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ABSTRACT.--To investigate the bioenergetics of reproduction in American Coots (Fulica 
americana) we collected 108 males and 93 females at Delta Marsh, in southern Manitoba, in 
1981. Prenesting and nesting birds were analyzed for fat, protein, and ash content in the 
nonreproductive tissue. For females, these values were compared to the nutrient require- 
ments of the reproductive tissue during egg-laying. We suggest that feeding conditions 
before arrival can affect subsequent reproductive output. Fat reserves may function as a 
threshold that influences the initiation of breeding; protein reserves and time of arrival 
influence the timing of a nesting attempt. We infer that territory quality is important and 
that it can result in the termination of laying before nutrient reserves are depleted. By 
distributing costs of clutch formation before (through nutrient storage) and after (through 
increased biparental care of eggs and young) clutch formation, the required energy intake 
concurrent with egg-laying is substantially reduced in female coots. Received 23 January 1984, 
accepted 18 August 1984. 

To understand avian breeding strategies, it 
is necessary to know the temporal distribution 
of costs and how nutrients are obtained to meet 

them (Drobney 1980). Because of the disparity 
in gamete size, female birds have much greater 
nutrient demands during reproduction than do 
males. The male, however, can influence how 

a female's demands are met (e.g. through nest 
building and territorial defense), thereby al- 
lowing her to spend more time feeding. Recent 
research has suggested that there is a great in- 
terspecific variation in how females and males 
obtain nutrients for reproduction: most arc- 
tic-nesting geese rely almost exclusively on en- 
dogenous reserves (Ankney and Macinnes 1978, 
Raveling 1979, but see Ankney 1984), prairie- 
nesting ducks (Krapu 1981), Wood Ducks (Aix 
sponsa, Drobney 1980), and Red-billed Queleas 
(Quelea quelea, Jones and Ward 1976) utilize both 
endogenous and exogenous nutrients, and 
Brown-headed Cowbirds (Molothrus ater, Ank- 
ney and Scott 1980) rely on exogenous nu- 
trients. As pointed out by Drent and Daan 
(1980), however, much more research is needed 
to evaluate the relative importance of endoge- 
nous and exogenous nutrients in affecting 
clutch size and the timing of breeding in birds. 

American Coots (Fulica americana, hereafter 
called coots) are ideal for such research because 
they show great variation in clutch size (4-17 
eggs, Fredrickson 1977) and timing of nesting 
(Kiel 1954). Also, both sexes incubate (Sooter 
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1941), and the age of a nesting coot can readily 
be determined (Crawford 1978). Thus, we un- 
dertook to 1) document the timing of acquisi- 
tion of reserves, 2) describe the energetic cost 
associated with the formation of a clutch of eggs 
by coots, 3) determine how much female coots 
rely on endogenous nutrients for clutch for- 
mation, 4) provide an unequivocal approach to 
assessing the importance of nutrient reserves 
for clutch formation, 5) describe the dynamics 
of male body composition during the nesting 
season, 6) investigate the effects of age on levels 
of endogenous nutrients, and 7) integrate these 
results with knowledge about the breeding bi- 
ology of coots. 

METHODS 

We collected 108 male and 93 female coots on the 

Delta Marsh, Manitoba (50ø11'N, 98ø19'W) from 17 
April to 9 July 1981. Coots were assigned to various 
categories of the reproductive cycle: 

Arriving (17 April to 11 May).--Collected from flocks 
of three or more birds before the first known date of 
nest initiation. 

Paired (29 April to 9 June).--Birds that were with 
one member of the opposite sex. 

Laying (11 May to 9 June).--Males shot flushing 
from a nest that contained an egg deposited less than 
24 h previously, or those that had an incomplete 
brood patch. Females were separated into subcate- 
gories after inspection of their ovaries: Prelaying [fe- 
males with vascularized and yolky follicles (> 5 ram), 
but with no postovulatory follicles (POF)]; Laying 
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(ovary with developing follicles and at least one POF); 
and Postlaying (females with no developing follicles 
but with at least one POF). 

Hatching (4-12 June).--Coots that were trapped on 
the nest at the end of incubation. Most such nests 

contained pipped eggs or hatchlings. 
We used tarsal color, as described by Gullion (1952) 

and refined by Crawford (1978), to assign coots to 
one of three age classes (1-, 2-, or >2-yr-olds). 

Carcass analysis.--Birds were weighed, plucked, and 
reweighed to the nearest 1.0 g on the day of collec- 
tion. The ovary and oviduct were removed from fe- 
males and the testes from males. Carcasses (minus the 
reproductive organs) were double-bagged, labeled, 
and frozen. 

Carcasses were later thawed and the liver, gizzard, 
and intestines, with caeca attached, were removed. 

These organs were cleaned of adhering fat and 
weighed to the nearest 0.1 g. The weight of the diges- 
tive tract contents was determined as the difference 

in weight between the cleaned and uncleaned organs 
making up the tract. Body weight reported here is 
the fresh weight of a coot minus the weight of the 
contents of its digestive tract. 

Breast and leg muscles, as defined by Ankney and 
Macinnes (1978), were excised (left side only) and 
weighed. All organs described and the rest of the 
carcass including head, wings, and feet were dried 
to constant weight (0.1 g) at 80-100øC (see Kerr et al. 
1982). The dried leg and breast muscles were each 
passed twice through a Wiley mill. The remaining 
dried organs and carcass were ground together at 
least 3 times using a hand-operated meat grinder. 
The leg and breast muscles and about 15 g of the 
dried carcass were analyzed separately for lipid con- 
tent by extraction with petroleum ether in a Soxhlet 
apparatus. Values for lean dry weight (LDW) of breast 
and leg muscle were doubled and are presented 
herein. 

Dry body weight was the sum of the weights of all 
dried components excluding the ovary, oviduct, and 
feathers. Fat reserve was the sum of breast fat, leg 
fat, and carcass fat and refers to the fat present in 
adipose cells of the nonreproductive tissue. Fat re- 
serve was subtracted from dry body weight to yield 
the LDW of the nonreproductive tissue. Our defini- 
tion of "nutrient reserve" is the measure of a fraction 

(fat, protein, or mineral) of the whole bird (excluding 
feathers, ovary, oviduct, and testes) that may respond 
to nutritional demands of egg synthesis or other 
changes in energy balance. Conversely, we refer to 
the eggs, follicles, oviduct, and testes as reproductive 
tissue. 

LDW can be used to index protein, but this rela- 
tionship may be confounded by variation in ash (i.e. 
mineral, Ricklefs 1974: 161) content. The skeleton is 
the major source of ash (Robbins 1983: 211). In female 
birds variation in ash may result from the daily cy- 
cling of medullary bone, or a continual decline in 

TABLE 1. Ages and numbers of female and male coots 
from arriving (ARR) and paired (PRD) samples. 

Age ARR PRD 

Females a 1 7 12 
2 7 9 

>2 13 3 

Males b 1 13 8 
2 16 8 

>2 12 9 

7.67; P < 0.025. 
0.43; P < 0.50. 

cortical bone that can function as a mineral reserve 

for eggshell synthesis (Taylor and Moore 1954). Med- 
ullary bone is not present in males (Simkiss 1975: 
307) so changes in LDW must parallel changes in 
protein. Thus, the following procedure was applied 
only to females. A sample of about 15 g from each 
dried, ground carcass was placed in a muffle furnace 
for 6 h at 550øC. The residue was used to calculate 

the ash content for each bird that, when subtracted 
from body LDW, yielded the ash-free LDW, an index 
of protein. 

Reproductive organ analysis.--Both testes were 
weighed to the nearest 0.01 g and discarded. The 
ovaries and oviducts were weighed and, except for 
those removed from prelaying and laying females, 
discarded. Large yolky ovarian follicles were re- 
moved from ovaries of prelaying and laying females, 
weighed, placed in a drying oven with the weighed 
oviduct, and dried to constant weight at 90øC. Lipids 
were extracted from developing follicles with petro- 
leum ether in a Goldtisch apparatus. Dry follicle 
weight minus lipid weight yielded the LDW of each 
follicle. Carbohydrates and minerals comprise only 
2% of chicken egg yolks (Romanoff and Romanoff 
1949), so we hereafter refer to the LDW of develop- 
ing follicles and egg yolks as yolk protein. 

From 17 nests we removed fresh eggs, weighed 
them, and heated them in a 70øC water bath to ease 

separation of yolk from albumen (after Lack 1968). 
Eggshell membranes were peeled away from shells 
and added to the egg white. These membranes con- 
sist mainly of protein with a minute amount of car- 
bohydrate (Sturkie 1976: 318); because deposition of 
both egg white and membrane around the yolk is 
complete in 4-6 h (Sturkie 1976: 318), we refer to 
them collectively as albumen. The shell, yolk, and 
albumen were weighed separately and dried to con- 
stant weight at 80-90øC. Eggshell thickness was the 
mean of 5 measurements (to the nearest 0.02 ram) 
made with calipers on each egg. Ether-extractable 
lipids were removed from dried yolks in a Goldtisch 
apparatus. In this way, yolk lipid, yolk protein, al- 
bumen, shell weight, and shell thickness were de- 
termined for 98 coot eggs. 

The exclusion of badly damaged organs or egg 



January 1985] Coot Nutrient Reserves 135 

TABLE 2. Changes in body composition and dried organ weights (g) of male coots during the nesting season. 
ARR = arriving, PRD = paired, LAY = laying, HTC = hatch. Values are œ + ! SE, with sample sizes in 
parentheses. 

Prenesting Egg-laying Incubation 
Variable ARR pa PRD P LAY P HTC 

Body weight 575.2 + 10.2 NS 595.9 + 11.3 NS 611.6 _+ 7.6 NS 584.3 _+ 13.7 
(41) (25) (24) (11) 

Fat 39.5 + 4.8 NS 32.4 + 4.1 NS 32.5 _+ 3.3 NS 27.1 _+ 3.8 

(40) (22) (22) (11) 
Protein 126.9 _+ 1.9 NS 130.5 _+ 3.0 * 139.4 + 2.1 NS 141.4 _+ 3.7 

(40) (22) (22) (11) 
Breast LDW 16.4 _+ 0.4 NS 16.7 _+ 0.6 NS 16.2 _+ 0.4 NS 15.6 _+ 0.5 

(41) (22) (22) (11) 
Leg LDW 18.8 _+ 0.4 ** 21.8 _+ 0.8 ** 24.4 _+ 0.4 NS 24.5 _+ 1.0 

(41) (24) (24) (11) 
Liver 4.07 _+ 0.12 NS 4.02 _+ 0.20 NS 4.20 _+ 0.11 ** 5.08 _+ 0.27 

(41) (25) (24) (11) 
Gizzard 10.46 _+ 0.31 NS 9.66 -+ 0.39 NS 9.66 _+ 0.35 NS 9.30 _+ 0.46 

(41) (25) (24) (11) 
Intestine 4.56 _+ 0.23 NS 4.79 _+ 0.34 NS 5.08 _+ 0.39 NS 5.77 + 0.31 

(40) (25) (24) (11) 

P = significance level of t-test between means in adjacent columns. * P < 0.05; ** P < 0.01; NS indicates 
0.05. 

components from analyses led to variation in sample 
sizes. 

RESULTS 

ARRIVAL CHRONOLOGY 

Age and sex of individual coots were deter- 
mined after collection; we assumed that our 

samples were unbiased and represented the 
proportion of different-aged coots present in 
the population of arriving and paired birds (see 
Methods). 

Female age ratios were not independent of 
prenesting status (Table 1); 48% of the arriving, 
but only 12.5% of the paired female sample were 
>2-yr-olds. This indicates that when arriving 
coots were collected, a large proportion of the 
younger females had not yet reached the 
breeding grounds. Male age ratios did not 
change from arrival to pairing (Table 1). 

MALE ]•ODY COMPOSITION 

Male coots arrived on Delta Marsh with high 
levels of fat. No segment of the nesting season 
caused a change in male fat reserves (Table 2), 
but their fat reserves were lower at the end of 

incubation than at arrival (t = 2.02, df = 49, 
P < 0.05). 

Endogenous protein in males increased dur- 

ing the laying period (Table 2). Thus, unlike 
fat, protein was accumulated on the breeding 
grounds. 

Male leg muscle increased in weight during 
prenesting and egg-laying (Table 2). During 
incubation, liver weight increased to a maxi- 
mum, temporally corresponding to maximum 
protein levels. No changes were detected in any 
of the other organs. 

There was no consistent relationship be- 
tween fat reserves and age in male coots (two- 
way ANOVA, P > 0.50). However, oldest males 
consistently had the highest protein levels in 
all reproductive categories (Fig. 1), partly be- 
cause they were structurally largest (Alisaus- 
kas unpubl. data). Male protein was correlated 
with testes weight (r = 0.465, df= 100, P < 
0.001). 

NUTRIENT RESERVES OF PRENESTING 

FEMALES 

Female arrivals had relatively larger fat re- 
serves (accounting for 26.6% of dry body 
weight) than males (21.8%; t-test on arcsine 
transformed percentages, t = 2.45, df = 64, P < 
0.02). Absolute fat and mineral reserves of fe- 
males did not change during prenesting (Table 
3). 

Protein was accumulated after arrival, with 

hypertrophy of leg muscle accounting for 31.5% 
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of the increase (Table 3). Liver weight in- 
150. 

creased significantly, but weights of the other 
digestive organs and of flight muscles did not 
change. Increases in ovary weight of prenest- 
ing females were positively correlated with en- .14o. 
dogenous protein (r = 0.428, df = 43, P < 0.01), 
but not with fat reserves (r = 0.107, df = 46, z 

P > 0.05) or minerals (r = 0.172, df = 43, 
P > 0.05). O 

Fat and protein reserves were not related to 
the age of prenesting female coots (two-way 12o. 
ANOVA, P > 0.5 and P = 0.3, respectively). 
Ovarian recrudescence was most advanced in 

the oldest females at arrival, but age-related dif- 
ferences were not significant among paired 11o 
birds (Table 4), possibly because the sample size 
of older birds was small. 

IMPORTANCE OF NUTRIENT RESERVES FOR 

CLUTCH FORMATION 

We investigated the relative importance of 
endogenous vs. exogenous nutrients in egg 
production. First, we determined the fat, pro- 
tein, and mineral fractions of the reproductive 
tissue (ovary, oviduct, and eggs) for female coots 
in various stages of rapid follicular develop- 
ment (prelaying, laying) and regression (im- 
mediate postlaying). We then compared the 
nutrients present in the reproductive tissue of 
individual females with their nutrient reserves 

(i.e. in their somatic tissue). 
We defined "reproductive fat" as the sum of 

fat present in the ovary and total fat present in 
eggs already laid (as evidenced by the number 
of postovulatory follicles). "Reproductive pro- 
tein" was the sum of the protein present in the 
ovary, the oviduct, and the total albumen and 
yolk protein of eggs laid (including oviducal 
eggs). 

Significant variation in yolk lipids, yolk pro- 
teins, and albumen were a result of, and in- 

versely related to, laying sequence (r 2 = 39.8%, 
P < 0.001; r 2 = 11.5%, P < 0.001; and r 2 = 8.8%, 

P < 0.01, respectively). Dry eggshell weights 
declined with laying sequence (r 2 = 7.8%, P < 
0.01), but laying sequence had no effect on shell 
thickness (r 2 = 2.8%, P > 0.05). We used the 
mean value of each component, relative to egg 
sequence (Fig. 2), to estimate nutrient commit- 
ments to eggs. 

Effect of clutch formation on nutrient reserves.- 
We used one-tailed tests of significance for 
regression analysis of nutrient reserves (Y) on 

Fig. 1. 

lO 

a;r p•'d I'•y 
CATEGORY 

Mean protein reserves (g) of breeding male 
coots in relation to age. Numbers beside points in- 
dicate sample sizes; closed circles are 1-yr-olds, dou- 
ble circles are 2-yr-olds, and diamonds are >2-yr- 
olds. 

nutrients committed to reproduction (X) be- 
cause, a priori, if female coots used nutrient 
reserves to form eggs, then clutch formation 
would cause a decline in those reserves (i.e. we 
expected the slope to be negative). Regression 
analysis is useful becabse the slope provides an 
estimate, with measures of variance, of the pro- 
portion of the clutch formed with endogenous 
nutrients. The 95% confidence interval of the 

intercept gives a measure of the minimum 
amount of reserve that an individual bird pos- 
sesses before egg formation starts. 

Figure 3 illustrates changes in reserves with 
respect to nutrients committed to the repro- 
ductive organs. Seven prelaying, 8 laying, and 
6 postlaying females that had completed laying 
within a day or two were used in the analyses. 
The status of 2 of the prelaying females was 
questionable, as we suspect that they would not 
have initiated a laying cycle. Although they 
were classified according to our a priori defi- 
nition of a prelayer (see Methods), their nu- 
trient commitment to follicular growth was rel- 
atively slight, and there was no guarantee that 
they would have laid. We provide the results 
of the analyses both with and without these 2 
individuals in the sample (Fig. 3, Table 5). In 
all cases except one, the results were significant 
(P < 0.05), whether or not these females were 
included. However, we think that the analyses 
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TABLE 3. Changes in body composition and dried organ weights (g) of prenesting female coots. ARR = 
arriving, PRD = paired. Values are • _+ 1 SE, with sample sizes in parentheses. 

Variable ARR pa PRD 

Body weight 459.7 _+ 9.1 (24) * 498.0 + 11.9 (24) 
Fat 39.2 _+ 5.1 (26) NS 33.5 _+ 5.1 (24) 
Ash 14.9 _+ 0.4 (25) NS 15.8 _+ 0.6 (21) 
Protein 83.1 _+ 1.9 (25) ** 90.2 -+ 1.6 (21) 

Breast LDW 13.6 _+ 0.5 (26) NS 14.1 _+ 0.4 (24) 
Leg LDW 14.6 _+ 0.4 (27) *** 16.9 _+ 0.4 (24) 
Liver 3.37 _+ 0.12 (27) ** 4.19 _+ 0.22 (24) 
Gizzard 8.19 _+ 0.27 (27) NS 8.37 _+ 0.38 (24) 
Intestine 3.90 _+ 0.22 (27) NS 4.20 _+ 0.19 (24) 

• P = significance level of t-test between means in adjacent columns. * P < 0.05; ** P < 0.01; *** P < 0.001; 
NS indicates P > 0.05. 

that excluded these birds provided a better rep- 
resentation of nutrient-reserve use by female 
coots. 

Female coots used endogenous fat and pro- 
tein for clutch formation (Fig. 3, Table 5). For 
every gram of reproductive fat produced, fat 
reserves, on average, declined 0.85 g. The low- 
er confidence limit of the intercept (or the av- 
erage amount of fat reserve before any alloca- 
tion to rapid ovarian growth) was 27.5 g; thus, 
we conclude that this value corresponds to a 
threshold above which 97.5% of females would 

initiate a laying cycle. Endogenous protein was 
less important as a reserve, providing only 28% 
of the egg protein requirements. Ash content 
did not vary as a result of eggshell synthesis. 

Of the organs investigated that made up the 
endogenous protein fraction, only breast and 
leg muscle showed a consistent negative rela- 
tionship with reproductive protein commit- 
ment (Table 5); the decline in LDW of these 
organs accounted for half the decline in total 
body protein. Regression analysis showed that 
variation in gizzard weight was unaffected by 
reproductive protein allocations. The results for 
intestinal weight were equivocal. 

It is noteworthy that some birds had com- 
pleted laying even though they possessed more 

fat and protein reserves than birds that were 
still laying when collected (Fig. 3). 

Energy budget of egg-laying females.--To con- 
struct an energy budget, several physiological 
variables must be measured: the daily laying 
rate, the follicular growth rate, the number of 
days required to complete rapid follicular 
growth, the oviducal growth rate, the amounts 
of fat and protein in the ovary, and the albu- 
men content of an egg. 

Removal of eggs from nests during this study 
substantiated Sooter's (1941) assertion that coots 
lay 1 egg/day. With this laying rate, the differ- 
ence in weight between any two consecutively 
developing ovarian follicles is the growth of 
the larger follicle over 24 h (Ricklefs 1974). We 
thereby quantified daily nutrient allocation as- 
sociated with producing the yolk fat and pro- 
tein. 

Coots that had at least one POF never had 

>7 developing follicles. Thus, it takes 7 days 
for a follicle in the rapid-growth stage to attain 
maturity, i.e. from the first noticeable increase 
in ovum size (day -8) until ovulation (day -1). 
The predicted length of the rapid-growth phase, 
as a function of egg mass, was 7.3 days [Wals- 
berg's (1983: 175) equation]. 

Oviduct weights of prelaying females were 

TABLE 4. Comparisons (one-way ANOVA) of ovary wet weights (g) of female coots by age within breeding 
status during prenesting. ARR = arriving, PRD = paired. Values are • _+ 1 SE, with sample sizes in paren- 
theses. 

Breed- 

ing Age 
status 1 2 > 2 pa 

ARR 0.559 _+ 0.065 (7) 0.624 _+ 0.065 (7) 0.835 _+ 0.062(11) * 
PRD 1.057 _+ 0.160 (11) 1.184 _+ 0.216 (9) 1.450 _+ 0.165 (3) NS 

a * P < 0.05; NS indicates P > 0.05. 
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Fig. 2. Decline in mean nutrients (g) in coot eggs 
with respect to laying sequence. 

placed in categories of days-from-ovulation 
(based on the weight of the heaviest follicle in 
the hierarchy). The relationship between ovi- 
duct dry weight (Y) and day from ovulation 
(X), based on data for days -8, -7, -5, -3, 
-1, was described by the equation 

log,0Y = 0.858 + 0.14X 
(r 2 = 99.6%, P < 0.05), (1) 

which we used to estimate dry oviduct weights 
for days -6, -4, and -2. 

The daily production of each nutrient in the 
ovary, the oviduct, and the first 8 eggs was used 
to estimate the cost of producing an 8-egg 
clutch. To determine the relative importance of 
reserves in terms of female energy expendi- 
tures during clutch formation, 1 g of stored fat 
was assumed to equal 37.67 kJ (Ricklefs 1974: 
160). For protein, an energy equivalent of 23.86 
kJ/g was used (Kleiber 1961). Body water and 
ash were not considered in the energy budget 
because they have no available chemical ener- 
gy (Robbins 1983: 213). Because the conversion 
of unprocessed material to egg nutrients is not 
100% efficient, the total cost of producing an 
egg is greater than the energy content in the 
egg. Brody (1945) gave 77% as the production 
efficiency for the synthesis of eggs. However, 
this value applies to the conversion of dietary 
nutrients to egg nutrients. Costs of biosynthe- 
sis associated with protein accumulation and 

50÷ 

0 • •8 2'4 32 40 

REPRODUCTIVE FAT 

ß prelay 
ß laying 
ß postlay 

1051 ß 

= - u.I ß ß 

•0')91 ....... ß ß ß ß 
84 © 

Z ßv ...... 

771 ß ß 
701 

0 1•3 2•3 30 40 50 
REPRODUCTIVE PROTEIN 

Fig. 3. Decline of fat and protein reserves (g) re- 
lated to increase in allocation of fat and protein (g), 
respectively, to "reproductive tissue" in female coots 
during clutch formation. Open circles represent fe- 
males 168 and 206 (see text). Dotted and solid lines 
are fitted using least-squares regression with and 
without females 168 and 206, respectively. 

the conversion of digestible carbohydrates to 
fat at the time of storage should not be incor- 
porated into costs that a female incurs at the 
time of egg-laying. Efficiency values for the 
conversion of nutrient reserves to egg compo- 
nents are not available but are undoubtedly 
greater than 77%; because we lacked an empir- 
ical alternative, we assumed 100% efficiency, but 
those portions of the egg requirements met ex- 
ogenously were divided by 0.77 to incorporate 
the cost of biosynthesis concurrent with clutch 
formation. To account for the difference in con- 

version efficiency of stored vs. dietary nu- 
trients, the appropriate correction between the 
amount of nutrients in the clutch and a fe- 

male's expenditures in providing them would 
be: 

c = E[RPR + (1 - (2) 

where C = cost to female (kJ) in producing 1 
g of egg nutrient, E = energy equivalent of egg 
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TABLE 5. Summary of regression analysis of Y (nutrient reserves) on X (nutrient commitment to clutch 
formation). Analyses with n = 19 do not include females 168 and 206 (see text and Fig. 3). 

Y X n Intercept • Slope a r 2 pb 

Fat reserve Reproductive fat 21 30.2 + 8.4 -0.55 + 0.52 20.9 ** 
19 36.1 ñ 8.6 -0.85 + 0.51 42.5 ** 

Protein reserve Reproductive 21 91.3 ñ 5.0 -0.24 + 0.20 24.3 * 
protein 19 92.6 _+ 5.6 -0.28 _+ 0.22 30.2 ** 

Fat reserve and Reproductive fat 21 121.4 ñ 11.7 -0.36 + 0.29 26.6 ** 
protein reserve and reproduc- 19 128.6 + 12.7 -0.51 + 0.30 42.9 ** 

tive protein 
Ash Shell 21 16.6 + 1.1 0.003 + 0.08 0 NS 

19 16.4 + 1.3 0.010 + 0.09 0.3 NS 

Breast LDW Reproductive 21 13.5 + 1.5 -0.07 + 0.062 23.0 * 
protein 19 13.3 ñ 1.8 -0.07 + 0.07 19.0 * 

Leg LDW Reproductive 21 17.9 + 1.4 -0.06 + 0.058 19.5 * 
protein 19 18.2 _+ 1.7 -0.08 _+ 0.065 22.2 * 

Gizzard weight Reproductive 21 7.74 + 1.0 -0.031 + 0.041 11.9 NS 
protein 19 1.39 + 1.2 -0.020 + 0.046 4.6 NS 

Intestine weight Reproductive 21 4.47 + 0.7 -0.020 + 0.029 9.4 NS 
protein 19 4.84 _+ 0.8 -0.031 _+ 0.010 21.7 * 

ñ95% confidence interval. 

Probability that r = 0: * P < 0.05; ** P < 0.01, NS indicates P > 0.05. 

nutrient (kJ/g), R =proportion of egg nu- 
trients supplied by female reserves, (1 - R) = 
proportion of egg nutrients supplied directly 
by the diet, PR = efficiency for converting nu- 
trient reserves to egg nutrients = 1.00, and P• = 
efficiency for converting dietary nutrients to 
egg nutrients = 0.77. For example, for each gram 
of egg lipid produced, the female would ex- 
pend 37.67(0.85 + 0.15/0.77) = 39.36 kJ. For 
egg-protein synthesis, C is equivalent to 28.99 
kJ/g. Equation 2 would apply to any strategy 
of nutrient reserve use, but values of C for fat 

and protein would be species-specific. 
Daily energy costs of providing each egg nu- 

trient were estimated by multiplying the actual 
nutrient allocation by the corrected conversion 
from Eq. 2. We modeled the energy budget for 
an 8-egg clutch for two reasons. First, although 
there was a significant inverse relationship be- 
tween the size of a clutch and its initiation date 

(r = -0.679, df = 60, P < 0.001; Fig. 4), the re- 
moval of eggs involved 17 clutches that began 
between 12 and 26 May. The mean clutch size 
of all nests on the study area begun during that 
time was 8.3. Second, laying females had, on 
average, 4.9 developing follicles and 3.3 post- 
ovulatory follicles, i.e. the mean potential clutch 
size of birds in this first wave of nesting (see 
Fig. 4) was 8.2 eggs. 

The temporal distribution of energy expen- 

ditures by females producing 8 eggs spans 15 
days (Fig. 5). Maximum costs would be in- 
curred by females only during d•ays 0 and 1. 
The average weight of laying females was about 
500 g. Basal metabolic rate (BMR) was estimat- 
ed as 185 kJ/day, using the equation of Aschoff 
and Pohl (1970) for resting nonpasserines. Thus, 
maximum cost of egg formation (about 223 kJ/ 
day) corresponds to about 121% of the BMR of 
laying females. Coots laying clutches smaller 
than the number of days needed for follicle 
growth (i.e. 7) would not reach this maximum. 
These results empirically support King's (1973) 
model for the temporal distribution of en.ergy 
expenditure for egg synthesis by birds in gen- 
eral. 

The estimated total cost of production over 
the 15 days was 1,830 kJ. The greatest demands 
would be for yolk synthesis, with yolk lipids 
requiring the largest commitment (43.7%) from 
the energy budget. Albumen would account for 
27.1%, yolk proteins 21.9%, and the oviduct 7.3% 
of a female's total expenses as she produced an 
8-egg clutch. 

Effect of declining egg weight.--We reestimated 
costs assuming all eggs were equal in energy 
content to the first egg. This increased the total 
estimated requirements for clutch formation by 
9.0% (Fig. 5). The greatest increases would be 
15.8% for yolk proteins and 12.0% for yolk lip- 
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Fig. 4. Relationship between clutch initiation date and dutch size in coots; numbers above the x-axis are 
nests initiated per 5-day interval. 

ids. Albumen allocation varied little from first 

to last egg and increased the estimated cost by 
only 1.2%. Costs in producing the oviduct 
would not change because a minimum size is 
presumably required to accommodate the first 
egg, which is the largest, in all cases. Thus, the 
sequential decline in egg size reduced the es- 
timated expenditures over the 15 days. 

Because most egg lipids are supplied endog- 
enously, the amount of egg lipid produced pre- 
sumably depends on the fat reserves that fe- 
males possessed immediately before rapid 
ovarian growth. First eggs of a clutch had an 
average of 2.95 g of yolk lipid. A clutch of 8 
consecutively smaller eggs contained 21.0 g of 
lipid. Hypothetically, if females allocated the 
same amount of fat reserves to subsequent eggs 
as they did to the first egg, there would only 
be enough stored fat for 7 instead of 8 eggs 
(21.0 g/2.95 g = 7.1). 

NUTRIENT RESERVES OF INCUBATING 

FEMALES 

There was no change in body weight, fat re- 
serves, or protein reserves of incubating fe- 

males. Of the organs investigated, only intes- 
tine weights increased (df = 21, P < 0.001). 

DISCUSSION 

MALE NUTRIENT RESERVES 

Oldest males had the highest levels of en- 
dogenous protein before and during the nest- 
ing season (Fig. 1). Ryan and Dinsmore (1980) 
found that the oldest male coots were the most 

aggressive. Ankney (1977a) suggested that large 
muscles and physical strength of male Snow 
Geese (Chen caerulescens) were important for 
defending the female during nesting. Thus, for 
a species such as the coot where nest sites ap- 
pear to be a limiting factor (see Sugden 1979, 
Crawford 1980) and must be acquired and 
maintained by intraspecific aggression, older 
males should be most successful because of 

greater physical strength and aggressive be- 
havior. Greater male age also may be partially 
responsible for the increased reproductive suc- 
cess of older females documented by Crawford 
(1980), who found that pairing by coots usually 
involved birds of similar age. 
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Fig. 5. Cumulative daily expenditures of female 
coots producing a clutch of 8 eggs expressed in kJ 
and as a daily percentage of daily basal metabolic rate 
(BMR). "Estimated savings" are the daily differences 
in cost for clutches composed of eggs with sequen- 
tially declining nutrient contents and a hypothetical 
case where eggs receive nutrient allocations equal to 
that of the first egg. 

FEMALE NUTRIENT RESERVES 

Fat and protein.--The critical level of fat re- 
serves, above which most females would nest, 
was 27.5 g in 1981. Moreover, most (85%) of the 
lipids required for egg production came from 
reserves. This suggests that the size of a fe- 
male's fat reserves influences whether she will 

nest (see Drent and Daan 1980) and her clutch 
size, as demonstrated in Snow Geese (Ankney 
and Macinnes 1978). 

Coots did not store fat after arrival on the 

breeding grounds. This is similar to what oc- 
curs in Mallards (Anas platyrhynchos, Krapu 
1981) and Snow Geese (Ankney and Macinnes 
1978); in these species, weather conditions on 
the wintering grounds or during spring migra- 
tion affect subsequent recruitment (Heitmeyer 
and Fredrickson 1981, Boyd et al. 1982). Thus, 
feeding conditions on the wintering grounds 
and/or during spring migration influence the 
ability of female coots to store fat and conse- 
quently to reproduce. 

Krapu and Dory (1979) showed that among 
prenesting female Mallards, adults had consis- 

tenfly larger fat reserves than did yearlings, and 
the adults laid earlier and had larger first 
clutches. Although Crawford (1980) reported 
that older female coots laid larger clutches and 
typically nested earliest, we found no consis- 
tent relationship between fat reserves and age 
in prenesting females. We suggest that earlier 
nesting by older females occurs because they 
arrive earlier than 1- and 2-yr-old females. 
Clutch-initiation dates were bimodally distrib- 
uted in 1981 (Fig. 4), which is common in the 
nesting phenology of coots (see Kiel 1954, 
Fredrickson 1970, Sugden 1979, Crawford 1980). 
Territoriality and the distribution of nesting 
cover are the main factors influencing the dis- 
persion of coot nests (Sugden 1979). The de- 
layed breeding of some individuals is related 
to •.he availability of nesting habitat associated 
with the new growth of emergent vegetation 
(Sugden 1979, Crawford 1980); younger fe- 
males are primarily responsible for the second 
wave of nesting. This suggests that there is an 
advantage in arriving early, and among fe- 
males, >2-yr-olds arrived earliest (Table 1). 

Ovarian size in prenesting coots was posi- 
tively correlated with age (Table 4) and with 
protein reserves. In those species storing nu- 
trients for reproduction, the size of their pro- 
tein reserves may proximately control the tim- 
ing of a breeding attempt (see Ashmole 1971, 
Jones and Ward 1976, Drent and Daan 1980). 
Ovary weight was correlated with the levels of 
both fat and protein reserves in Snow Geese 
during spring migration (Wypkema and Ank- 
hey 1979). We suggest that in coots, fat reserves 
allow the female to "evaluate" whether she 

possesses the minimum required for a breeding 
attempt; if this is satisfied, then the rate of ac- 
quisition of protein reserves, in addition to time 
of arrival, influence the timing of breeding. 
Nesting coots show high levels of inter- and 
intraspecific aggression against intruders on 
their territories (Gullion 1953). Given such 
spacing behavior, pairs with females that have 
the largest protein reserves at arrival or that 
acquire protein most rapidly after arrival prob- 
ably nest earliest. 

Minerals.--Coots did not store long-term 
mineral reserves. Ash content did not change 
through laying (Table 5), indicating that there 
was no depletion of cortical bone, i.e. long-term 
mineral reserve (see Simkiss 1967: 173, Ankney 
and Scott 1980). Taylor and Moore (1954) 
showed that weight of cortical bone declined 
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but that of medullary bone remained constant 
when laying hens were fed a low-calcium diet. 
Coots presumably met all of their calcium re- 
quirements without storing or using minerals 
in the cortical bone. 

On the Delta Marsh, sources of dietary cal- 
cium appeared to be abundant (see Alisauskas 
1982). Calcium deficiency is known to cause 
eggshell thinning in laying hens (Taylor and 
Moore 1954), but in laying coots, although shell 
weight declined with egg sequence (i.e. as the 
eggs decreased in size), shell thickness did not. 
Therefore, the calcium requirements of egg- 
shell formation were not greater than what fe- 
males could acquire daily from their territories. 

Control of clutch size.--While levels of endog- 
enous fat probably control the initiation of rap- 
id ovarian growth, termination may result be- 
fore fat or protein reserves are depleted. Most 
of our postlaying females retained levels of fat 
and protein greater than birds that still had not 
completed laying (Fig. 3). This suggests that 
exogenous nutrients, and therefore territory 
quality, may regulate clutch size. Coots rarely 
wander far from their territories before hatch 

(Ward 1953). Thus most protein and all min- 
erals for egg synthesis must be acquired from 
areas established as territories before nesting. 
Given that a female has sufficient fat reserves 

to start a clutch, the number of eggs laid may 
be correlated with some empirical measure of 
territory quality (i.e. the availability of mate- 
rials amenable for conversion to egg proteins 
and eggshells). Age-related differences in for- 
aging efficiency among individual females, or 
the physique of their mates (see above), might 
somewhat confound such a relationship. Clear- 
ly, selection and defense of territories are im- 
portant steps toward acquiring sufficient ex- 
ogenous proteins and minerals. This may 
explain the aggressive nature of nesting coots. 

Reduction of daily expenditures for egg-laying.- 
To determine the increase in daily energy in- 
take necessary to meet the added costs of egg 
production, it is appropriate to relate repro- 
ductive costs to the daily energy expenditure 
(DEE) of nonbreeding females. A nonbreeding 
500-g coot (the weight of the average laying 
female) would require 568 kJ of energy/day 
(from Walsberg 1983: 193). Given a conversion 
efficiency of 77%, this bird would have to in- 
gest 738 kJ/day to balance DEE. On day 0 of 
clutch formation (see Fig. 5), when energy de- 
mands for eggs are maximal, females must pro- 

vide 3.88 g of protein, of which 72% (2.79 g) 
must be exogenous. To do this, at a conversion 
efficiency of 77%, the female must consume 3.62 
g (86.6 kJ) on the same day. At the same con- 
version efficiency, she also must consume 22 kJ 
of material to provide 0.43 g of egg lipid. 
Therefore, to meet the costs of egg production, 
laying females would have to increase their 
daily energy intake by 109 kJ per 738 kJ, or by 
14.8% above what is required for DEE. If fe- 
males relied entirely on exogenous nutrients 
for clutch formation, the required intake on day 
0 would be 261 kJ, or 35.4% more energy rela- 
tive to the DEE of a nonbreeding female. 
Therefore, storage of reserves before nesting 
reduced the energy intake required on day 0 
of clutch formation from 35% to 15% above that 

needed concurrently for DEE. We emphasize 
that our calculations provide only rough esti- 
mates of the energy cost of egg formation be- 
cause precise estimates of conversion efficien- 
cies are unavailable. Clearly, there is a need for 
research to determine the specific production 
efficiencies of converting endogenous and ex- 
ogenous fat and proteins (and carbohydrates) 
into egg nutrients. 

Decreases in egg size with laying sequence 
also reduced energy requirements (Fig. 5) dur- 
ing the second half of the laying cycle. Egg 
lipids showed the most consistent decline. Re- 
duced lipid allocation began immediately after 
the first egg, before reserves declined to basal 
levels, and allowed an extra egg to be pro- 
duced. Thus, if all young survive, such as when 
food is abundant, parental fitness would be in- 
creased by %, or 1.14 times. From this result, 
we suggest that studies on energy budgets in 
birds should question the assumption of con- 
stant egg weight relative to laying sequence, as 
this may affect estimates of energy expenditure 
for an entire clutch. 

Incubation.--Maximum weights of the liver of 
males, and of the gizzard and intestine of fe- 
males at this time, strongly suggest that feed- 
ing is important to coots during incubation. In- 
testine weight and length in birds are known 
to be sensitive to changes in diet quality (Pen- 
dergast and Boag 1973, Miller 1976). The diet 
of coots at this time is most likely vegetation 
with high levels of fiber, leading to the in- 
creased mass of digestive organs that we ob- 
served. Anorexia resulting in weight loss dur- 
ing incubation was suggested for Lesser Snow 
Geese (Ankney 1977b), and demonstrated in 
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Red Junglefowl (Gallus gallus spadicus, Sherry et 
al. 1980) to functionally alter energy balance. 
Coots remain active during incubation (Ryan 
and Dinsmore 1979), and continued feeding re- 
suited in high levels of protein at hatch in 1981. 
Because both sexes incubate, female coots are 
released from having to rely on body reserves 
as an energy source during incubation. More- 
over, this allows females to use most of their 
fat reserves for egg formation. Thus, incuba- 
tion does not affect body weight of female coots 
as it does in many waterfowl species (see Gatti 
1983). An exception to this may be found in 
the hole-nesting Wood Duck, which can incu- 
bate a clutch without significant weight loss 
and without male assistance (Drobney 1980). 
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