurred at 
colonies located nearest to areas of highest gill-net fishing mortality. 

Key Words: Aerial surveys; Alcidae; Common Murre; El Nifio; oil spill; gill-net fishery; uric aaige. 

In 1979 and 1980, over 360,000 Common 
Murres (Uris aalge) nested in colonies distrib- 
uted between Castle Rock, Del Norte County, in 
northern California and Hurricane Point Rocks, 
Monterey County, in central California @owls et 
al. 1980). Eight colonies in central California 
(about 30% of the state population) occurred 
south of Point Reyes (37”59’N, 123”59’W), 
whereas 12 northern California colonies (about 
70% of the state population) occurred north of 
Cape Vizcaino (39”43’N, 123’49’W) (Fig. 1). We 
think there is little immigration or emigration 
between populations in central and northern Cal- 
ifornia because they are separated by a distance 
of about 200-250 km, and in both areas birds 
remain near breeding colonies throughout the 
year (Storer 1952; DeGange and Sowls 198 1; 
Ainley and Boekelheide 1990). 

While murre numbers have increased at some 
colonies throughout this century (Osborne and 
Reynolds 197 1, Osborne 1972, Sowls et al. 1980) 
increases in Farallon Island colonies in central 
California followed a severe historical popula- 
tion decline due to human occupation, egging, 
and chronic oil pollution in the Gulf of the Far- 
allones. An estimated population of 400,000 birds 
in the mid- 1800s fell to a few thousand birds in 
the mid-1900s (reviewed in Ainley and Lewis 
1974). Partial protection was afforded colonies 
in 1909 when North Farallon (Fig. 1) and West 
End islands (Fig. 2) were established as the Far- 
allon National Wildlife Refuge (NWR), under 
the jurisdiction of the U.S. Fish and Wildlife 
Service (USFWS). Egging stopped around the turn 
of the century and Dawson (1923) reported as 
many as 20,000 murres in 19 11. However, mor- 

talities caused by oil pollution from ship bilge 
discharges and oil spills continued to occur in 
the area (Palmer 1921, Moffitt and Orr 1938, 
Houldson 1952) and only a few hundreds to 
thousands of murres were reported from the 
1920s to 1950s (e.g., Chaney 1924). 

Additional protection was established in 1969 
when Southeast Farallon Island (SEFI) and 
neighboring islets (Fig. 2) were included within 
the Farallon NWR. Since 1967 Point Reyes Bird 
Observatory (PRBO) has conducted research on 
the Farallon Islands, and since 197 1 PRBO per- 
sonnel have resided on the refuge through a co- 
operative agreement with USFWS, providing 
wardens for the first time on the islands and mon- 
itoring marine bird populations. Between 1959 
and 1972 the murre population grew from about 
6000 to 22,000 birds, despite the major 1971 
San Francisco oil spill when thousands were killed 
(Smail et al. 1972, Ainley and Lewis 1974). In 
1974 North Farallon and West End islands were 
designated as Wilderness Areas. This protection 
and lessened oil pollution allowed the breeding 
population to increase through the 1970s and 
early 1980s (DeSante and Ainley 1980; Ainley 
and Boekelheide 1990). By 1980, the South Far- 
allon Islands (including West End Island, SEFI, 
and neighboring islets) supported the second 
largest murre colony in California (about 17% of 
the state population). The largest was at Castle 
Rock in northern California (Sowls et al. 1980), 
which was designated a NWR in 1980. There is 
little historical information on murre colonies in 
northern California, but numbers also increased 
there through the 1970s (Osborne 1972, Sowls 
et al. 1980). In southern California, murres for- 
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FIGURE 1. Locations of 2 1 Common Murre colonies in California (from Sowls et al. 1980). Central California 
colonies (inset): 1, South Farallon Islands; 2, North Farallon Islands; 3, Point Reyes; 4, Point Resistance; 5, 
Double Point Rocks; 6, Devil’s Slide Rock; 7, Castle Rocks; 8, Hurricane Point Rocks. Northern California 
colonies (left): 9, Castle Rock, 10, Sister Rocks; 11, False Klamath Rock, 12, Redding Rock, 13, White Rock, 
14, Green Rock; 15, Flatiron Rock; 16, Blank Rock; 17, Pilot Rock, 18, False Cape Rocks; 19, Steamboat Rock; 
20, Cape Vizcaino. Southern California colonies (left): 2 1, Prince Island. The 40 and 15 fathom contours (inset) 
are indicated by the dashed line north and south of Waddell Creek, respectively. 

SOUTH 
FARALLON 
ISLANDS 

Sh”brlck 
, Pmlt 

FIGURE 2. Map of the South Farallon Islands, San 
Francisco County. Common Murre nesting areas in 
1986 are darkened. Numbered plots were used to mon- 
itor murres and to provide correction factors: 1, Upper 
Shubrick Point; 2, Lower Shubrick Point; 3, Cove Point; 
4, Tower Point; 5, North Landing; 6, Chocolate Chip 
Islet; 7, Finger Rock; 8, Saddle Rock. 

merly bred at Prince Island, but have been absent 
since the early 1900s (Hunt et al. 1979, Sowls et 
al. 1980). 

After 1979 a decline in the numbers of murres 
breeding at the Farallon Islands occurred follow- 
ing heavy mortality of murres from gill-net fish- 
ing, two major oil spills, and the effects of the 
intense 1982-l 983 El Nifio-Southern Oscillation 
event (ENSO) (Carter 1986; Atkins and Hene- 
man 1987; Ford et al. 1987; Page et al. 1990; 
Ainley and Boekelheide 1990). ENS0 causes re- 
duced ocean productivity, thereby affecting sea- 
bird reproduction. However, gill-net mortality 
was of special concern, because it was restricted 
to the smaller central California population and 
thousands of murres were being killed (Califor- 
nia Department of Fish and Game [CDFG] 198 1, 
1987; Atkins and Heneman 1987; Stenzel et al. 
1988; CDFG, unpubl. data). 

Declines were first detected at the Farallon Is- 
lands in 1984. Other colonies had not been cen- 
sused since 1982 and their status was unknown. 
In 1985 and 1986, USFWS and PRBO con- 
ducted aerial surveys to refine breeding popu- 
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FIGURE 3. Rock #4 subcolony at Point Reyes, 1986, showing the high resolution and clarity of slides used 
to count murres. 

lation estimates at the Farallon Islands and de- 
termine the status of other colonies. In this paper, 
we compare our results to earlier population es- 
timates to determine the extent of decline of the 
central California murre population between 
1980 and 1986, and evaluate causes for this de- 
cline. We discuss several procedural inconsisten- 
cies that made it difficult to determine trends at 
some colonies, recognition ofwhich should assist 
in interpreting past and future trends. 

METHODS 

AEIUAL SURVEYS 
In 1985, aerial surveys were conducted at five col- 

onies in central California (South and North Farallon 
islands, Point Reyes, Point Resistance, and Double 
Point Rocks) and at Castle Rock in northern California. 
Surveys in 1986 covered all eight central California 
colonies (adding Devil’s Slide, Castle, and Hurricane 
Point rocks) and five major colonies in northern Cal- 
ifornia (Castle, False Klamath, Redding, Green, and 
Flatiron rocks), north of Eureka (Fig. 1). In both years, 
colonies in central California were surveyed on two 
days (30 May and 12 June 19854 and 5 June 1986). 
whereas northern California colonies were surveyed on 
one day (5 June 1985, 19 June 1986). Surveys were 
flown at 50-90 knots (depending on wind speed) from 
a single engine, wing-over Cessna 150 or 182 aircraft 
at altitudes of 120-150 m in northern California. A 
quieter twin engine, wing-over Partanavia aircraft was 
used at altitudes of 150-200 m in central California, 
where murres were more sensitive to disturbance by 
aircraft, particularly at the South Farallon Islands. All 
surveys were flown without flushing birds. 

Colonies were photographed by two photographers, 
each using a 35 mm camera set at rapid shutter speeds 

(l/500 or l/1000 sets), a 300 mm telephoto lens, and 
color slide film (ASA 400). Overview photos were also 
taken using a 50 mm lens and color slide film (ASA 
64). We attempted to pass directly overhead to mini- 
mize oblique photographs; however, when surveying 
the South Farallon Islands, passes were flown farther 
off the island due to steep topography and to prevent 
disturbance. At Point Reyes, high winds and steep to- 
pography made full coverage difficult. 

Slides of the highest quality (Fig. 3) were projected 
onto white paper and areas to be counted were de- 
marcated using landmarks or colony outlines. Slides 
were scrutinized by several observers who dotted each 
bird with a felt tip pen and later tallied dots with a 
hand-held counter. All slides and counting sheets were 
archived at the San Francisco Bay NWR office. 

Aerial survey results were compared to similar sur- 
veys conducted in 1979 and 1980 by Sowls et al. (1980) 
and in 1980 and 1982 by Briggs et al. (1983). Data 
from 198 1 surveys by Briggs et al. (1983) were excluded 
due to lower photo quality (K. T. Brings, pers. comm.). 
In both previous studies, birds had been counted in- 
dividually. However, in large colonies or when indi- 
vidual birds could not be distinguished in slides, they 
were counted in blocks of 10, 50, or 100 by Sowls et 
al. (1980) and in blocks of 100 by Briggs et al. (1983). 
Our slides were generally of larger scale, higher reso- 
lution, and greater clarity, so that we were able to count 
birds individually and achieve a higher degree of ac- 
curacy. 

GROUND AND BOAT SURVEYS 

Colonies on the South Farallon Islands were sur- 
veyed by PRBO using ground and boat counts in 1972, 
1979-1982, and 1984-1986 (Ainley and Lewis 1974; 
Ainley and Boekelheide, 1990; PRBO, unpubl. data). 
Birds on SEFI were counted mainly from several ac- 
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FIGURE 4. Annual variation in mean (&SD) egg- 
laying and fledging dates of Common Murres in the 
Upper Shubrick Point plot, SEFI. Symbols A and B 
refer to last egg laid and first chick fledged, respectively. 
Data are from Ainley and Boekelheide (1990) and 
PRBO (unpubl. data). 

cessible vantage points on the island, whereas those on 
neighboring islets and West End Island were counted 
mainly from a small boat. Murres were counted in- 
dividually in small colonies and in blocks of 10, 50, 
or 100 in larger or very dense colonies. 

PRBO recognized several potential sources of count- 
ing error (primarily for boat surveys) including envi- 
ronmental conditions, visibility, and observer experi- 
ence. Hence, we initiated aerial surveys in 1985 to 
estimate populations more accurately on West End Is- 
land and elsewhere. Murres on SEFI continued to be 
surveyed mainly by ground counts due to their acces- 
sibility and the greater accuracy of these counts. 

CENSUS PERIOD 
Aerial surveys were conducted between the end of 

egg laying and the start of fledging as determined at 
the South Farallon Islands. Murre numbers are high 
and least variable during this period (Birkhead 1978, 
Slater 1980, Gaston and Nettleship 1981), although 
Hatch and Hatch (1989) found a wider window. We 
based census dates on information from South Farallon 
Islands, where timing and success of breeding have 
been monitored in the Upper Shubrick Point plot (Fig. 
2) since 1972 (data from Ainley and Boekelheide, 
1990; PRBO, unpubl. data). Breeding phenology in 
northern California appears to be similar to that in 
central California (Sowls et al. 1980). 

There is much annual variation in breeding phe- 
nology on South Farallon Islands (Fig. 4). Egg laying 
was protracted; on average, only 16.2 ? 10.4 days (N 
= 15 years, R = e4 1 days) occurred between dates 
when the last egg was laid (excluding replacement eggs) 
and the first chick fledged. We attempted to conduct 
aerial surveys of the Farallon Islands near the date 
when the last egg was expected to be laid. Other col- 
onies were surveyed as soon as possible thereafter. Boat 
and ground surveys at South Farallon Islands were 
conducted slightly later, usually in early to mid-June 

., 
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FIGURE 5. Mean (*SD) numbers of Common Murres 
in the Upper Shubrick Point plot at hourly intervals 
throughout the day during the census period in 1982, 
1983, and 1984. Data are from L. B. Spear (unpubl. 
data) and PRBO (unpubl. data). 

when egg laying was completed, except in 1984 when 
rough weather and prolonged egg laying (Fig. 4) delayed 
the census until 1 July. 

TIME OF CENSUS 
Surveys were conducted during mid-day when num- 

bers of murres attending colonies are usually high and 
least variable (Birkhead 1978, Birkhead and Nettleship 
1980). Although diurnal patterns of attendance have 
been found to vary between colonies (Gaston and Net- 
tleship 198 1, Piatt and McLagan 1987) it generally has 
been assumed that year-to-year patterns are similar at 
specific colonies (see Birkhead and Nettleship 1980). 

To determine the time of day when murre numbers 
were most constant at SEFI, we examined counts made 
in the Upper Shubrick Point plot from 1982 to 1984 
(Fig. 5) between when the last egg was laid (excluding 
replacements) and the first chick fledged (6-29 June 
1982, N = 10 days; 24 June-22 July 1983, N = 25 
days). In 1984 we widened this window of time (27 
May-10 July, N = 10 days) when the first chick fledged 
before the last egg was laid. Diurnal attendance patterns 
varied widely between years (Fig. 5). In 1983 and 1984, 
greater coefficients of variation (CV) occurred around 
hourly means, averaging 0.19 + 0.0 1 (SD; R = 0.16- 
0.21; N = 14 means from 06:00-19:OO [PDT]) and 
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TABLE 1. NUMBERS OF COMMON Muaans IN THE UPPER SHUBR~CK POINT PLOT ON SEFl USED TO C-m 
THE K CORRECTION FACTOR AM) BREEDER : NON-BREEDER RATIO (BNR), 1980-l 986 

Date 

No. birds per site in plot’ 

TB TNB K BNR 

1986 3 Jun 1.03 (119)2 1.71 (7) 
4 Jun 1.02 (117) 1.50 (6) 
5 Jun 1.03(118) 1.83 (6) 
mean 1.03 1.68 

1985 19 Jun 1.08 (121) 2.50 (8) 
21 Jun 1.07 (121) 2.63 (8) 

mean 1.08 2.57 

1984 1 Jul 1.17 (86) 1.52 (33) 
1981 8-9 Jun 1.14 (155) - 
1980 7Jun 1.17 (150) - 

’ Total breeders ITB) includes failed breeders: total non-breeden uer non-breeding site (TNB). 
2 The number of’sites are indicated within parentheses. 

1.76 19.83 
1.83 26.00 
1.77 21.45 
1.79 22.43 

1.60 12.10 
1.61 11.52 
1.61 11.81 

1.14 3.44 
1.66 31.00 
1.64 42.86 

0.10 +- 0.03 (R = 0.06-O. 16), respectively. The CV was 
lower in 1982, averaging 0.05 + 0.01 (R = 0.04-0.06). 
These values were within the range of those found by 
Lloyd ( 1975) and Gaston and Nettleship (198 1). Only 
in 1984 did CV vary slightly with time of day. 

Diurnal attendance patterns in 1982 and 1983 may 
have been influenced by the intense 1982-1983 ENS0 
(Ainley and Boekelheide 1990). We conducted hourly 
counts of murres in the Upper Shubrick Point plot on 
13 and 29 June 1985 and 1 and 17 June 1986. Murre 
numbers most closely approximated the diurnal pat- 
tern of attendance exhibited in 1984 (Fig. 5) and we 
suspect that in most years, murre numbers are consis- 
tent throughout mid-day. Therefore, we conducted ae- 
rial surveys of the South Farallon Islands between 
lO:OO-12:00 when murre numbers there should be 
high and least variable. Other colonies were surveyed 
between lO:OO-14:00 to provide sufficient time to 
survey several colonies in a day and to minimize effects 
of any diurnal variation. Previous surveys were also 
conducted in mid-day (Sowls et al. 1980), although 
Briags et al. (1983) used a wider window of time (09:00- 
17:OO). 

K CORRECTION FACXOR 

Birkhead and Nettleship (1980) and Gaston and Net- 
tleship (198 1) used the K correction factor to convert 
total counts of birds into estimates of breeding pairs 
as follows: 

K(t,) = nJn,(t,) (1) 

where: n, = number of first eggs laid in a plot and n,(t,) 
= total number of birds present in a plot at time t,. 
We used a slight variation of K to convert total counts 
of birds into estimates of total numbers of breeding 
birds as follows: 

K(t)) = n&2)/n&,) (2) 

where: n, = number of egg-laying sites for first eggs in 
the Upper Shubrick Point plot on the census day (mul- 
tiplied by two breeding birds per site). Since some sites 
were partially obscured in some years (R. J. Boekel- 
heide, pers. comm.), only those sites fully visible on 
the census day were used. In 1981 and 1986, the last 
egg (excluding replacements) was laid a few days after 

the census date (see Fig. 4). Although these factors 
slightly biased our calculation of K, overall error prob- 
ably remained within about 5% (see Gaston et al. 1983). 

K varied between 1.14-1.79 during the 5 years ex- 
amined (Table 1). In 1984, K was very low (1.14) due 
to larger-than-normal numbers of non-breeding birds 
and sites and a sharp decrease in the number of breed- 
ing sites in the plot. In the remaining years ( 1980,198 1, 
1985, and 1986), K varied little between days and years 
(R = 1.60-l .83). We averaged these annual K values 
to derive a mean (*SD) K-value of 1.68 & 0.08 (N = 
4 years) and applied it to all aerial counts by Sowls et 
al. (1980) Briggs et al. (1983), and this study, except 
for Farallon Islands counts. Thus, atypical breeding 
years such as 1983 and 1984 were not used to develop 
the mean K value and, coincidentally, aerial surveys 
were not conducted in those years. This mean K value 
was very close to the value of 1.67 that Sowls et al. 
(1980) and Briggs et al. (1983) used to adjust their 
counts (Ainley and Boekelheide 1990). K values 
specific to each year were used to adjust counts at the 
South and North Farallon islands, except for 1982 when 
K was not determined, here the 1981 K value was 
substituted because these years seemed similar. All 
breeding population estimates were then rounded to 
the nearest 10. 

South and North Farallon islands aerial survey counts 
were further refined with a ground truthing correction 
factor determined each year on SEFl. Breeder : non- 
breeder ratios and minimal non-breeding population 
estimates were also determined at the South Farallon 
Islands (see Appendix). 

RESULTS 

CENTRAL CALIFORNIA POPULATION TRENDS 

The total breeding population in central Cal- 
ifornia declined 52.6%, from 229,080 in 1980- 
1982 to 108,530 in 1986 (Table 2). Progressive 
declines were striking when colonies were com- 
pared in slides taken from 1979-1980 through 
1986 (Figs. 6 and 7). Individual colonies de- 
creased 4.5.8-1009/o. 
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FIGURE 6. Common Murres on the south island at 
the North Farallon Islands in 1982 (top) and following 
a 55.4% decline in 1986 (bottom). 

Farallon Islands 

The breeding population peaked at 102,110 
birds in 1982 on the South Farallon Islands 
(Briggs et al. 1983), followed by a 46.8% decline 
with only 54,370 birds remaining in 1985 (Table 
2). Numbers were similar in 1986, with a decline 
of 45.6% since 1982. 

Boat and ground survey results also peaked in 
1982 (Fig. 8) and declines of similar magnitudes 
occurred between 1982 and 1985 (55.4%) and 
1982 and 1986 (53.6Oh) (see Ainley and Boekel- 
heide 1990). However, when results were com- 
pared to 1980-1982 aerial survey results for the 
South Farallon Islands (Briggs et al. 1983), it 
became clear that combined ground and boat 
surveys greatly underestimated murre numbers; 
even so, trends from both methods were similar, 
indicating that they provided an effective pop- 
ulation index. 

Plots can sometimes reflect direction ofchange 
in colony numbers (e.g., Harris et al. 1983, Mudge 
1988). The Upper Shubrick Point plot confirmed 
trends for the whole colony, but the degree of 
change may not have been representative be- 

FIGURE 7. Common Murres on Devil’s Slide Rock 
in 1982 (left) and after the colony disappeared in 1986 
(right). Fewer than 100 murres were present on 5 June 
1986, and none on 4 June. 

cause the plot was one of the few areas on the 
South Farallon Islands where murres bred in 1983 
(H. R. Carter, pers. obs.). In 1980 and 1981, 
similar numbers ofegg-laying sites (145 and 146) 
were recorded, but by 1983 eggs were laid at only 
about 52% of 84 known-individual sites that had 
been monitored the previous year (Kaza and 
Boekelheide 1984; PRBO, unpubl. data). By 
1984, there was only 52.7% of the 198 1 total. 
While changes in numbers of egg-laying sites in 
1983 reflected depressed breeding activity, many 
breeding birds were still present. For example, 
about 90% of known-individuals that bred in the 
plot in 1982 were observed sometime in 1983 
(PRBO, unpubl. data). Thus, population decline 
began in 1983 but major mortality may not have 
occurred until after the breeding season. 

Numbers at the North Farallon Islands peaked 
at 5 1,540 in 1980 but declined 55.6% to 22,900 
by 1986 (Fig. 6, Table 2). The total Farallon 
Island murre population declined 48.9%, from 
153,560 in 1980-1982 to 78,470 in 1986. 

Nearshore central California 

Both Sowls et al. (1980) and Briggs et al. (1983) 
surveyed colonies at Point Resistance, Double 
Point, Castle, and Hurricane Point rocks in 1980. 
We used the higher totals, mainly of Sowls et al. 
(1980) as the more accurate representation of 
peak breeding populations because their 12 June 
survey occurred within the optimum survey pe- 
riod at South Farallon Islands in 1980, whereas 
Briggs et al. (1983) surveyed later on l-2 July. 
In 1986, slides of Castle and Hurricane Point 
rocks could not be easily separated, so these col- 
ony totals were combined. At Double Point 
Rocks, a small natural arch fell into the ocean 
sometime between 1982 and 1985 and breeding 
habitat for less than 5% of the population was 
lost. 
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Populations at nearshore colonies in central 
California declined more severely, and in most 
cases, began to decline earlier than populations 
at the South and North Farallon islands. All col- 
onies peaked in 1980 and declined through 1986, 
except for Point Reyes, which peaked in 1982 
(Table 2). Sharpest declines occurred at colonies 
located between Point Reyes and Devil’s Slide 
Rock. In fact, the Devil’s Slide Rock colony had 
disappeared by 1986, after peaking at almost 3000 
birds in 1980 (Fig. 7). Small subcolonies of murres 
breeding on the mainland at Point Reyes and 
Castle Rocks also declined and even disappeared 
at Castle Rocks. The total for all six colonies 
decreased by 60.1%, from a peak of 75,430 in 
1980-1982 to 30,060 in 1986. 

NORTHERN CALIFORNIA POPULATION TRENDS 

Populations in northern California remained 
relatively unchanged between 1979 and 1986 (Fig. 
9, Table 3). Large colonies at False Klamath and 
Flatiron rocks decreased 9.7% between 1982 to 
1986 but increased 13.0% between 1979 and 
1986, respectively. We discount trends at large 
colonies that changed 5 10% because of counting 
error, single censuses, and differences in survey 
methods. Thus, these colonies were considered 
relatively unchanged from 1979 to 1986 and ap- 
peared similar in slides (Fig. 9; Sowls et al. 1980). 
Declines of 40% or more were obvious when we 
compared slides for different periods (see Figs. 6 
and 7). 

At Castle Rock, Briggs et al. (1983) estimated 
143,220 birds in 1982, compared to our estimate 
of 100,570 birds in 1986 (Table 3). However, a 
change was not discernible in slides and may be 

FIGURE 8. Estimates of the total numbers of Com- 
mon Murres on the South Farallon Islands from 1980- 
1986 using various methods. Minimal estimates of the 
numbers of non-breeding birds (NB) are indicated by 
the darkened portion of each bar. 

at least partly due to inaccurate block counting 
by Briggs et al. (1983). The estimate of 126,750 
by Sowls et al. (1980) could not be used for com- 
parison due to their late survey date (mid-July). 

Both Sowls et al. (1980) and Briggs et al. (1983) 
surveyed Green and Redding rocks in 1980, on 
9 July and 2 July, respectively, producing widely 
disparate estimates (Table 3). Sowls et al. (1980) 
surveyed at the time of peak fledging in 1980 at 
the South Farallon Islands (Fig. 4) and after the 
highest ground counts were obtained during pe- 
riodic counts at Green Rock (DeGange and Sowls 
1980). By this late date, large chicks may have 

TABLE 2. ESTIMATES OF COMMON MURRE BREEDING POPULATIONS DETERMINED FROM AERLU SURVEYS AT 
ALL COLONIES IN CENTRAL CALIFORNIA, 1979-1986 

% change: 
Colony peak (1980 or 

1982) to 1986 
NO. Naltte 1979 1980 1982 1985 1986 (see text) 

S. Farallon Is. 
N. Farallon Is. 
Pt. Reyes 
Pt. Resistance 

Double Pt. Rks. 

Devil’s Slide Rk. 
Castle Rks. 

Hurricane Pt. Rks. 

- 86,140b 
- 5 1,540b 

16,600s 22,550” 
- 7360b 

754@ 
- 14,870b 

13,08@ 
2310= 2940b 
- 1340b 

3520’ 
- 1920b 

2310’ 

102,l lob 54,370 55,570 -45.6 
5 1,320” 29,940 22,900 -55.6 
44,250b 15,38@ 20,590 -53.5 

6890b 3790 3030 -59.8 

11,930b 5680 3280 -77.9 

2570” - 0 - 100.0 
1860b - 

1710b - 3160d -45.8 

a Source: Sowls et al. (1980). 
b Source: Brigs et al. (1983). 
E Minimal number due to incomplete coverage. 
d Castle Rocks and Hurricane Point Rocks combined (see text). 
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FIGURE 9. Subcolony of Common Murres on Castle 
Rock in northern California in 1982 (top) and in 1986 
(bottom). This colony appeared similar in extent and 
density, indicating little change. 

been indistinguishable from adults in slides, partly 
accounting for the higher estimate. Differences 
between 1980 survey results at Redding Rock 
were not as great, but Sowls et al. (1980) again 
produced a higher population estimate (19%). 
For these reasons, we compared our results to 
1980 or 1982 data from Briggs et al. (1983) (Ta- 
ble 3). 

The combined population for False Klamath, 
Redding, Flatiron, and Green rocks decreased 
5.4% from 118,080 in 1979-1982 to 111,730 in 
1986, a difference that could not be assessed by 
our methods. 

DISCUSSION 

IMPLICATIONS FOR FARALL~N ISLANDS 
POPULATIONS 

As reflected for the whole colony (Table 2) in 
aerial surveys, breeding populations were similar 
in the Shubrick Point plot in 1985 and 1986. 
Numbers of egg-laying sites equaled 78.1% and 
77.7% of the 1981 total, respectively. This in- 
crease over 1984 reflected a change in population 
structure, which can be best understood by com- 
bining non-breeding and breeding sites. Non- 
breeding sites were not observed in 1980-1982, 
but in 1984 33 non-breeding sites made up 30% 
of the total. In 1985 and 1986 non-breeding sites 
comprised 9.5% (12 sites) and 5.1% (6 sites) of 
the totals, respectively. Thus, when all sites in 
1984,1985, and 1986 were compared to the 1981 
total, proportions were similar (75.3%, 86.3%, 
and 80.8%, respectively). Thus, the increase in 
the breeding population from 1984 through 1986 
in the plot reflected a decrease in an inflated non- 
breeding population. However, in 1986 the min- 
imal non-breeding population size (NB) was 2480 
birds, or 4.3% of the total breeding and non- 
breeding population of 58,050 birds (see Appen- 
dix). This proportion was still slightly higher than 
in 1982 (3.1%; N = 3290 birds) suggesting that 
by 1986 population structure may not have re- 
turned to pre- 1983 conditions. 

Declines probably were buffered by recruit- 
ment in 1983-l 986 of strong year classes of young 
birds produced during 1979-198 1 (Ainley and 
Boekelheide 1990). Common Murres in the North 
Atlantic Ocean breed for the first time when 4 
to 6 years old (reviewed by Hudson 1985). How- 
ever, the stormy fall and winter of 1982-1983 
may have led to higher mortality of hatching year 

TABLE 3. ESTIMATES OF COMMON MURRE BREEDING POPULATIONS Dm FROM z’hRlAL %JRVEYS AT 

FIVECOLONIESIN NORTHERN CALIFORNIA, 1979-1986 

COl0Ily %chan8e:palr 
(19794982) 

NO. N.WX 1979 1980 1982 1986 to 1986 (see text) 

9 Castle Rk. 126,750’ 132,590b 143,220b 100,570 see text 
11 False Klamath Rk. 26,660’ 37,820b 53,430b 48,320 -9.6 
12 Redding Rk. - 1730b l180b 1310 -24.3 

2110’ 
14 Green Rk. - 28,490b 38,780b 34,820 - 10.2 

53,330” 
15 Flatiron Rk. 24.148 17.810b 1 8.070b 27,280 +13.0 

’ Symbols as in Table 4. 
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(HY) birds from 1982, almost no chicks were 
raised to nest leaving in 1983, and lowered pop- 
ulation size and poor breeding success led to a 
weak 1984 year class (Ainley and Boekelheide 
1990; PRBO, unpubl. data). Thus, recovery will 
be further delayed due to much lower recruit- 
ment. 

mated 1500-2000 murres (Dobbin et al. 1986; 
R. G. Ford and G. W. Page, unpubl. data). In 
February 1986, the Apex Houston oil spill oc- 
curred between San Francisco and the Monterey 
Peninsula, killing 7500 murres or more (Page et 
al. 1990). Despite significant chronic oiling prob- 
lems during the 1979-1986 period (see Stenzel 
et al. 1988) we have no estimate of numbers 
affected. 

CAUSES FOR DECLINE OF THE CENTRAL 
CALIFORNIA MURRE POPULATION 

Between 1979 and 1986, three sources of mor- 
tality (excluding usual levels of natural mortality) 
affected Common Murres in central California: 
ENS0 in 1982-1983, oil spills, and gill-net fish- 
ing (Carter 1986). Comparing patterns of colony 
decline with other studies of these specific mor- 
talities provided a rare opportunity to assess how, 
when, and why the murre population in central 
California declined so rapidly and drastically; to 
what degree different sources of mortality were 
responsible for the decline; and why decline is 
expected to continue for at least several years. 

El Nirio-Southern Oscillation 1982-l 983 

ENS0 first began to affect seabirds at the South 
Farallon Islands prior to the murre fledging pe- 
riod in June 1982, but did not affect fledging 
success that year (Ainley and Boekelheide 1990). 
During the fall and winter of 1982-l 983 murres 
exhibited much lower winter attendance of this 
colony than usual (Kaza and Boekelheide 1984) 
and egg laying in 1983 was delayed (Fig. 4) and 
reduced. It appeared that many birds moved into 
inshore waters to feed and the few birds that bred 
in 1983 foraged at great distances from the col- 
ony (Kaza and Boekelheide 1984). 

The Puerto Rican spill occurred before the main 
arrival of migrant murres that winter in central 
California but breed farther north; thus, mortal- 
ity was focused on the resident central California 
population. Although the Apex Houston spill and 
chronic oiling (Stenzel et al. 1988) affected both 
central California and other breeding popula- 
tions, effects on northern California colonies may 
be limited because murres appear to be year- 
round residents there (DeGange and Sowls 198 1). 
Little information is available on the age and sex 
classes of murres affected by these oil spills. In 
the Apex Houston spill, both first-year (FY) and 
after-first-year (AFY) murres were killed and no 
evidence of sex-biased mortality was found. Of 
164 birds examined, 54.9% were male (H. R. 
Carter, unpubl. data). 

By assuming that 50% of 7500 murres killed 
by the Apex Houston spill and a projected min- 
imum of 500 birds from chronic oiling were from 
the central California population, and that 50% 
of these and of murres killed by the Puerto Rican 
spill were breeding adults, we estimate that 3000 
breeding adults were killed by oil spills in central 
California from 1979-1986. This corresponded 
to 2.5% of the 120,550 murres lost from the cen- 
tral California breeding population from 1980- 
1982 to 1986. 

Although ENS0 occurred in the period when 
the major population decline occurred at the 
South Farallon Islands, additional evidence sug- 
gests that ENS0 mortality was not focused on 
breeding adults. While the 1982-1983 ENS0 
event affected seabird reproduction in central and 
northern California, and Oregon (Hodder and 
Graybill 1985), large declines were not found at 
northern California colonies surveyed between 
1982 and 1986 (Table 3). However, ENS0 may 
have affected future recovery of the central Cal- 
ifornia population by causing minimal repro- 
duction in 1983 and lower survival to breeding 
of pre-breeders. 

Gill-net fishing 

Oil pollution 

Gill-net fishing for California halibut (Purul- 
ichthys calzfirnicus) and starry flounder (Platich- 
thys stellatus) has occurred in central California 
since at least the 1930s. In the late 1970s the 
number of gill-net fishermen increased by as much 
as 400-500% in some areas (Atkins and Hene- 
man 1987) and a new white croaker (Genyone- 
mous lineatus) fishery began in Monterey Bay, 
using long monofilament nets. Fishing effort in- 
tensified and the halibut fishery gradually shifted 
from using twine to monofilament nets, all of 
which resulted in a much higher catch of non- 
target species, especially seabirds (CDFG 198 1, 
1987; Atkins and Heneman 1987). 

Two major and several smaller oil spills caused From 1979 to 1982 fishing effort was concen- 
mortality of Common Murres in central Cali- trated in Monterey Bay. By 1980 it was evident 
fornia between 1979 and 1986. In November that large numbers of murres and other seabirds 
1984, the Puerto Rican oil spill spread across the were being killed in gill nets (CDFG 198 1, Sten- 
outer shelf of the Gulf of the Farallones (Herz zel et al. 1988). In late 1982, CDFG established 
and Kopec 1985, PRBO 1985) killing an esti- the Central California Gill and Trammel Net 
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numbers of dead HY murres on Monterey Bay 
beaches in 1980-1982 (see Stenzel et al. 1988). 

By assuming that 75% of the 70,000 murres 
netted in the 1980-1986 survey period (exclud- 
ing 5000 murres killed in 1979 and 1986 before 
and after surveys) either were or soon would have 
been breeding adults, we accounted roughly for 
40-45% of the 120,550 murres lost from the cen- 
tral California population from 1980-1982 to 
1986 (Table 2). We attribute gill-net mortality 
to most of this decline. 

COLONY DECLINES 

There was a strong connection between areas 
and periods of gill-net fishing mortality and in- 
dividual colony declines in central California. 
Colonies at the South and North Farallon islands 
and Point Reyes were unchanged or continued 
to increase from 1980 to 1982 (Table 2). How- 
ever, colonies at Castle and Hurricane Point rocks 
declined by 47.2% and 26.0%, respectively. De- 
gree of decline was related to proximity to Mon- 
terey Bay, where heavy mortality occurred in 
1980 and 198 1 (Fig. 1, Table 4). Mortality was 
greatly reduced in Monterey Bay after 1982-l 983, 
and overall decline from 1980 to 1986 for these 
two colonies was not as severe (45.8%) as at 
most other colonies in central California. 

From 1982 to 1985, declines occurred at Dou- 
ble Point Rocks, Point Resistance, and South 
and North Farallon islands, of 52.4%, 49.7%, 
46.8%, and 4 1.7%, respectively (Table 2). These 
declines reflected high gill-net fishing mortality 
in the Gulf of the Farallones in 1982 through 
1984 (CDFG 1987). The largest decline occurred 
at Double Point Rocks, which was closest to fish- 
ing areas off the Golden Gate and southern Marin 
County. Declines continued from 1985 to 1986 
at Double Point Rocks (42.3%), North Farallon 
Islands (23.5%), and Point Resistance (20.10/o), 
all near San Francisco and Bodega Bay, where 
fishing mortality persisted. In this period the 
Devil’s Slide Rock colony disappeared. We as- 
sociate this with high fishing effort within l-2 
km of the colony. Between 6 and 10 August 1983, 
9 18 murres washed ashore a few kilometers north 
of Devil’s Slide Rock (Stenzel et al. 1988). If all 
were local breeders, 35% or more of this colony 
could have been killed in a single event. 

Less severe overall declines (50-60%) at Point 
Resistance, Point Reyes, and North Farallon Is- 
lands corresponded with intermediate-sized col- 
onies located farther from gill-net fishing areas. 
A smaller relative decline at South Farallon Is- 
lands may reflect wide dispersal of murres into 
nearshore waters, but the 46,540 birds lost from 
this colony almost equaled the total lost from all 
other central California colonies combined. 

SOLUTIONS FOR GILL-NET FISHING MORTALITY 

Species of seabirds killed in gill nets from 1980- 
1987 included: Common, Pacific, and Red- 
throated loons (Gavia immer, G. arctica, G. stel- 
l&a), Western and Clark’s grebes (Aechmophorus 
occidentalis, A. clarkii), Sooty Shearwater (Puf- 
firms griseus), Brandt’s and Pelagic cormorants 
(Phalacrocorax penicillatus, P. pelagicus), White- 
winged and Surf Scoters (Melanitta fusca, M. 
perspicillata), Common Murre, Pigeon Guille- 
mot (Cepphus columba), and Marbled Murrelet 
(Brachyramphus marmoratus) (CDFG 198 1, 
1987; Carter and Erickson 1988). Common 
Murres accounted for about 50-97% of the mor- 
tality during 1980-1986. 

In 1982, State Senate Bill (SB) 1475 imposed 
a permanent ban on gill-net fishing in waters 10 
fathoms (18.3 m) or shallower in most of Mon- 
terey Bay; the ban was extended to 15 fathoms 
(27.5 m) in 1984 (Fig. 1). Temporary seasonal 
closures (May-October) were imposed by CDFG 
during 1982-1984 in a patchwork pattern to ex- 
clude areas of highest seabird and marine mam- 
mal mortality. Even so, murre bycatch remained 
relatively high through 1986 (Table 4). In 1986 
and 1987, CDFG, with a cooperative group of 
gill-net and other fishermen, state and federal 
agencies (including USFWS) and lawmakers, and 
private research and environmental groups (in- 
cluding PRBO), attempted to develop a long- 
term solution to the seabird and marine mammal 
mortality caused by gill-net fishing. Survey data 
presented in this report showed that the central 
California murre population could not sustain 
continued mortality and that continued exis- 
tence of individual colonies was threatened. 

In September 1987, SB 40 was passed, con- 
taining much stronger regulations. Gill-net fish- 
ing was prohibited year-round in waters north 
of Point Reyes, in waters 40 fathoms (73 m) or 
shallower between Point Reyes and Waddell 
Creek, and within 3 miles of the Farallon Islands 
and Noonday Rock (just northwest of the Far- 
allon Islands). Area closures were selected to 
eliminate murre mortality; over 99% of murre 
mortality observed in nets by CDFG had oc- 
curred in waters less than 40 fathoms (73 m) in 
depth (P. W. Wild, pers. comm.). 

These regulations resulted in virtual elimina- 
tion of the nearshore halibut, shark, and white 
croaker fisheries north of Monterey Bay, but al- 
lowed the offshore rockfish fishery (which caused 
very low levels of seabird mortality) to continue. 
In Monterey Bay some gill-net fishing has con- 
tinued outside 15 fathoms with virtually no sea- 
bird mortality (P. W. Wild, pers. comm.). A re- 
search advisory committee was formed to 
investigate and monitor the use of alternative 
fishing gear. 
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APPENDIX 

GROUND TRUTHING CORRECTION FACTOR 

Aerial counts of murres have been criticized for un- 
derestimating actual numbers present, depending on 
the nature of background habitat, bird activity, and 
observation distance (but see Gaston and Nettleship 
198 1). Birkhead and Nettleship (1980) suggested that 
murres can be counted readily from aerial photographs 
if the colony is neither indented greatly nor varies great- 
ly in height such that all areas can be seen in photo- 
graphs. 

At all colonies surveyed in California (except parts 
of SEFl) the vast majority of murres nested in large 
colonies on gentle slopes and flat areas at the base of 
slopes or on rounded hilltops. In these habitats, murres 
were easily photographed and counted. However, to 
account for birds obscured in tightly-packed groups 
and those hidden by small rocks and ledges, we deter- 
mined a ground truthing correction factor(G) on South 
Farallon Islands, which we applied to aerial survey data 
from West End and North Farallon islands. 

In 1985, we established seven additional plots on 
SEFl, including one at Tower Point (Fig. 2). Ground 
counts were conducted at all plots between 11:00-l 3:00 
on 1 O-l 5 days between 30 May and 23 June, including 
the 12 June census day (Table A-l). We compared 
numbers from the Tower Point and Upper Shubrick 
Point plots with the mean of 10 counts of the best 
aerial photographs of these plots. Two versions of G 
were derived as follows: 

and 

G,=a/g, (3) 

G,=a/g, (4) 

where: a = mean count of birds from aerial photo; g, 
= mean count from ground censuses on the census day; 
and g, = mean count from ground censuses over the 
census period. We used G, values of 0.764 and 0.917 
to adjust numbers of birds counted in aerial photo- 
graphs, because G, minimized possible bias due to 
daily variation in numbers. G, could be used as an 
alternative when g, cannot be determined. 

The same method was used in 1986 with four plots, 
but since the aerial survey required two days to com- 
plete due to fog, we used either (or both) 4 and 5 June 
ground counts to derive G, values (Table A-l). The 
Tower Point plot (which was photographed on both 
days) yielded similar ground counts but quite different 
means of photo counts, probably a result of differing 
aerial viewing conditions. Also, in all four plots, mean 
G, values exceeded 1.0 (R = 0.775-l .278) which should 
have been impossible (disregarding counting error), 
since all birds were visible from the ground in plots. 
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TABLE A-l. NUMBERS OF COMMON MURRES COUNTED IN PLOTS ON SEFI, USED TO CALLVLA TE GROUND 
TRLJTHING CORRECTION FACTORS (G) IN 1985 AND 1986 

Plot Date 

Aerial photo COUII~ 
Mean + SD fJ-4) G 

1985 
Tower Point 

Upper Shubrick 
Point 

1986 
Tower Point 

Cove Point 

Upper Shubrick 
Point 

Lower Shubrick 
Point 

30 May-23 Jun 
12 Jun 
30 May-21Jun 
12 Jun 

28 May-24 Jun 
4 Jun 
5 Jun 

28 May-24Jun 
5 Jun 

28 May-17 Jun 
5 Jun 
4 Jun-5 Jun 
4 Jun 

502.1 + 79.5 (10) 
491.0 (1) 
154.7 + 9.7 (15) 
151.0 (2) 

214.6 f 11.3 (10) 190 244 
225.8 + 8.7 (5) 218 240 
224.7 + 6.3 (6) 215 232 
159.2 + 9.7 (10) 141 176 
154.8 + 3.1 (6) 152 160 
136.1 f 5.0(12) 128 143 
131.9 + 1.6 (7) 129 134 
23.7 (2) 21 27 
25.3 + 1.3 (4) 24 27 

390 635 
- - 

134 163 
149 153 

375.2 (1) 0.747 
375.2 + 35.4 (10) 0.764 
138.4 (1) 0.895 
138.4 + 11.8 (10) 0.917 

206.7 (2) 0.963 
175.1 f 7.7 (10) 0.775 
238.2 + 9.1 (10) 1.060 
176.5 (1) 1.109 
176.5 f 18.5 (10) 1.140 
135.9 (1) 0.999 
135.9 f 5.0 (10) 1.030 
30.3 (1) 1.278 
30.3 f 3.4 (10) 1.198 

However, it was not possible to synchronize individual 
ground counts with individual aerial photographs, be- 
cause the plane made several passes over a period of 
about 0.5-2.0 h. G, values also exceeded 1.0 (R = 
0.963-1.109) in 1986. 

To get an overall G, value for each year, we cate- 
gorized plots based on numbers of birds, and calculated 
mean G, valuesof0.841 and 1.067 for 1985 and 1986, 
respectively (Table A-2). The large difference presum- 
ably resulted mainly from the lower altitude aerial pho- 
tographs in 1986, which made it easier to distinguish 
individual birds. In fact, the 1986 value was so close 
to 1.0 that we felt it was appropriate to apply a G, 
value of 1 .O, especially given the small amount of in- 
herent error in the method that resulted in values over 
1.0. 

BREEDER : NON-BREEDER RATIO 

On the census day at the Farallon Islands, we also 
determined the number of non-breeding sites (i.e., con- 
sistently occupied sites where eggs were never ob- 
served), numbers of birds attending these sites, and the 
numbers of “other” birds (i.e., not associated with a 
specific site) in the Upper Shubrick Point plot (Table 
1). All of these birds were considered to be non-breed- 
ers even though at some sites eggs may have been laid 
and lost between site checks (see Gaston et al. 1983) 

and some may have been off-duty mates. To examine 
relative differences in the numbers of non-breeding 
birds between years, we calculated a breeder: non- 
breeder ratio (BNR) as follows: 

BNR = n,Q)/n,&,) (5) 

where: n, = total number of non-breeding birds in a 
plot at time t, on the census day. This index does not 
take into account numbers of non-breeding birds that 
visit the colony but were absent during the census or 
younger non-breeding birds that are not yet visiting 
the colony. BNR varied greatly between years (R = 
3.44-42.86). 

BREEDING AND MINIMAL NON-BREEDING 
POPULATION ESTIMATES 

To estimate numbers of breeding birds (B) at a col- 
ony, we used the following formula: 

B = N,,(K)/G, (6) 

where: N., = number of birds counted from aerial pho- 
tos; K = number of breeding birds/bird counted, and 
G, = ground truthing correction factor. In 1985 and 
1986, we added the number of birds counted on SEFI 
and neighboring islets from boat and ground counts 
(multiplied by K) to that derived using Equation 6 for 
West End Island to derive an overall breeding popu- 

TABLE A-2. SUMMARY OF GROUND TRLJTHING CORRECTION FACTORS (G,) USED IN 1985 AND 1986 

1985 1986 

No. birds per plot No. plots G, Range No. plots G, Range 

l-99 1 0.917 0.905-0.929 1 1.198 1.122-1.263 
100-199 - - - 2 1.085 1.030-1.140 
200-299 - - - 2 0.918 0.775-1.060 
500-599 1 0.764 - - 
Mean 2 0.841 0.764-0.929 3 1.067 0.775-1.263 
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lation estimate for South Farallon Islands. To estimate where: C = direct count of birds in non-breeding “clubs” 
minimal numbers of non-breeding birds (NB) at South from boat and ground counts. These clubs were excluded 
Farallon Islands, we used the following formula: from boat and ground counts when determining B. 

NB = B/BNR + C (7) 
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NUMBERS OF SEABIRDS KILLED OR DEBILITATED IN 
THE 1986 APEX HOUSTON OIL SPILL IN 
CENTRAL CALIFORNIA 

GARY W. PAGE, HARRY R. CARTER, AND R. GLENN FORD 

Abstract. We developed models describing carcass deposition on beaches and carcass loss at sea in 
order to estimate the number of birds killed by the February 1986 Apex Houston oil spill along the 
central California coast. A carcass deposition model was used to estimate the total number of beached 
carcasses by integrating single censuses of dead birds on 5 1 beaches at the time of the spill, estimated 
daily proportions of total numbers of carcasses depositing on shore, and a daily rate of beached carcass 
persistence. A carcass trajectory model was used to estimate the number of birds killed by oil that 
did not reach shore by integrating simulated slicks arising along the path of the Apex Houston, the 
distribution and abundance of birds at sea, and a daily at-sea carcass loss rate. 

The Apex Houston spill killed thousands of seabirds along the central California coast. At least 3364 
debilitated live oiled birds, primarily Common Murres (Uriu aalge), were collected from beaches for 
cleaning and rehabilitation. An estimated additional 5880 dead oiled birds, primarily Common Murres 
and Rhinoceros Auklets (Cerorhincu monocerutu), washed ashore. Only 87.1% of 7488 Common 
Murres, 78.6% of 1566 Rhinoceros Auklets, and 82.8% of 169 Cassin’s Auklets (Ptychorumphus 
aleuticus) debilitated or killed by oil were determined to have reached shore. Overall, at least 10,577 
birds of 26 species were debilitated or killed including in addition to the above: 276 loons (Guviu 
spp.), 115 small grebes, 468 Aechmophorus grebes, 19 unidentified grebes, 283 scoters (Mehittu spp.), 
37 auklets or murrelets, and 156 birds that were unidentified or of other taxa. Limitations of the 
models are discussed and future research for refining them is suggested. 

Key Words: Seabirds; oil spill; California, Apex Houston; Common Murre; Rhinoceros Auklet; Cas- 
sin’s Auklet. 

Despite extensive documentation of large sea- 
bird mortalities during marine oil spills (reviews 
in Stowe 1982, Evans and Nettleship 1985) little 
has been published on methods of estimating the 
extent of mortality. Reported numbers of casu- 
alties have tended to be guesses, usually simple 
multiples of the number of carcasses or debili- 
tated birds, or both, found along shorelines (e.g., 
Greenwood and Keddie 1968, Hope Jones et al. 
1970, Bibby and Lloyd 1977, Heubeck and Rich- 
ardson 1980). More accurate estimates are re- 
quired for examining the short- and long-term 
impacts of oil spill mortality on seabirds or pre- 
paring the damage assessments used to recover 
costs from the party responsible for the spill 
(Dunnet 1987, Ford et al. 1987). 

We developed new methods for estimating 
seabird mortality from a spill of San Joaquin 
Valley Crude oil, which caused thousands of birds 
to beach suddenly in February 1986 along the 
central California coast. The California Regional 
Water Quality Control Board (CRWQCB) con- 
cluded that the tank barge Apex Houston prob- 
ably was the source of the spill. After being towed 
from the Shell Oil refinery at Martinez, Califor- 
nia, to Long Beach, California, between 28 Jan- 
uary and 1 February, the Apex Houston was 
missing 616 barrels (25,800 gallons) of oil, had 
lost a hatch cover, and had visible signs of oil 
outflow near the hatch opening (CRWQCB 1986). 

We developed a model that used tallies of live 
birds taken to rehabilitation centers and carcass 
counts on beaches to estimate the number of 
oiled birds that beached along 355 km of shore- 
line between Salmon Creek, Sonoma County, and 
Point Lobes, Monterey County. By subdividing 
the bird tallies for six coastal regions (Fig. l), we 
accounted for differences in beached bird de- 
position in relation to distance from the spill and 
variation in the distribution of birds at sea. An 
aerial census of birds at sea was used in an oil 
and carcass trajectory model to estimate the 
number of dead oiled birds that never reached 
shore. Our methods can be applied elsewhere to 
alcids and other diving marine birds that tend 
to be heavily affected by marine oil spills. 

METHODS 

Point Reyes Bird Observatory (PRBO) is experi- 
enced in conducting beached bird censuses (Page et al. 
1982, Stenzel et al. 1988) and has estimated the mor- 
tality of seabirds in two oil spills-the 197 1 San Fran- 
cisco oil spill (Smail et al. 1972) and the 1984 Puerto 
Rican oil mill (PRBO 1985). Oiled birds from the Aoex 
Houston spill frrst came ashore on 1 February. PRBO 
began beached bird censuses in Marin County on 3 and 
4 February, expanding coverage southwards on 5 Feb- 
ruary after learning that government agencies were not 
counting dead birds. The late start, due to our lack of 
knowledge of the incident, and a limited availability 
of personnel created three major problems: 1) due to 
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the long length of coastline with oiled birds, we could 
only cover a sample of beaches and extrapolate for 
uncovered areas; 2) since we could cover most beaches 
only once, it was necessary to estimate the numbers of 
birds beaching before and after censuses began; and 3) 
the public had removed most live oiled birds from 
beaches before we could count them. 

Rehabilitation center data 
Live oiled birds were recovered from beaches and 

taken to collection centers for further transport to re- 
habilitation centers or were transported directly to re- 
habilitation centers during a large scale rescue effort by 
government agencies, private organizations, and con- 
cerned individuals. Not all collection centers kept com- 
plete records. Rehabilitation centers usually made an 
accession record which included all or part of: date, 
number of birds of each species, presence or absence 
of oil, and location found (Carter et al. 1987). We used 
the accession records of rehabilitation centers to de- 
termine the number of live oiled birds removed from 
beaches, substituting collection center records for in- 
complete rehabilitation center records when necessary 
and possible. Despite laborious comparisons, we prob- 
ably missed hundreds of birds that had been sent to 
rehabilitation centers. Incomplete records permitted 
the breakdown of total birds either by taxa or by date 
and recovery area, but not by all three variables si- 
multaneously. 

Beached bird censuses 
PRBO conducted 86 carcass counts on 5 1 beach seg- 

ments from Point Reyes, Marin County, to Del Monte, 
Monterey County, between 2 and 11 February 1986. 
The number of birds of each species with and without 
oiled plumage, the degree of carcass decomposition, 
date, beach length, and beach type were recorded for 
each census. Carcasses were marked or removed to 
prevent them from being recounted on future censuses. 
Beaches were typed as_ 1) dune, sandy with a dune 
backshore: 2) bluff: sandv with a cliff or bluffbackshore; 
3) pocket, short sandy beach at a river or creek mouth; 
4) rocky, rock or cobble beach with a cliff or bluff 
backshore; and 5) protected harbor, one beach (Prince- 
ton Harbor) largely cut off from the ocean by break- 
waters. 

Once beached, carcasses remain visible for varying 
amounts of time depending on decomposition, scav- 
enging, burial in sand, and whether or not they are 
washed back out to sea (Tanis and Motzer-Bruijns 1962, 
Alexandersen and Lamberg 197 1). On 6,7, and 8 Feb- 
ruary, the daily rate of carcass persistence was mea- 
sured on 6.8 km of shoreline at Half Moon Bay and 
on 5.7 km of shoreline from Pomponio State Beach to 
north of San Gregorio State Beach. The toes of car- 
casses were clipped in different patterns to separate 
birds by date and beach section and carcasses were left 
where found. 

Survey of birds at sea 
One aerial survey was conducted on 5 February 1986 

by the University of California, Santa Crux, using cen- 
sus protocols developed by Briggs et al. (1985a, b; 1987) 
for marine birds over the California outer continental 
shelf. All seabirds within 50 m were recorded along 10 

FIGURE 1. Six regions on the central California coast 
where live and dead oiled birds beached during the 
Apex Houston oil spill, and ten transect lines flown on 
the 5 February 1986 aerial survey of birds at sea. The 
200 m and 3000 m depth contour lines are also shown. 

predetermined east-west transects between Bodega and 
Monterey bays (Fig. 1) during flights at an altitude of 
65 m and a speed of 165-185 km/hr. Sightings were 
converted to densities (birds/km2) by transect and wa- 
ter depth. Shelf waters were ~200 m and slope waters 
200 to 3000 m deep. Shelf waters were further divided 
into inner and outer sections by the 100 m depth con- 
tour. A total of 40.9 km2 was surveyed. 

RESULTS 

NUMBERS OFOILED BIRDS FOUND ONBEACHES 

At least 3858 live oiled birds were sent to re- 
habilitation centers between 1 February and 31 
March (Page and Carter 1986). Live bird beach- 
ings peaked between 1-8 February when 3364 
birds (or 87.2%) were recovered (Fig. 2). Com- 
mon Murres (Uris aalge) accounted for 86.9% 
of the total recoveries and over 73% of the re- 
coveries in each region (Tables 1, 2). 

The pattern of live bird beachings varied among 
coastal regions (Fig. 2). Although substantial 
numbers of birds had been recovered from all 
regions by 3 February, peak numbers occurred 
on 3 February in regions 1 to 3, on 4 February 
in regions 4 and 6, and on 6 February in region 
5. In regions 1 to 4, numbers exhibited a sharp 
peak whereas in regions 5 and 6, they built up 
and declined more gradually. 
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FIGURE 2. Numbers of live oiled birds sent to re- 
habilitation centers from six coastal regions between 1 
and 15 February 1986. Open dots refer to zero counts. 

In all, 834 oiled bird carcasses were found on 
86 censuses of 5 1 beach segments between 2 and 
11 February (Table 1). Common Murres again 
accounted for the majority (66.4%) of the oiled 
carcasses. However, carcasses contained a much 
higher proportion (15.7%) ofRhinoceros Auklets 
[?;;;““a monocerutu) than did live oiled birds 

. 0. 

CARCASS PERSISTENCE 

Daily carcass persistence on beaches was de- 
termined regardless of when carcasses were de- 
posited. On the day following marking, 69.1% 
(N = 97) and 72.0% (N = 93) of the carcasses 
were found on the two beaches. From the second 
to third day, carcass persistence was 38.1% (N 
= 97) and 57.2% (N = 138), respectively. Carcass 
persistence may vary with species, beach type, 
tide, and time since beaching (Page et al. 1982). 

I I , 

0 I 2 3 4 5 

DAY 

RGURE 3. Proportions of total live (dotted line) and 
dead (solid line) oiled birds that reached shore in the 
Bodega Bay area between 10 November (day 1) and 
14 November (day 5), during the 1984 Puerto Rican 
oil spill (N = 298 live and 399 dead oiled birds; PRBO 
1985, unpubl. data). 

However, our data were insufficient to obtain 
separate values for any of these categories so we 
used the mean value of 59.1% (SE = 7.7%, N = 
4) in subsequent calculations. 

BEACHED BIRD MODEL 

We extrapolated for the number of carcasses 
that washed ashore on a beach over the spill 
period from the equation: 

N, = d Od 
2 W’Pi 

where: 

N, = 

0, = 

d= 

s= 

total number of carcasses that actually 
washed onto a beach during the t days 
of the spill period. In the Apex Houston 
spill, this period was limited to the eight- 
day peak period of live oiled bird beach- 
ings. 
observed number of birds on day d on 
a single census of a beach. 
number of days that oiled birds have 
been depositing on the beach. 
average daily persistence or survival of 
carcasses. 
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TABLE 1. SPECIES COMKWTION OF Lrvn OILED BIRDS TAKEN TO REHABILITATION (=ENTERs FROM 1-8 FEBRUARY 
1986 AND DEAD OILED Bmos FOUND ON BEACHES FROM 2-l 1 FEBRUARY 1986 DLIRING THE APEX HOUSTON OIL 
SPILL. DASHES INDICATE ZEROS 

Live oiled Dead oiled 

Species NO. % NO. % 

Common Loon (Gavia immer) 
Pacific Loon (G. arctica) 
Red-throated Loon (G. stellata) 
Unidentified loon 
Aechmophorus grebes 
Homed Grebe (Podiceps auritus) 
Eared Grebe (P. nigricollis) 
Pied-billed Grebe (Podilymbus podiceps) 
Unidentified grebe 
Northern Fulmar (Fulmarus glacialis) 
Brandt’s Cormorant (Phalacrocorax penicillatus) 
Unidentified cormorant 
Black Scoter (Melanitta nigra) 
White-winged Scoter (M fusca) 
Surf Scoter (M. perspicillata) 
Unidentified scoter 
Unidentified duck 
Unidentified plover 
Red Phalarope (Phalaropus fulicaria) 
Sanderling (Calidris alba) 
Ring-billed Gull (Larus delawarensis) 
Mew Gull (L. canus) 
California Gull (L. caZif0rnicu.s) 
Western Gull (L. occidentalis) 
Glaucous-winged Gull (L. glaucescens) 
Unidentified gull 
Common Murre (Uris aaZge) 
Marbled Murrelet (Brachyramphus marmoratus) 
Ancient Murrelet (Synthliboramphus antiquus) 
Cassin’s Auklet (Ptychoramphus aleuticus) 
Rhinoceros Auklet (Cerorhinca monocerata) 
Tufted Puffin (Fratercula cirrhata) 
Unidentified murrelet 
Unidentified auklet 
Unidentified birds 

Total 

27 0.8 
25 0.7 
18 0.5 
58 1.7 

155 4.6 
3 co.1 
2 co. 1 
4 0.1 

19 0.6 
1 co.1 
4 0.1 
3 co.1 

- - 

19 0.6 
20 0.6 
22 0.7 

5 0.1 
- - 
6 0.2 
1 co.1 
1 co. 1 
2 co.1 
1 co.1 
1 co.1 
2 co.1 
1 co.1 

2924 86.9 
1 co.1 
3 co.1 

- 

30 
- 

1 
4 
1 

3364 

- 
0.9 

- 
co.1 

0.1 
co.1 

100.0 834 100.0 

- 
7 
6 
4 

48 
- 

11 
- 
- 

4 
2 

- 

3 
17 
10 
- 
- 

1 
7 
1 

- 
- 

2 
- 
- 

554 
2 
4 

17 
131 

1 
- 
- 
2 

- 
0.8 
0.7 
0.5 
5.8 

1.3 
- 
- 

0.5 
0.2 

0.4 
2.0 
1.2 
- 

0.1 
0.8 
0.1 

- 
- 

0.2 

- 

66.4 
0.2 
0.5 
2.0 

15.7 
0.1 

- 
- 

0.2 

Pi = proportion of the total number of car- 
casses coming ashore during the spill 
period that are expected to be deposited 
on day i. 

i = index variable for day in the summa- 
tion. 

For the Apex Houston spill, we calculated N, 
values for 46 beaches covered at least once be- 
tween 3 and 8 February (Page and Carter 1986). 
For O.+ we used the first census for beaches with 
more than one count between 3-8 February. S 
was assigned the value .59 1, as determined at the 
time of the spill. Since we lacked actual estimates 
of the proportion of birds arriving on a given 
day, we substituted Pi values from data available 
by region for live birds. We assumed that the 

proportions of birds that beached daily were sim- 
ilar for live and dead birds during the spill period, 
but there is little published information on which 
to evaluate this assumption. However, large 
numbers of oiled carcasses had reached many 
beaches by 3 February (see Page and Carter 1986 
for details), when live bird numbers began to 
peak. Thus, the timing of peak deposition for 
live and dead birds appeared similar. Pi values 
for live and dead oiled birds also were similar 
during the Puerto Rican spill (Fig. 3; also see 
Stenzel et al. 1988), but most live birds were 
reported to beach a few days before most dead 
ones during the Hamilton Trader spill (Hope 
Jones et al. 1970). 

We divided N, values by the length of the beach 
in kilometers for the 46 beaches covered and then 
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calculated mean values of N for each beach type 
within each region. Missing values for 6 of the 
25 region-beach type combinations were as- 
sumed to be similar to those for the same beach 
type from a neighboring region. We calculated 
the total length of the different beach types in 
each of the six regions (from Habel and Arm- 
strong 1978) and multiplied each length by the 
appropriate mean value of N for each beach type 
in each region and then summed carcass totals 
for each region. 

ESTIMATED NUMBER OF OILED CARCASSES 
REACHING SHORE 

Using this model, we estimated 5880 beached 
oiled carcasses, which were broken down into 
taxa (Tables 2,3) in direct proportion to numbers 
of each taxon in each region on carcass counts 
(Page and Carter 1986). An unknown but pre- 
sumably small proportion of these birds was like- 
ly oiled after death either at sea or on the beach. 
From 2 to 11 February, 6 1 carcasses were found 
without oiled plumage, compared to the 834 with 
oiled plumage. The 834 moderately- to heavily- 
oiled carcasses were not so decomposed that we 
could eliminate oiling as the probable cause of 
death. Common Murres accounted for 6 1.1% and 
Rhinoceros Auklets for 20.4% of the oiled car- 
casses. Aechmophorus grebes and scoters (Mela- 
nitta spp.) were the next most abundant taxa 
constituting 5.3% and 3.8%, respectively. 

Dead-to-live bird ratios were much greater for 
Rhinoceros Auklets, auklets/murrelets, and small 
grebes than for other taxa (Table 3). Rhinoceros 
Auklets and auklet/murrelets, a category in which 
Cassin’s Auklets (Ptychoramphus aleuticus) pre- 
dominated, were distributed farther from shore 
and therefore were more likely to die before 
reaching shore than Common Murres. Loons 
(Gavia spp.) and Common Murres, which had 
the lowest dead-to-live bird ratios, may have been 
more likely to swim or fly toward shore after 
being coated with oil, and because of their larger 
body size may have required a higher dose of oil 
before being killed. The high among-species vari- 
ability in dead-to-live ratios invalidated the use 
of simply derived multiples of the number of 
rescued, live oiled birds to estimate the total 
mortality of birds. 

AT-SEA CARCASS Loss MODEL 

Even when numbers of beached live and dead 
oiled birds are known, a large fraction of the total 
mortality may remain unmeasured. Winds and 
currents may carry floating carcasses away from 
shore where they are never observed (Bibby and 
Lloyd 1977, Bibby 1981). Many carcasses that 
are propelled towards shore may not beach be- 
cause they sink or are scavenged along the way 
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TABLE 3. ESTIMATED NIJMBERS OF BIRDS DEBILITATED OR KILLED DLJRING THE APEX HOUSTON OIL SPILL 
BETWEEN l-8 FEBRUARY 1986 FROM SALMON CREEK, SONOMA Co-, TO POINT Lams, MONTEREY Cow. 
DASHES INDICATE THAT DATA WERE NOT AVAILABLE. 

Species 

Alive and sem to 
rehabilitation Ratio of dead-to- Lost at sea 

centers Dead on beaches live on beaches w TOtal 

Loons 128 148 
Small grehes 9 106 
Aechmophorus grebes 155 313 
Unidentified grebes 19 0 
Scoters 61 222 
Common Murre 2924 3595 
Auklets/murrelets 9 168 

(Cassin’s Auklet) 0 (140) 
Rhinoceros Auldet 30 1201 
Other species/unid. birds 29 127 
Total 3364 5880 

1.16 - 
11.78 - 
2.02 - 
- - 
3.64 - 
1.23 969 

18.67 - (48) 
40.03 335 

4.38 - 

1.75 1333 

276 
115 
468 

19 
283 

7488 
206 

(169) 
1566 

156 
10,577 

(Page et al. 1982). Our model for estimating 
numbers of dead oiled birds not reaching shore 
required: descriptions of the trajectories of the 
oil and bird carcasses, the rate of carcass loss at 
sea, the distribution of the birds at sea at the 
time of the spill, and the numbers of dead oiled 
birds on beaches. Ecological Consulting prepared 
a computer model that simulated trajectories of 
hypothetical oil slicks along the route of the Apex 
Houston, and trajectories of carcasses arising from 
the hypothetical slicks. Simulated oil slicks were 
treated as points driven by wind and ocean sur- 
face currents. Wind vectors were computed as 
the wind direction plus a variable deflection an- 
gle, D, used to simulate the Ekman effect: 

D = 25”exp(- lo-*W3/vg) 

where: W = wind speed, v = kinematic viscosity 
of sea water, and g = gravitational acceleration 
(Samuels et al. 1982, Neumann 1939, Witting 
1909). The wind drift factor, or the proportion 
of the wind velocity imparted to the transported 
material, was assumed to be 0.035 for oil (Smith 
et al. 1982) and 0.022 for dead birds (Hope Jones 
et al. 1970). Real time wind data were obtained 
from five different central California coastal weath- 
er stations: 1) Vandenberg Air Force Base (34.7”N, 
120.5”W); 2) Meteorological Buoy 46011(34.9”N, 
120.9”W, Point Sal); 3) Point Pinos (36.6”N, 
122.O”W); 4) Meteorological Buoy 46012 (37.4”N, 
122.7”W, Half Moon Bay); 5) Meteorological 
Buoy 46026 (37XN, 122.7”W, Gulf of the Far- 
allones). Wind fields were extrapolated linearly 
between adjacent stations for a smooth transition 
from one station to the next. Wind vectors at 
any point were weighted averages of winds from 
the nearest station to the north and south. Sur- 
face current data were based on the characteristic 
tracing model of Dianalysis of Princeton (Kantha 

et al. 1982). Vector fields were discretized into 
30-min blocks extending from 21.5” to 49.8”N 
and from 137.5” to 118.5”W. 

Points, representing hypothetical slicks trav- 
elling at 3.5% of wind speed, were launched at 
three-hr intervals along the track of the Apex 
Houston when it passed by. They were moved 
at three-hr intervals until contacting shore or un- 
til 8 February. Likewise, groups of simulated bird 
carcasses were launched at each three-hr time 
step along each slick trajectory and moved at 
2.2% of wind speed until they contacted shore 
or until 8 February (Fig. 4). 

An index of the relative number of carcasses 
that beached in different coastal regions was 
computed as the number of birds in a one-km2 
area at the beginning point of a carcass trajectory, 
decreased by 2.0% at each three-hr time step to 
account for at-sea loss (derived from Hope Jones 
et al. 1970). When a group of carcasses beached, 
it was added to the total beached from all tra- 
jectories contacting that region. R,, the propor- 
tion of total beachings predicted in region j, was 
computed by dividing the number of beached 
model carcasses in a given region by the total 
number beaching in all regions: 

L, R, = h , - 

g Li 
where: Lj = the number of carcasses beaching in 
region j after accounting for at-sea loss, the de- 
nominator is the sum for all regions involved, 
and b is the total number of regions. Rj values 
were calculated separately for each species. 

P,, the proportion of carcasses lost before mak- 
ing landfall in region j, was calculated carrying 
out the same simulation, but without at-sea loss: 
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FIGURE 4. Model simulation of the Apex Houston 
oil spill. The heavy line shows the track of the Apex 
Houston and thin lines show oil slick trajectories 
launched at three-hr intervals from along the vessel’s 
route between Pigeon Point and Point Lobos. Groups 
of simulated bird carcasses are indicated by dots for 
each three-hr interval. 

P’+g 
J 

where: N, = the number that would have beached 
in region j without at-sea loss. Pj values were 
calculated separately for each species. 

DISTRIBUTION OF BIRDS AT SEA 

A total of 15 17 birds of at least 24 species was 
recorded on the aerial survey. Slope waters were 
dominated by Red Phalaropes (Phalaropus fu- 
licaria), Western Gulls (Larus occidentalis), Cas- 
sin’s Auklets, and Rhinoceros Auklets. Outer shelf 
waters were dominated by Brandt’s Cormorants 
(Phalacrocorax penicillatus), Red Phalaropes, 
Western Gulls, Herring Gulls (L. argentatus), 
California Gulls (L. californicus), Common 
Murres, Cassin’s Auklets and Rhinoceros Auk- 
lets. Inner shelf waters were dominated by Aech- 
mophorus grebes, Surf Scoters (Melanitta per- 
spicillata), Red Phalaropes, and Common 

Murres. Densities were not unusual for this time 
of year in these zones (Page and Carter 1986, 
Briggs et al. 1987). We chose to determine the 
numbers of dead oiled birds not reaching shore 
for Common Murres, Cassin’s Auklets, and Rhi- 
noceros Auklets, which were relatively abundant 
on the survey. We also applied the at-sea loss 
rate to these species, because it was derived from 
other data on alcids. 

Common Murres. Hypothetical slicks launched 
between 01:OO and 06:OO hrs (PST) on 29 Jan- 
uary off the northern end of Monterey Bay, when 
the Apex Houston encountered heavy seas (Fig. 
4) had the greatest potential for contacting large 
numbers of Common Murres. Slicks passed 
through a small, very dense aggregation on the 
inner shelf west of Pigeon Point and moderately 
dense aggregations in the Gulf of the Farallones 
(Fig. 5A). The model predicted that 46.2% of 
carcass beachings between regions 2 and 5 would 
occur in regions 2 and 3, where only 20.0% were 
determined to have beached (Table 4). The high- 
est proportion of carcass beachings was predicted 
accurately in region 4 and proportions were pre- 
dicted closely in region 5. At-sea loss ranged from 
8.6% for carcasses destined for region 5 to 34.1% 
for region 4. 

Rhinoceros Auklets. Rhinoceros Auklets were 
aggregated in two regions on the outer shelf, 
northwest of the Farallon Islands and due west 
of Pigeon Point (Fig. 5B). Slicks bypassed the 
aggregation in the Gulf of the Farallones but 
passed through the one west of Pigeon Point. 
Birds affected there should have beached in re- 
gion 4, where most carcasses were predicted and 
many found during beached bird censuses (Table 
4). At-sea loss of carcasses ranged from 20.9% 
to 59.2% among regions 3-5. 

Cassin’s Auklets. Cassin’s Auklets were aggre- 
gated northwest of the Farallon Islands and on 
the slope west of Half Moon Bay (Fig. 5C). Slicks 
did not pass through these high density aggre- 
gations but did pass through low densities on the 
inner shelf due west of Pigeon Point and off Mon- 
terey Bay. Cassin’s Auklets oiled in these areas 
should have beached in regions 4 and 5. Model 
predictions were fairly accurate for three of four 
regions examined (Table 4). However, 30.9% of 
the carcasses were predicted in region 3 where 
none was found. At-sea loss ranged from 14.5% 
to 55.4% among regions 2-5. 

ESTIMATED NUMBERS OF OILED CARCASSES NOT 
REACHING SHORE 

The number of birds lost at sea was only cal- 
culated for regions 2 to 5, because there were 
insufficient data on the densities of birds at sea 
for the model to predict at-sea loss for region 6, 
and the model failed to show birds beaching in 



SEABIRD MORTALITY -Page et al. 171 

region 1. The number of dead birds lost at sea 
was estimated separately for the three alcid spe- 
cies as follows: 

where: 

N, = 

M, = 

Pj = 

the number of carcasses expected to 
wash onto region j given no carcass loss 
at sea. 
the number of carcasses that reached 
region j (estimated for regions 2 to 5 in 
Table 2). 
the proportion of carcasses that did not 
reach region j (derived for regions 2 to 
5 in Table 4). 

The number of carcasses lost at sea (S,) was 
estimated as: Sj = N, - M,. S, values were summed 
over the four regions for each alcid species to 
give minimal estimates of at-sea carcass loss of 
969 Common Murres, 29 Cassin’s Auklets, and 
335 Rhinoceros Auklets (Table 3). These esti- 
mates would have been substantially higher if it 
had been possible to obtain an estimate for re- 
gion 6 (Monterey Bay). 

DISCUSSION 

TOTAL NUMBER OF BIRDS DEBILITATED OR W 

By adding live and dead oiled birds on beaches 
to those lost at sea, we estimated a minimum of 
10,577 birds debilitated or killed in the Apex 
Houston oil spill (Table 3). In fact, a few thou- 
sand additional birds met a similar fate because: 
1) numbers of live oiled birds were underesti- 
mated because of incomplete rehabilitation cen- 
ter records (Page and Carter 1986, Carter et al. 
1987); 2) numbers of dead birds lost at sea were 
underestimated because there was no estimate 
for region 6 (Table 4) and at-sea loss was esti- 
mated for only 3 of the 26 species affected, and 
3) numbers of beached birds and birds lost at sea 
were estimated only for the area and time of peak 
beachings. In fact, an additional 494 live oiled 

FIGURE 5. At-sea densities of (A) Common Murres, 
(B) Rhinoceros Auklets, and(C) Cassin’s Auklets based 
on transects flown on 5 February 1986. Density blocks 
are defined in an east-west direction by bathymetry: 
O-100 m, inner shelc 100-200 m, outer shelf; and 200- 
3000 m, slope. North-south divisions were constructed 
so that each block contained one transect line. Intensity 
of stipling indicates bird densities per km2, as shown 
in the key. The dark line starting at the entrance of San 
Francisco Bay is the track of the Apex Houston. 
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TABLE 4. PERCENT OF COMMON M~RRE, F&IN~CER~~ AUKLET, AND CA.WN’s AIJKLET CARCAWS LOST AT SEA. 
MODEL BEACHED CARCASS INDICES ARE PROPORTIONS OF HW~THETICAL CARCASS BEACXINGS IN REGIONS 2-5 
AND ESTIMATED BEACH CARCASS INDICES ARE PROFOR~ONS OF 2424 COMMON MURRES, 347 Rm~ocsaos Automs, 
AND 62 C~IN’S AUKLETS THAT BEACHED IN REGIONS 2-5, RESPECTIVELY 

Model beached Percent carcasses Estimated beached 
Prera&dtin~“ep’ carcass index lost at sea carcasses Estimated beached 

Coastal region W (P,) (SW Table 2) carcass index 

Common Murre 

2 2-3 Feb 0.234 26.1 223 0.092 
3 3-4 Feb 0.228 23.9 261 0.108 
4 34 Feb 0.393 34.1 1478 0.610 
5 2-3 Feb 0.145 8.6 462 0.191 

Rhinoceros Auklet 

2 - 0.000 0.0 3 0.009 
3 3-4 Feb 0.208 59.2 6 0.017 
4 34 Feb 0.663 53.0 274 0.790 
5 2-3 Feb 0.129 20.9 64 0.184 

Cassin’s Auklet 

2 2-3 Feb 0.078 21.5 3 0.048 
3 34 Feb 0.309 55.4 0 0.000 
4 3 Feb 0.450 37.0 43 0.694 
5 2-3 Feb 0.162 14.5 16 0.258 

birds were sent to rehabilitation centers between 
9 February and mid-March, 5 10 dead oiled birds 
were found on 23 carcass counts on 19 beaches 
between 20-27 February, and a few hundred oiled 
birds were reported from south of Point Lobos 
(Page and Carter 1986). 

Had PRBO not developed the beached bird 
model and Ecological Consulting the at-sea car- 
cass loss model, only the approximately 3000 
oiled birds sent to rehabilitation centers would 
have been documented as casualties from the 
spill. Our study results show that beached carcass 
counts and aerial surveys of birds at sea must be 
incorporated into oilspill contingency plans if the 
total extent of mortality is to be fully appreciated 
(see Carter and Page 1989). 

Although the Apex Houston spill involved only 
about 26,000 gallons of oil, the extent of seabird 
mortality rivaled some of the worst known in- 
cidents (Evans and Nettleship 1985) and far ex- 
ceeded that of the highly publicized Puerto Rican 
oil spill (PRBO 1985, Dobbin et al. 1986). Casual 
observers were surprised that such a small spill 
killed so many birds. However, the Apex Hous- 
ton spill coincided with the period of peak abun- 
dance of wintering birds in central California 
(Briggs et al. 1987) and oil slicks passed through 
dense aggregations of seabirds. 

The long-term impact of the mortality on 
Common Murres remains unknown. In central 
California, the murre population declined by over 
50% between 1982 and 1986, mostly due to gill- 
net mortality (see Atkins and Heneman 1987; 
Takekawa et al. 1990). The Apex Houston and 

Puerto Rican oil spills, which together killed over 
9500 murres, contributed to this crash, but it is 
not known what portion of murres killed be- 
longed to the resident breeding population. Prob- 
ably most of the Rhinoceros Auklets affected were 
from breeding populations farther north (Briggs 
et al. 1987) because only small numbers breed 
in central California @owls et al. 1980) and be- 
cause breeding at the Farallon Islands continued 
to increase in 1986 and 1987 (PRBO, unpubl. 
data). The Marbled Murrelets (Brachyramphus 
marmoratus) that were killed represented 1% to 
5% of the central California breeding population 
(see Carter and Erickson 1988). 

FUTURE F&SEARCH 

It is not necessary to use our beached bird 
model when beached birds can be counted ac- 
curately through daily counts (PRBO 1985). 
However, such situations seldom occur, and large 
numbers of birds usually have beached over sev- 
eral days before any attempt is made to count 
them, as in the Apex Houston spill. It would be 
valuable to improve the beached bird model by 
considering the following points: 

1. Single censuses should be conducted on as 
many beaches as possible, because they provide 
the independent values for carcass numbers on 
which means for each region-beach type com- 
bination are based, and because the species com- 
position of the carcasses is derived directly from 
these censuses (Carter and Page 1989). 

2. We used mean carcass persistence (S) over 
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two days on two beaches (N = 4) at the time of 
the spill in the model. Carcass persistence could 
vary with carcass type, location, and tidal con- 
dition. Page et al. (1982) provide evidence that 
beach type affects carcass persistence. Further 
research should determine which variables affect 
carcass persistence the most, so that these could 
be considered when sampling for S. Predeter- 
mined values of S could be used if these would 
not bias the outcome in the model. 

3. The proportion of the carcasses beaching 
each day (P3 was assumed to be similar to live 
birds in the Apex Houston spill, but this as- 
sumption would not apply to all situations (e.g., 
Hope Jones et al. 1970). A lag in the beachings 
of dead oiled birds could be incorporated into 
the model, although it would be preferable to 
obtain actual values of Pi for carcasses at the time 
of the spill. Pi values will vary substantially be- 
tween spills, between coastal regions and possi- 
bly also with beach type. Pi values must be de- 
termined from data collected during the spill and 
at minimum for several regions for large spills. 

4. Our method should be applied separately 
for each abundantly occurring species within each 
region. This was not possible during the Apex 
Houston spill because large numbers of live oiled 
birds attributed to some regions were not cate- 
gorized by species at rehabilitation centers (see 
Tables 1, 2). 

5. Error estimates for each of the variables in 
the beached bird model and for the total estimate 
of beached carcasses should be developed. Sen- 
sitivity analyses should be used to identify which 
variables most affect the overall accuracy of the 
estimates. 

In contrast to the beached bird model, an at- 
sea loss model should always be used because 
there is no other way to determine the number 
of dead oiled birds that do not reach shore. De- 
pending on how far from shore a spill occurs, the 
extent of onshore transport of oil and carcasses, 
and the abundance and distribution of birds at 
sea, carcasses lost at sea may or may not account 
for a large proportion of the overall seabird mor- 
tality. Our model was derived from a more de- 
tailed model, which also accounted for turnover 
of birds within slick areas at sea (Dobbin et al. 
1986, Ford et al. 1987). Our model required less 
information about slicks at sea and fewer as- 
sumptions about seabird behavior at sea. At-sea 
loss models should be refined by considering the 
following points: 

1. We modeled oil and carcass trajectories based 
mainly on wind speed and direction. While this 
seemed reasonable for floating carcasses, trajec- 
tories did not take into account movements by 
oiled birds before death or the effects of strong 
nearshore surface currents. Such modelling 

omissions may have caused inconsistencies such 
as the appearance of small numbers of live and 
dead oiled birds at the Farallon Islands and in 
region 1 (north of Point Reyes), where our model 
predicted neither slicks nor carcasses. Detailed 
on-scene descriptions of slicks at sea would al- 
leviate some problems, as in the Puerto Rican 
spill when at times slicks moved opposite to the 
direction predicted by winds alone. 

2. We used a constant at-sea carcass loss rate 
of 15% per day based on one prior study in which 
oiled alcid carcasses were launched at sea (Hope 
Jones et al. 1970). As Ford et al. (1987) point 
out, the actual rate may not be a constant and 
may not be the same for all species and all spills. 

3. We assumed only three fates for birds: they 
die at first contact with oil, survive until rescued 
on shore, or survive at sea until after the spill. 
The daily at-sea loss rate was applied only to the 
first group. If birds survived beyond the moment 
of impact and moved toward shore, estimates of 
the time required for carcasses to reach shore 
would be longer than actual values, resulting in 
an overestimate of the number of carcasses lost 
at sea. 

4. Ford et al. (1987) discuss the merits and 
drawbacks of aerial surveys used during the Apex 
Houston and Puerto Rican spills. Spatial and 
temporal persistence of seabird aggregations at 
sea must be studied to evaluate the appropriate- 
ness of a single survey some time after the spill 
for use in models. Better techniques are required 
for surveying coastal areas within a few kilo- 
meters of shore where large numbers of birds 
often aggregate. 
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DIFFERENTIAL RESPONSES OF COMMON AND THICK-BILLED 
MURRES TO A CRASH IN THE CAPELIN STOCK IN THE 
SOUTHERN BARENTS SEA 

W. VADER, R. T. BARRETT, K. E. ERIKSTAD, AND 
K.-B. STRANN 

Abstract. Common Murres (Uriu aalge) and Thick-billed Murres (U. lomviu) are common breeding 
birds in the Barents Sea, with complementary but overlapping distributions. Along the coast of North 
Norway, west of the North Cape, murre populations have been decreasing at least since 1965, probably 
as a result of breeding birds drowning in fishing nets. East of the North Cape and probably on Bear 
Island the populations have at least been stable until 1985. After 1985, numbers of breeding Common 
Murres decreased steeply in the entire area, by 70-85% in North Norway and ca. 90% on Bear Island, 
while populations of Thick-billed Murres decreased only slightly on the mainland and not at all on 
Bear Island. The numbers of murres wintering in the Barents Sea also decreased after 1986. It is 
thought that the differential decrease in numbers of breeding birds was a direct result of the sudden 
collapse of the Barents Sea capelin (Muflotus villosus) stock in 1985 and 1986, on which the Common 
Murres, but not the Thick-billed Murres, totally depended. 

Kev Words: Common Murre: Thick-billed Murre; Uriu uulge; Uriu lomviu.; capelin; population 
decline. 

Common Murres (Uria aalge) and Thick-billed 
Murres (U. Zomvia) are large alcids with partly 
overlapping holarctic distributions in the boreal, 
low- and high-arctic regions (cf. Nettleship and 
Evans 1985). Birkhead and Nettleship (1987a, 
b, c) have recently shown that the two species 
have a similar nesting biology, although with sig- 
nificant differences in timing of breeding and 
chick diet. 

The Barents Sea is shallow and very produc- 
tive (Zenkievitch 1963, Wassman and Sakshaug 
1987) with a diverse, mainly subarctic seabird 
fauna (Norderhaug et al. 1977, Golovkin 1984). 
Both murre species breed in the area, with U. 
aalge more numerous along the coast of Europe 
and U. lomvia on the arctic islands (Fig. 1). Both 
species also winter in the area, although some 
Spitsbergen Thick-billed Murres move to Green- 
land in winter (Brown 1985). 

This paper documents recent changes in the 
breeding populations of both species in what is 
considered to be a direct response to a collapse 
in the Barents Sea capelin stock. 

METHODS 

In the 1960s and 1970s the sizes of the breeding 
populations of Common Murres and Thick-billed 
Murres in North Norway were estimated by Bmn (1965, 
1969, 1979). Brun repeated some of his counts at in- 
tervals of several years and documented large changes 
(Bmn 1979). Since 1980 the breeding populations of 
Common Murres and Thick-billed Murres have been 
monitored on Homey (Fig. 1) through almost annual 
counts of individuals on selected plots, plus total counts 
of all individuals in the colony (see Folkestad 1984). 
In 1985, a similar monitoring scheme was initiated on 
Hjelmsey and Syltetjord (Fig. l), the then two biggest 

Common Murre colonies in Norway. Data on the 
breeding success of murres and other seabird species 
breeding in the region were otherwise collected an- 
nually either through direct observations in the field 
or through reports sent to the authors. 

A survey of the distribution of seabirds at sea in the 
Barents Sea north to 74”30’N was initiated in 1985. 
This survey was conducted through a series of at-sea 
transects and counts from ships and the air both during 
and, mostly, outside the breeding season (Strann and 
Vader 1987, Erikstad et al. 1990, Erikstad unpubl.). 

Data on the diets of murres were gathered either 
through direct analyses of the contents of the stomachs 
of birds shot at sea, direct observations of fish either 
brought in to chicks or dropped on the breeding ledges, 
or through a literature review. 

RESULTS 

Between 1965 and 198 5 the numbers of Com- 
mon Murres nesting in northern Norway, west 
of the North Cape, decreased, whereas they were 
stable (Sylteljord) or increased (Homey) at sites 
east of the North Cape (Table 1). 

After 1985 there was a dramatic drop in the 
numbers of Common Murres breeding at all col- 
onies, including the two eastern colonies, Homey 
and Syltefjord (Table 1). Numbers of birds in the 
monitoring plots on Hjelmsoy, Syltefjord and 
Homoy dropped by as much as 90% between 
1986 and 1987 (unpubl.), as did single counts of 
the total numbers at each colony (Table 1). Al- 
though the absolute numbers of Thick-billed 
Murres also decreased at some of these colonies, 
they did so to a lesser extent than for Common 
Murres (Table 1). On Bear Island, where the 
numbers of breeding murres had been counted 
for the first time in 1986, Common Murres de- 
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FIGURE 1. Approximate numbers and relative frequency of Common Murres (shaded circles) and Thick- 
billed Murres (open circles) breeding in the Barents Sea and adjacent N.E. Atlantic (Data from Einarsson 1979, 
Barrett and Vader 1984, Golovkin 1984, Mehlum and Fjeld 1987, and V. Bakken, pers. comm.). The boundaries 
of the boreal, low- and high-arctic regions are from Nettleship and Evans (1985). 

creased by about 90% from 1986 to 1987, while 
numbers of Thick-billed Murres remained at least 
stable (Bakken and Mehlum 1988). 

Data collected at sea in the Barents Sea in 
January-February 1986 and 1987 also show that 
the numbers of both murre species decreased, 
each by ca. 70% between the two surveys, and 
they were nearly completely missing from the 
traditional capelin (Mallotus villosus) areas in 
1987 (Erikstad unpubl.). 

DISCUSSION 

It is thought that the decline in Common Murre 
numbers in North Norway has occurred as a re- 
sult of two major negative factors and in two 
stages: before and up to 1985, and post-1985. 

PRE-1985 

In the Lofoten Islands, west of the North Cape, 
Common Murres have suffered from food short- 
ages at least since 1970. This, together with a 
complementary increase in predation pressure 
through netting, may partly explain the decline 
on Rest from ca. 11,000 pairs in 1960-1964 to 
fewer than 1000 pairs in 1988 (Tschanz and Barth 
1978, Folkestad 1984, Bakken 1989). In this same 
area Atlantic Puffins (Fratercula arctica) were 
equally hard hit (Lid 198 1, Anker-Nilssen 1987, 

Barrett et al. 1987). What little data exist on the 
food situation and breeding success farther north, 
on Nord-Fuglsy and Hjelmsoy, suggests that 
murres there have not suffered from food short- 
ages to the same degree shown on Rest. We at- 
tribute the steep decline in murre numbers at 
these colonies more to drowning in fishing nets 
than to reproduction failure. In early spring, cod 
(Gadus morhua) fisheries occasionally kill very 
large numbers (> 100,000 in 1985), whereas large 
summer driftnet and, until the early 1970s long- 
line fisheries for salmon regularly drown 
thousands of local breeding birds (Brun 1979, 
Vader and Barrett 1982, Strann et al. 1990). 

East of the North Cape, where salmon driftnets 
are not permitted, the size of the murre colonies 
increased between 1975 and 1985 (Table 1). 

POST-1985 

Between 1985 and 1987, the numbers of 
breeding murres on all colonies suddenly de- 
clined very steeply, on both sides of the North 
Cape, thereby ruling out salmon fishing as the 
only cause. Circumstantial evidence points to- 
wards a sudden food shortage being the major 
factor. 

Belopol’skii (1957), working in the eastern 
Barents Sea, classified the Common Murre as a 
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TABLE 1. CHANGES IN NUMBERS OF COMMON M~RRES (Uriu aurge) AND THICK-BILLED MLJRRES (U. lomvia) 
BREEDING AT FOUR COLONIES IN NORTH NORWAY, 19651987 (FROM BRIJN 1965, 1969, 1979; BARRETT AND 
VADER 1984; THIS STUDY) 

1965 

No. of individuals % change 

1975 1985 1986 1987 1965-1985 1985-1987 

Common Murre 
Nord Fuglay’ 30,000 
Hjelmsey’ 220,000 
Syltefjord2 25,000 
Hornray 1450 

Thick-billed Murre 
Hjelmsoyl >2000 
Syltetjord* (present) 
Horn+@ 110 

8000 200 <loo - -99 No data 
140,000 22,000 10,000 2000 -99 -80 

18,000 22,000 18,000 3000 -12 -83 
1000 7500 - 1600 + 500 -79 

1700 740 220 275 -ca. 60 -63 
180 1600 2000 1000 +ca. 800 -37 

- 450 - 300 +310 -33 

West of North Cape. 
East of North Cape. 

stenophagous fish-eater and the Thick-billed 
Murre as polyphagous, with a tendency toward 
stenophagy during the nesting period. This view 
has been strengthened by later diet studies in the 
North Atlantic (Bradstreet and Brown 1985). 
While both feed on pelagic fish when locally 
abundant (Tuck 196 1, Erikstad and Vader 1989, 
Tables 2 and 3), the Thick-billed Murre is better 
adapted to bottom exploitation and invertebrate 
feeding than the Common Murre (Spring 197 1). 

Until 1985, the smelt-like capelin was one of 
the dominating pelagic fish species in the Barents 
Sea and was a key species in this sea’s ecosystem 
(Hamre 1986). Likewise, the coastal stocks of 
sand lance (Ammodytes spp.) were important prey 
for predatory fish (e.g., cod) and seabirds in North 
Norway (Furness and Barrett 1985, Pethon 1985, 
HaugandSundby 1987). Between 1985 and 1987, 
the Barents Sea stock of capelin collapsed com- 
pletely (Fig. 2) and in 1987 fishermen noted a 
near complete absence of sand lance along the 
coast of West Finnmark (pers. obs., T. Haug pers. 
comm.). The latter resulted in a complete breed- 
ing failure at a large colony (>2000 pairs) of 
Shags (Phalacrocorax aristotelis) in West Finn- 
mark, where Shags are normally totally depen- 
dent on sand lance during the breeding season 
(pers. obs.). Fisheries scientists do not fully un- 
derstand why the capelin vanished so quickly, 
but causes probably include overfishing, uncom- 
monly large year-classes of the predatory cod 
after 1983, and a reduction in recruitment due 
to changes in the physical oceanography of the 
Barents Sea (Hamre 1986, Ushakov and Ozhigin 
1986). 

In January 1987, several thousand dead Com- 
mon Murres were washed ashore along the coast 
of North Norway. Analyses of organochlorine 
and heavy metal levels in their livers ruled out 

death by poisoning. The birds were emaciated 
and it is thought that they died of starvation. 
Dead Common Murres were also reported 
washed ashore in East Finnmark during the early 
summer of 1987, but no samples were taken for 
pollution analysis. No Thick-billed Murres were 
reported dead in the two incidents. In March 
1987, Thick-billed Murres shot in the central 
Barents Sea were in good body condition, the 
majority having a fat index (measured according 
to Jones et al. 1982) of 2-3 (Erikstad 1990). Vir- 
tually no Common Murres were seen. It appears 
that during the winter 1986/1987, Common 
Murres either died of starvation or left the Bar- 
ents Sea, while Thick-billed Murres fared better. 
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FIGURE 2. Estimated stock and total catch of the 
capelin (Mallotus villosus) in the Barents Sea, 1973- 
1987 (Hamre 1986 and pers. comm.). 
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TABLE 2. WINTER DIETS OF COMMON MURRE~ (Uris aalge) AND THICK-BILLED MURREX (U. lomviu) IN AREAS 
IN THE NORTH ATLANTIC WHERE THEY ARE NORMALL Y S~MP,~TRI~ 

Area Common Mum Thick-billed Murre SOUNX 

Finnmark coast 100% capelin 100% capelin Erikstad and Vader 1989 
April 1986 

Troms coast Mostly capelin Mostly capelin Strann et al. 1990 
April 1985 

S. Barents Sea not present Mainly gadids and crustacea Erikstad 1990 
March 1987 

Newfoundland 90% capelin 90% capelin Tuck 1961 
Winter ca. 1955 

Newfoundland not studied Mostly young cod, squid, Gaston et al. 1983 
Winter 1981-1983 crustacea 

Those collected in March had remains of gadids 
and crustaceans in their stomachs (Erikstad 1990). 

There are few data on adult murre diets from 
localities where both species occur (Table 2). Tuck 
(196 1) found capelin to be absolutely dominant 
in both species wintering off Newfoundland, but 
later data have shown that at least within 10 km 
of the Newfoundland coast young cod, squid and 
crustaceans are also important winter prey of the 
Thick-billed Murre (Gaston et al. 1983). In East 
Finnmark, during the 1986 capelin spawning 
season, both species fed exclusively on capelin 
(Erikstad and Vader 1989), as did the very large 
concentrations of Common Murres drowned in 
fishing nets in Troms in spring 1985 (Strann et 
al. 1990) (Table 2). Thick-billed Murres collected 
near the ice-edge at 77-8O”N, 18-23”E in July- 
August 1986 had mainly fed on amphipods 
(Lonne et al. MS), whereas stomachs of birds 
collected farther south, at ca. 75”N, 30’E, con- 
tained mostly gadid fish (cod and arctic cod Bore- 
o&us saidu) and krill (Erikstad 1990). 

Although these North Atlantic studies (see also 
Bradstreet and Brown [ 19851 and Blake et al. 

[ 19851) plus several from the Pacific (Springer et 
al. 1984, 1986; Ogi et al. 1985) support the no- 
tion that adult Common Murres specialize on 
small pelagic, schooling fish and that Thick-billed 
Murres eat both fish and crustaceans, Ogi et al. 
(1985), Blake et al. (1985) and Sanger (1987) 
show that at certain times and in certain areas 
Common Murres can rely heavily on inverte- 
brates. The general picture, however, supports 
Spring’s (197 1) conclusion that both species will 
feed on any readily available, pelagic organism, 
but that, unlike the Common Murre, the Thick- 
billed Murre is better adapted to switch to bot- 
tom and invertebrate feeding in the absence of 
pelagic food sources. 

The chick diets of murres breeding sympatri- 
tally in the North Atlantic consist exclusively of 
fish for both species (Table 3; Bradstreet and 
Brown 1985). Nevertheless there is a clear dif- 
ference; Common Murres catch pelagic, school- 
ing fish, whereas Thick-billed Murres also take 
many demersal organisms (Bradstreet and Brown 
1985). On Hjelmssya, West Finnmark in 1983, 
before the crash in the capelin stock, Common 

TABLE 3. CHKK Dmrs OF SMATRICALLY BREEDING COMMON MURRE~ (Uriu adge) AND THKK-BILLED Mossas 
(U. lomviu) IN CANADA AND THE BARENTS SEA 

Area 

Labrador 
1982-1983 

Homey 
1983 

Hjelmsoy 
1983 

Seven Islands 
1938 

Common Murre 

75% capelin 
1 O-l 5% gadids 
1 O-l 5% Lumpenus 
60% capelin 
40% sand lance 
99% capelin’ 

86O’a sand lance 
18% herring 

Thick-billed Murre 

20-30% capelin 
65-70% Lumpenus 

25% capelin 
75% sand lance 
33% capelirP 
22% sand lance 
24% squid 
80% sand lance 
16% herring 

S0W.X 

Birkhead and 
Nettleship 1987~ 

Furness and 
Barrett 1985 

This study 

Kaftanowski 1938 
(in Tuck 1961) 

’ % of 79 food items. 
2 % of 49 food items. 
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Murres fed their chicks on capelin, while Thick- 
billed Murre chicks had a more varied diet, in- 
cluding small squid (Gonatusfabricii) (Table 3). 

We contend that a food shortage, a direct result 
of the collapse in the stocks of capelin, a pro- 
nouncedly pelagic schooling fish, exacerbated by 
the reduction in sand lance, is the most plausible 
cause of the sudden drop of Common Murres at 
North Norwegian colonies in 1987. The breeding 
population of Common Murres either died the 
preceding winter, or food resources were so ad- 
verse that they were unable to build up energy 
reserves necessary for egg formation and there- 
fore abandoned any breeding attempt (Wiens 
1984). Thick-billed Murres, although also lower 
in numbers than previous years, had fared better, 
either due to their ability to utilize alternative 
food sources or because of the tendency for at 
least some birds to migrate north to the ice edge 
(where no Common Murres were seen in 1987- 
1988) or west, and out of the Barents Sea during 
the winter (Spring 1971, Brown 1985, Bakken 
and Mehlum 1988). 
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