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Abstract.

The effects of local resource abundance on the reproductive characteristics of

American Coots (Fulica americana) were studied in eastern Washington. I examined the
influences both of naturally occurring differences among habitats and of experimentally
manipulated food resources. Females from lakes with high food abundance laid significantly
heavier eggs than did females from lakes with low productivity. Similarly, eggs from ex-
perimentally enriched territories were significantly heavier than those from control terri-
tories. Clutch size did not vary systematically with resource abundance. These results suggest
that when food is more abundant coots increased the quality, rather than quantity, of young
produced. Nevertheless, a comparative analysis of the relationship between egg mass and
body mass for 40 species of rails showed that the American Coot lays lighter eggs than
would be predicted on the basis of body mass alone.
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INTRODUCTION

The allocation of reproductive effort variesamong
species. In simplest terms, parents either produce
many offspring and invest relatively little in each
or they produce fewer and invest relatively more
in each (MacArthur and Wilson 1967, Stearns
1976). Although investment patterns are typi-
cally discussed as a uniform characteristic of all
members of a given species, individuals are able
to alter these reproductive patterns in response
to variations in conditions requisite for breeding,
such as the physiological condition of the female
(Lack 1958). For some animals, this plasticity
may be the main component of their reproduc-
tive strategy (Geisel 1976).

The availability of food can affect how an in-
dividual allocates its reproductive effort (Lack
1968). For example, when food is abundant,
either larger eggs or a larger clutch can potentially
be laid. A larger clutch is beneficial only if in-
creasing the quantity of young improves repro-
ductive success. Under this condition, clutch size
would be positively correlated with resource
abundance. If the condition of the young pro-
duced is the crucial factor, however, parents
should increase the energy invested in each egg.
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Thus, as food availability increased, so would
egg mass.

There are, however, obvious morphological
and physiological limits to using egg size as an
effective reproductive strategy. Rahnetal. (1975)
showed that egg mass increases as a function of
adult body mass. They regressed log egg mass on
log body mass which results in a regression equa-
tion expressing egg mass (W) as a function of
body mass (B) raised to a power: W = aBb. They
found that b, the slope of the log-log regression,
was essentially constant among the 17 orders of
birds analyzed and equal to 0.675. “Considering
a common slope for all orders of birds is of con-
siderable interest as it tells us that as a general
rule egg weight increases in proportion to the
surface of the female” (Rahn et al. 1975).

In this study I examined the relationship be-
tween food abundance and reproductive patterns
in the American Coot (Fulica americana). Coots
breed on marshes and feed aquatic insects and
vegetation to their semiprecocial young (Fitzner
and Schreckhise 1979). Marshes are ideal for
studying the effects of local ecological variation
because adjacent lakes may differ enormously in
resource quality (Orians 1980). Furthermore,
coots obtain most of their energy requirements
for reproduction from their breeding territories
(Alisauskas and Ankney 1985). Given the feed-
ing habits of coots and the resource variation of
marshes, the breeding efforts of coots present a
model system in which to examine the effects of
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food abundance on reproductive patterns. My
main goal was to measure the effect of variation
in resource density on the clutch size and egg
mass of coots from the same population, breed-
ing on different quality habitats. I examined the
influence both of naturally occurring differences
and of experimentally manipulated food re-
sources. Because coots only feed within their own
territories (Gullion 1954), experimental addition
of food was easy to conduct and allowed me to
examine proximate causes rather than just ob-
serve correlational associations. I then conduct-
ed a more complete analysis of egg and clutch
size among the Rallidae, than did Rahn et al.
(1975), to determine whether coots alter these
reproductive parameters relative to the repro-
ductive effort characteristic of their family.

METHODS

The Turnbull National Wildlife Refuge, 30 km
south of Spokane in eastern Washington, has lakes
which vary in productivity and support large coot
populations. For information regarding the ecol-
ogy of my study site see Orians (1980). In 1981
four lakes were chosen for this study: Findley,
McDowell, Isaacson, and East Tritt. Pine Lake
was added in 1982 because only one pair of coots
bred successfully on McDowell Lake that year.

Coot nests were located by wading or canoeing
through the marsh area and were checked daily.
Eggs were numbered using a waterproof marker
as they were laid. All eggs were weighed with a
Pesola 50-g scale and I used weight as my stan-
dard measure of mass. Chicks were weighed on
the day of hatching and toe-clipped for individ-
ual recognition. During 1982, tarsus, wing, and
culmen measurements were also recorded using
vernier calipers.

Adults were caught at night using nest traps
(Crawford 1977). Birds were weighed and body
measurements were recorded. Individually col-
or-coded wing tags and U.S. Fish and Wildlife
Service aluminum leg bands were placed on the
adults.

FOOD ABUNDANCE

Adult coots are primarily vegetarians; 60% of
their diet consists of algae and pondweed (Fitzner
and Schreckhise 1979). Parents feed their semi-
precocial young during their first 3 weeks of life.
Animal foods, particularly emergent insects, are
important for young coots (Fitzner and Schreck-
hise 1979). Evaluating food availability, there-
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fore, required assessing the abundance of both
vegetation and insects. Three measures of lake
productivity were used to rank the study lakes
according to the abundance of food: water con-
ductivity, insect abundance, and the breeding
distribution of blackbirds.

The conductivity of lake water is directly cor-
related with the concentrations of dissolved sol-
ids and the productivity of plankton (Rawson
1961, Weller 1981). Orians (1966, 1980) has
shown that conductivity is a good indicator of
lake quality in the Pacific Northwest; it estimates
both plant and insect abundance. Every 2 weeks
I collected a water sample from each lake. The
conductivity of the samples was measured using
a Hach conductivity meter and samples from all
lakes were collected and analyzed on the same
day.

Emerging insects were captured in 1-m?, wire-
mesh insect traps (Cook and Horn 1968). One
trap was placed on each lake during the third
week of June. The location of the trap was changed
daily to assess insect abundance over a variety
oflocations on each lake. The traps were checked
in the early morning to collect insects caught the
previous day.

The numbers of Red-winged (Agelaius phoe-
niceus) and Yellow-headed blackbird (Xantho-
cephalus xanthocephalus) nests on each lake were
monitored during 1982. These birds are depen-
dent upon emergent insects and sensitive to vari-
ations in their abundance (Orians 1980). Yellow-
headed Blackbirds are competitively dominant
over the smaller, Red-winged Blackbirds and thus
breed on more productive lakes where their hab-
itats overlap (Orians and Horn 1969). And, al-
though the water level and vegetation structure
of marshes can influence blackbird-nesting pat-
terns these two variables did not have an appre-
ciable effect on my study lakes. The ratio of Yel-
low-headed to Red-winged blackbird nests on a
particular lake will therefore give an indication
of insect abundance.

ENRICHMENT PROCEDURE

During 1982 three randomly selected territories
on Findley Lake (a low food abundance lake)
were artificially enriched by adding 1 kg of Purina
Hi-Protein Dog Meal to each three times a week.
The remaining four unsupplemented territories
on Findley Lake served as controls. Extensive
behavioral observations for another aspect of this
research (Hill 1984) enabled me to accurately
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FIGURE 1. Semimonthly conductivity measures of

the study lakes at the Turnbull National Wiidlife Ref-
uge during 1981 and 1982. F = Findley; M = Mc-
Dowell; I = Isaacson; ET = East Tritt, P = Pine.

determine territory boundaries. The dog meal
was distributed throughout the central confines
of the enriched territories and remained avail-
able for consumption for at least 2 days. Because
water flow was minimal, the dog food did not
enter the control territories on the lake. In ad-
dition, during my behavioral observations, I saw
pairs from the enriched territories eat the dog
food, whereas I never saw pairs from the adjacent
control territories use the supplemental food. The
dog meal contained ground yellow corn, soybean
meal, meat and bone meal, and corn gluten meal,
and had a protein component of 26%. Food en-
richment began the last week of March and con-
tinued until the end of June.

COMPARATIVE ANALYSIS

From the literature I gathered data for 40 species,
representing nine different genera of rails (Rid-
path 1972, Siegfried and Frost 1975, Ripley
1977). Egg measurements for Porzana carolina
and F. americana were from nests I examined
in eastern Washington. When egg weights were
not given in the primary sources, they were cal-
culated using Hoyt’s (1979) equation: W =

0.542LD? where L = length, D = maximum
diameter or breadth, and 0.542 is a constant. Egg
mass can be estimated within 2% using this equa-
tion (Hoyt 1979).

DATA ANALYSIS

For both egg mass and chick mass, interclutch
variance was greater than intraclutch variance.
To control for this among-female variation, I
used a mean from each nest as the value for egg
mass and chick mass. For planned comparisons
I used ANOVA orthogonal comparisons (Sokal
and Rohlf 1981). Scheffé’s test was used for a
posteriori comparisons (P < 0.05).

RESULTS
RESOURCE ABUNDANCE

Lakes differed in conductivity during both years
(two-way ANOV A without replication [Sokal and
Rohif 1981:344]: [1981: F = 29.3, df = 3, 18;
P < 0.001] [1982: F = 84.1, df = 3, 21, P <
0.001]) and conductivity increased over time
([1981: F=8.61,df =6, 18; P < 0.001] [1982:
F= 2736, df = 6, 21; P < 0.001]). In 1981,
Findley and McDowell lakes had significantly
lower conductivities than Isaacson or East Tritt
lakes (Fig. 1). In addition, the conductivities from
East Tritt Lake were significantly greater than
those collected from Isaacson Lake. Findley and
McDowell lakes, however, did not differ in con-
ductivity. These differences were replicated dur-
ing 1982 except that Pine Lake substituted for
McDowell Lake as a low conductivity lake (Fig.
1).

Insect emergence patterns were consistent with
the conductivity data (Table 1). Significantly more
insects were caught on Isaacson and East Tritt
lakes than on the other three lakes during both
years (two-way ANOVA without replication
[1981: F=35.6,df = 3, 18, P < 0.001] [1982:
F =519, df = 3, 18; P < 0.001]). In addition,
East Tritt Lake yielded significantly more insects
than Isaacson Lake whereas the lakes with lower
insect abundance did not differ. Day of sampling
had no significant effect on the number of insects
caught.

Lastly, the breeding abundance of Yellow-
headed Blackbirds relative to Red-winged Black-
birds for each lake, again supports a similar
pattern of resource abundance (Table 2). Only
Red-winged Blackbirds bred on Findley Lake
whereas Pine Lake had near equal numbers of
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TABLE 1. Total number and x + SD of insects col-
lected per day over a l-week period in June during
1981 and 1982 at the Turnbull National Wildlife Ref-
uge.
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TABLE 2. Frequency of Yellow-headed and Red-
winged blackbird nests on lakes at the Turnbull Na-
tional Wildlife Refuge during 1982.

Lake Total no. of insects X + SD/day
1981
Findley 37 53+£1.5
McDowell 42 6.0+ 33
Isaacson 86 123+ 4.6
East Tritt 137 19.5 + 7.6
1982
Findley 51 73+29
Pine 43 6.1 £ 4.1
Isaacson 105 150 £ 4.2
East Tritt 164 234 + 10.2

the two species. Isaacson Lake had approximate-
ly three times as many Yellow-headed Blackbird
as Red-winged Blackbird nests and East Tritt
Lake supported about 50% more Yellow-headed
Blackbirds.

The three productivity measures have signif-
icant agreement for ranking the lakes by resource
abundance ([1981: Kendall’s coefficient of rank
correlation, r, = 1.0, P < 0.05] [1982: Kendall’s
coefficient of concordance, r, = 1.0, P < 0.05]).
The ranking results, in conjunction with the sig-
nificant differences found within each productiv-
ity measure, strongly suggest that East Tritt Lake
had the greatest abundance of resources, fol-
lowed by Isaacson Lake, and that both these lakes
had significantly more food available than Find-
ley, McDowell, and Pine lakes. Therefore, for
convenience, the former lakes will be character-
ized as high abundance while the latter will be
termed low abundance lakes.

NESTING PATTERNS

During the two breeding seasons 145 American
Coot nests were located: 53 in 1981 and 92 in
1982. The temporal patterns of breeding were
quite different between these years. Due to an
early spring in 1981, coots initiated breeding by
the end of March, more than a month before
breeding was begun in 1982. The median hatch
date for nests in 1981 was 24 May, whereas in
1982 it was 13 June.

The resource abundance of lakes did not in-
fluence the pattern of nest initiation during 1981
(Kruskal-Wallis rank order analysis: H = 5.7,
P > 0.10). Nesting was equally represented
among lakes across the breeding season. In 1982

Lake Yellow-headed (Y) Red-winged (R) Y/R
Findley 0 18 0
Pine 26 22 1.2
Isaacson 28 10 2.8
East Tritt 38 27 1.5

the lakes differed significantly in the temporal
pattern of breeding (Kruskal-Wallis test: H =
9.95, P < 0.05) but the nesting sequence was not
consistent with the resource abundance of the
lakes. Pine and East Tritt lakes had more nests
hatching early in the breeding season than Find-
ley and Isaacson lakes. In addition, the coots
from enriched territories on Findley Lake did not
breed earlier than those from the control terri-
tories (Fisher’s exact probability median test: P =
0.11). Thus, supplemental feeding and a greater
abundance of resources did not affect the start
of breeding in American Coots. Horsfall (1984)
also found that supplemental feeding had no ef-
fect on the time of breeding in the Eurasian Coot
(F. atra). These results contrast with research on
other species demonstrating that pairs with sup-
plemental food breed earlier (e.g., crows: Yom-
Tov 1974; Great Tits: Kallander 1974; kestrels:
Drent and Daan 1980).

CLUTCH SIZE

The modal clutch size during both years was eight.
With more food potentially available one might
predict larger clutches on the more productive
lakes. Clutch size, however, did not vary system-
atically with lake quality. The sizes of completed
clutches laid on the four lakes during 1981 did
not differ (ANOVA: F = 0.35,df = 3, 33; P >
0.50). The mean clutch size ranged from 8.9 +
1.25 (SD) on East Tritt Lake to 10.0 + 2.76 (SD)
on Findley Lake. Similarly when only first
clutches (i.e., not renests) were compared, again
there were no significant differences during 1981
(ANOVA: F = 0.64, df = 3, 23; P > 0.50).
Analyses of all clutches (ANOVA: F = 2.78,
df = 3, 61; P < 0.05) and of only first clutches
(F = 3.58, df = 3, 46; P < 0.05) showed signif-
icant differences among lakes in 1982. However,
this was due to a difference between Findley and
Pine lakes, two low abundance lakes, rather than
between high and low abundance lakes. The mean
clutch size for control territories on Findley Lake -
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FIGURE 2. Eggmass (g) from coot nests at the Turn-
bull National Wildlife Refuge during 1981 and 1982.
F = Findley; M = McDowell; I = Isaacson; ET = East
Tritt; P = Pine. Bars indicate standard errors.

was 9.3 + 2.5 (SD) whereas the mean for Pine
Lake was 6.4 + 2.1 (SD). The difference in clutch
sizes between these two lakes was statistically
significant (Scheffé’s test: P < 0.05).

The mean clutch size for first nests on enriched
(7.6 = 0.58 [SD]) and on control (9.3 = 2.5 [SD])
territories at Findley Lake were statistically dif-
ferent (Fisher’s exact probability median test: P <
0.05). This result is the opposite of what would
be predicted, given a greater abundance of re-
sources. However, each group had one pair which
renested due to predation: when these two re-
nests are included, the mean for the enriched
territories was 8.75 = 1.26 (SD) and for the con-
trol territories was 9.0 + 2.7 (SD), and these were
not significantly different (Fisher’s exact proba-
bility median test: P = 0.23). Thus, greater food
supplies did not result in larger clutches among
coots: clutch size seemed to be resistant to food
changes.

EGG MASS

Egg mass increased significantly with the pro-
ductivity of the lake during both breeding sea-
sons (Fig. 2). Heavier eggs were laid on lakes with

greater food abundance (ANOVA [1981: F =
3.74,df=3,49; P < 0.05][1982: F = 4.49,df =
3, 78; P < 0.005)). Nests from Isaacson and East
Tritt lakes had consistently heavier eggs than did
nests from the lower quality lakes (Fig. 2). There
were no differences betwen egg masses from
Isaacson and East Tritt lakes during either 1981
or 1982, whereas these differed significantly from
the other lakes.

Eggs from enriched territories on Findley Lake
were significantly heavier than those from unen-
riched territories (Mann-Whitney U-test, U =
12; P < 0.05). The mean for eggs laid on the
three enriched territories was 29.7 £ 0.38 (SD)
g which was 5% greater than the mean for the
control territories (X = 28.1 + 0.08 g). Thus,
supplemental feeding appeared to influence
proximate mechanisms controlling egg size.

To determine if there were trade-offs between
clutch size and egg size, the mean within-nest egg
mass was regressed on clutch size. In neither year
were these reproductive parameters significantly
related. Similarly, the lack of a significant asso-
ciation persisted when clutch size was regressed
on egg mass.

CHICK MASS

During the 2 years, the egg mass from which 38
chicks had hatched was known. Egg mass ex-
plained 67% of the variation in chick mass at
hatching (Y = 0.58x'%; r2 = 0.66, P < 0.001).
Because the slope of the log-log regression was
not significantly different from one, chick hatch-
ing mass represented a constant proportion of
egg mass. However, because on some of the lakes
we were only able to catch chicks from a small
number of nests (e.g., only two nests at Findley
in 1981), analyses of variance did not reveal an
overall significant difference in chick mass among
lakes. Nevertheless, the means were positively
related to habitat differences. For example, chicks
from East Tritt Lake averaged 14% more mass
than those from McDowell Lake during 1981.

Wing length was also significantly related to
egg mass (Y = 5.73x°%; P < 0.001) although
tarsus length and bill measurements were not.
Tarsus length was significantly related to chick
mass (Y = 7.6x%2%; P < 0.005), as was wing length
(Y = 11.0x°?7; P < 0.005).

COMPARATIVE ANALYSIS

The allometric equation of egg mass on body
mass for the 40 species of rails was W = (0.632B0¢3
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(P < 0.001). This relation is similar to that found
by Rahn et al. (1975) for nine members of the
Gruiformes. Body mass explained 91% of the
variation in egg mass. As shown in Figure 3, F.
americana fell 1 SD below the regression equa-
tion. Thus, American Coots lay lighter eggs than
would be predicted on the basis of body mass
alone. For example, F. americana is comparable
to F. atra in size and yet the eggs of American
Coots are 24% lighter.

Clutch weight (CW; mean clutch size multi-
plied by mean egg mass) was significantly related
to body mass (CW = 3.93M°¢!; P < 0.001). Sim-
ilarly, the percent of body mass represented by
clutch weight was a decreasing function of body
size (Y = 391.9x-9%; r2 = (.51, P < 0.01). This
is accomplished by relatively smaller eggs rather
than smaller clutches because clutch size (CS),
itself, was not a function of body size (CS =
6.22M°%1; P > (.05). This is in contrast with
many other birds in which clutch size is strongly
related to body mass. Ar and Yom-Tov (1978)
suggest that among precocial birds clutch size is
inversely related to body mass, whereas among
altricial species the relationship is positive. In
semiprecocial birds, clutch size appears to be
constant across body size and in rails is equal to
about six. The clutch size of American Coots
(x = 8.5) is therefore 40% greater than the av-
erage clutch size for the family. In fact, only five
species of rails laid larger clutches than American
Coots. Thus, coots tend to lay smaller eggs but
larger clutches.

DISCUSSION

Studying both natural correlations and experi-
mental manipulations of resources is crucial if
we are 1o understand the effect that variations in
food abundance have over ultimate breeding
success (Drent and Daan 1980). Using these two
methods, my results suggest that increased food
supplies affect the reproductive effort of coots by
increasing the condition of young produced. Coot
egg mass was positively related to the naturally
occurring resource differences among breeding
lakes. Moreover, supplemental food increased egg
size relative to controls from the same habitat.
Clutch size did not vary systematically with either
resource variable.

Variations in food abundance may influence
different reproductive parameters, depending
upon the species (Lack 1968, Miller et al. 1970,
Bengston 1971, Drent and Daan 1980, Hogstedt
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FIGURE 3. Allometric (log-log) regression for egg
mass (g) on body mass (g) for 40 species of the Rallidae.
Arrow indicates coordinates for Fulica americana.
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1981, Winkler and Walters 1983). Horsfall
(1984), for example, did not find significantly
heavier eggs among the Eurasian Coot breeding
on grain-enriched territories, although there was
lower within-clutch variation in egg mass. This
decreased variation resulted from the first eggs
laid in nests on experimental territories being
larger than those from control territories. The
causes for these species differences remain to be
determined. My comparative analysis of the re-
productive effort of rails suggests an explanation
for the characteristic pattern of coots. American
Coots lay smaller eggs than would be predicted
on the basis of their size and family group. Con-
sequently, they have the capacity, anatomically,
to lay larger eggs than they do typically. If they
laid relatively large eggs for their size they would
not have the ability to respond to variations in
food abundance by increasing egg size but might
respond by laying a larger clutch. However, their
clutches are already among the largest for rails.
The lack of a strong correlation between in-
creased food supply and a generalized increase
in egg mass in the closely related Eurasian Coot
may be due to the fact that they typically lay
relatively large eggs for their size. This is not to
suggest that American Coots evolved the char-
acteristic of laying small eggs so that they could
respond to environmental conditions by varying
egg size. Rather, the option of increasing egg size
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is a by-product of American Coots laying char-
acteristically small eggs.

A possible evolutionary explanation for the
typical pattern of laying relatively small eggs in
coots is that it is the result of selection for high
reproductive rates in response to unpredictable
breeding conditions. Grant (1982) has proposed
this hypothesis to explain the small eggs of Dar-
win’s finches (however, upon further analysis it
appears that Darwin’s finches lay relatively large
eggs for their body size [Scott and Ankney 1983,
Grant 1983]). Coots breed in unpredictable en-
vironments (Orians 1980, Weller 1981) and rap-
id breeding may be an important response for
coping with uncertain environmental variations.

Another important consequence of small eggs
is a shorter incubation period, which also con-
tributes to rapid breeding. Incubation length can
be predicted from a bird’s body mass (Rahn et
al. 1975). Examining this relationship for coots
gives an estimate of 27 days incubation, whereas
the actual value is between 21 and 23 days (Gul-
lion 1954, Fredrickson 1970, Hill 1986). Thus,
smaller eggs allow chicks to hatch sooner and
possibly benefit from favorable conditions. In
addition, it may also shorten the exposure of eggs
to predators. Predation can be extensive among
coots (Errington 1967); as many as two thirds of
the nests on a lake may be lost to predators (Hill,
unpubl. data). Following predation, renesting is
common. I have observed pairs which laid as
many as four clutches because their earlier nests
were taken by predators. Coots are quick renest-
ers and laying small eggs may be a way to de-
crease the investment in each clutch given that
there is a high probability of the nest failing.

Nevertheless, when conditions apear favor-
able for breeding (e.g., a great abundance of food)
coots increase the size of their young. In a wide
variety of species, chicks hatching from larger
eggs have a higher probability of survival to
fledging (Parsons 1970, Schifferli 1973, Davis
1975, Nisbet 1978, Boersma and Wheelwright
1979, Williams 1980). Increased survival may
be due to (1) larger eggs providing the chicks with
more food reserves at hatching, an advantage if
food is scarce, or (2) larger eggs giving rise to
chicks whose bigger size better enables them to
compete with siblings, or be more adept at for-
aging. My evidence is consistent with the latter
situation: body proportions of chicks at hatching
were significantly correlated with egg size differ-
ences. There would be no relationship between

chick mass and body proportions, such as wing
length, if increased egg size was due solely to
increased food reserves (yolk). Heavier chicks
would be fatter due to yolk retention, rather than
larger. An analysis of the yolk and albumen com-
ponents of coot eggs supports the conclusion that
chicks were not heavier because of increased
amounts of yolk: larger eggs contained signifi-
cantly greater amounts of albumen whereas the
percent of yolk decreased (Hill 1984). Given that
large chicks grow to be large adults (Widdowson
1964), chicks raised on high productivity lakes
may always be at a competitive advantage over
their conspecifics from low productivity lakes.
In summary, the observed reproductive pat-
terns of coots are the result of the interaction
between ultimate and proximate factors deter-
mining egg size. Evolutionary pressures, possibly
high predation rates, influenced the species-typ-
ical pattern of laying relatively small eggs where-
as proximate factors, like food availability, affect
the individual’s reproductive effort within a giv-
en season. And, in turn, these individual re-
sponses can have evolutionary ramifications.
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