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THE PARENTAL DILEMMA UNDER VARIABLE PREDATION PRESSURE: ADAPTIVE

VARIATION IN NEST ATTENDANCE BY GREAT EGRETS

CHRISTINE A. ROTHENBACH' AND JOHN P. KELLY
Audubon Canyon Ranch, Cypress Grove Research Center, P. O. Box 808, Marshall, CA 94940

Abstract.  Birds’ choices concerning nest attendance are influenced by state-dependent and environmental vari-
ables including food availability and predation pressure. Parents of altricial young with biparental care face a di-
lemma: they can choose to guard their nestlings against predation with their physical presence at the nest and ensure
the fledging of at least one chick, or they can choose to leave the young unguarded so they can forage for more food,
increasing provisioning rates and the probability of fledging more young. In group-nesting birds, parents may be
able to dilute the risk of nest predation while leaving the nest to forage if they leave the nest unguarded when there
are many other unguarded nests in the colony. The complexity of the parental decision to leave a nest unguarded is
highlighted by variation in the chicks’ age, within a nest and within the colony, and by differences in effects on nest
success and nest fecundity. Our results suggest that the incremental fitness advantage of reducing predation risk by
continuing to guard the nest is eventually outweighed by opportunities to reduce nestlings’ risk of starvation. The ef-
fect is likely to reduce fledgling production within a colony when less food is available, which reinforces the impor-
tance of healthy and productive wetland ecosystems in maintaining viable populations of the Great Egret.

Key words:  brood-guarding, Great Egret, nest attendance, nest predation, parental dilemma, predation-
risk dilution, starvation trade-off.

El Dilema Parental bajo Presion de Depredacion Variable: Variacion Adaptativa en Asistencia al
Nido por Ardea alba

Resumen. Las elecciones de las aves relacionadas a la asistencia al nido estan influenciadas por variables
ambientales, incluyendo la disponibilidad de alimentos y la presion de depredacion. Los padres de jovenes altri-
ciales con cuidado biparental enfrentan un dilema: pueden elegir proteger sus pichones de la depredacion con su
presencia fisica en el nido y asegurar el emplumamiento de al menos un pichoén, o pueden elegir dejar al polluelo
desprotegido, de modo que pueden ir en busca de mas alimentos, incrementando las tasas de aprovisionamiento y
la probabilidad de criar mas jovenes. En aves que anidan en grupo, los progenitores pueden ser capaces de diluir
el riesgo de depredacion del nido mientras dejan el nido para forrajear si dejan el nido desprotegido cuando hay
muchos otros nidos desprotegidos en la colonia. La complejidad de la decision parental de dejar un nido desprote-
gido se agudiza con relacion a la variacion en la edad del pichdn, dentro del nido y de la colonia, y por diferencias
en los efectos sobre el éxito y la fecundidad del nido. Nuestros resultados sugieren que la ventaja incremental en
la adecuacion biologica dada por la reduccion del riesgo de depredacion mediante la vigilancia continua del nido
es eventualmente compensada por las oportunidades de reducir el riego de hambruna del pichon. El efecto proba-
blemente reduce la produccion de pichones dentro de la colonia cuando hay disponible una menor cantidad de
alimentos, lo que refuerza la importancia de ecosistemas de humedades saludables y productivos para mantener
poblaciones viables de Ardea alba.

INTRODUCTION

Nest-attendance choices by birds are influenced by state-
dependent variables, such as parental condition and nestling
development (Houston and McNamara 1999, Whittam and
Leonard 2000), and environmental variables, including
weather or thermal conditions (Bancroft et al. 1988, Witt 20006,
Catry et al. 2010), food availability (Dewey and Kennedy
2001), and predation pressure (Furness and Monaghan 1987,
Thompson and Raveling 1987, Clutton-Brock 1991). In altri-
cial birds with biparental care, parents are confronted with a
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behavioral dilemma that involves a trade-off between main-
taining a continuous presence at the nest to minimize the risk
of nest predation and lowering the risk of nestling starvation
by leaving the nest unguarded to forage for food (Regehr and
Montevecchi 1997, Dewey and Kennedy 2001, Catry et al.
2006b). When food availability declines or nestlings’ demand
for food increases, adults must forage longer to adequately
provision their brood. If parents satisfy this demand by forag-
ing simultaneously for food, the brood is subject to increased
risk of predation. Alternatively, if parents continue guarding
the nest at the expense of additional foraging time, nestlings
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are subject to increased risk of starvation. Nesting birds that
optimize these risks are likely to maximize their reproduc-
tive performance. In colonially nesting birds, individuals may
be able to further reduce the per capita risk of nest predation,
or the associated risk of nestling starvation, by aligning the
intraseasonal timing of nest initiation and nest attendance
during the postguardian period (first extended absence of both
adults) with nearby nesting pairs (Foster and Treherne 1981,
Findlay and Cooke 1982, Catry et al. 2009).

Each spring, Great Egrets (4rdea alba) form nesting
colonies that may include Great Blue Herons (4. herodias),
Snowy Egrets (Egretta thula), or other Ardeidae. Large plat-
form nests are placed high in trees and are usually exposed
from above. One to six eggs (usually three) are laid and
incubated for 25-29 days before chicks hatch (Pratt 1970,
Pratt and Winkler 1985, McCrimmon et al. 2001). Because in-
cubation begins with the first or second egg, hatching is asyn-
chronous. This creates an age-related size hierarchy among
nestlings that affects their ability to compete for food, lead-
ing to differential survival and brood-size reduction in most
nests. After the eggs hatch, adults take turns guarding the nest
and foraging for food for 12-40 days before the chicks are
left unguarded for the first time (Kushlan and Hancock 2005).
Young Great Egrets are able to fly at 7 weeks of age but gen-
erally remain in or near the nest for 7 to 10 weeks or longer
(Pratt and Winkler 1985, McCrimmon et al. 2001).

As the nestlings grow older, the guardian nest-attendance
behavior of parents gives way to postguardian behavior when
parents leave nestlings unattended (Voisin 1991). During the
postguardian period, parents are able to enhance their abil-
ity to provision nestlings by foraging simultancously (Mock
et al. 1987, Sullivan 1988). Variation in the length of the nest-
guardian period among nests in a colony is substantial and
well known (Milstein et al. 1970, Pratt 1970, Catry etal. 2010).
Long-term monitoring of Great Egret nests at the Martin Grif-
fin Preserve of Audubon Canyon Ranch, near San Francisco,
California, revealed that the duration of the guardian period
after the hatching of the first egg was 22.0 + 6.6 days (SD;
maximum 46 days, n = 1224 nests, 1967-2008; Audubon Can-
yon Ranch, unpubl. data). However, the adaptive value of such
variation in nest attendance has not been widely investigated
for altricial birds (Varpe et al. 2004, Catry et al. 2009) and has
not been studied in the Great Egret.

To investigate adaptive variation in the timing of post-
guardian nesting behavior, from 1984 to 2008 we evaluated
Great Egret behaviors at nests subject to predation. We tested
two non-exclusive hypotheses regarding adaptive variation in
nest attendance in relation to the competing risks of nest pre-
dation and nestling starvation. First, we tested the starvation
trade-off hypothesis, that parents should shift from guardian
to postguardian nest attendance when nestlings reach an age
that corresponds to a decline in the parents’ potential fitness,
related to nestlings’ increasing risk of starvation (age-related
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food demand) relative to the declining risk of nest predation
(age-related nestling vulnerability; Varpe et al. 2004; the
“chick-protection hypothesis” of Catry et al. 2009). Accord-
ingly, nesting egrets should have greater reproductive success
if they extend or shorten the period they continuously guard
their nests in response to increases or decreases, respectively,
in nest-predation pressure. Second, we tested the predation-
risk dilution hypothesis that egrets shift from guardian to
postguardian nest attendance when the increasing number
of unattended nests in the colony dilutes the per capita risk
of nest predation to a level that corresponds to an increase in
potential fitness if parents begin to forage simultaneously to
meet nestlings’ increasing food demand (Darling 1938, Ims
1990; the “synchronization hypothesis” of Catry et al. 2009).
Accordingly, nesting egrets should have greater reproductive
success if they shift to postguardian nest attendance when a
substantial number other nests are left unattended. Together,
these hypotheses predict that nesting egrets should opti-
mize nest-guardian behavior with regard to nestling age and
number of postguardian nests in the colony, guarding nests
continuously until potential fitness begins to decline, then
leaving the nest unattended to forage simultaneously for food.
Other influences may be involved, such as variation in energy
reserves of adults when nesting begins, breeding experience
of parents, brood size, or nutritional states of offspring (Hous-
ton and McNamara 1999). We used the resulting models to
predict variation in nest-guardian behavior in relation to dif-
ferences in predation pressure. We measured fitness values on
the basis of successful vs. unsuccessful nests and the number
of young produced in successful nests.

METHODS

The Martin Griffin Preserve of Audubon Canyon Ranch is ad-
jacent to Bolinas Lagoon along the Pacific coast of California,
approximately 50 km north of San Francisco. The preserve
hosts a mixed nesting colony of Great Egrets, Great Blue
Herons, and Snowy Egrets. The nesting performance of all
breeding pairs in the heronry has been monitored annually
since 1967 (Pratt and Winkler 1985, Kelly et al. 2006). Each
year, between 49 and 150 Great Egret nests are initiated in
the colony at the Martin Griffin Preserve. In this study, we
used 19 years of data on Great Egret nesting (1984,1987-1997,
and 2002-2008), excluding years that (1) had fewer than five
confirmed cases of predation (to achieve minimum sampling
requirements; Hosmer and Lemeshow 1989), (2) included
catastrophic interference by predatory raccoons (Procyon
lotor), or (3) were based on observations that could not be
used to determine the precise length of the nest-guardian pe-
riod. Nest predation during the years selected was primarily
by Common Ravens (Corvus corax); resident ravens have oc-
cupied the vicinity of the heronry continuously since 1993
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(Kelly et al. 2005). Nests that are depredated by ravens usu-
ally, though not always, fail entirely. However, nest predation
by ravens rarely occurs if an adult Great Egret is at the nest,
and unattended chicks gain competence in repelling ravens as
they grow.

We included a nest (n = 1132) in the analysis only if it met
the following criteria: (1) at least one egg hatched; (2) nest
failure after hatching resulted from predation; (3) the number
of days from first hatching to the onset of the postguardian
period could be determined; (4) it was a first nesting attempt
at that nest site that year; (5) the nest was initiated before col-
ony size began to decline (to avoid second nesting attempts).
We assumed that nest failure was caused by predation if the
entire brood disappeared between observations or if the par-
tial remains of nestlings were observed in the nest. To deter-
mine whether nests were successful and how many young
were fledged from successful nests, we monitored all nests at
least once every 2—4 days, from nest building until all young
departed from the nest. We assumed a nest was successful if
nestlings reached the minimum fledging age of 49 days, the
age when young egrets are old enough to fly across open space
to locations away from the nest site (Pratt and Winkler 1985).

Under the starvation trade-off hypothesis, we expected
nest survivorship to increase with the length of the guardian
period (nestling age) because older nestlings are more profi-
cient at deterring predators (Table 1). Therefore, we expected
younger nestlings to be left unattended in years of low preda-
tion risk and older chicks to be left unattended in years of high
predation risk. In contrast, the number of young produced in
successful nests should decline with chick age because of con-
straints on adults’ foraging time imposed by longer periods
of continuous nest attendance (increased starvation risk). To-
gether, these predictions suggest optimum timing for shifts
in nest-guardian behavior with regard to overall reproductive
success, when the parental benefits of foraging simultane-
ously to meet nestlings’ increasing food demand outweigh the
declining importance of continuous nest attendance to deter
predators (Table 1).

TABLE 1.

If the predation-risk dilution hypothesis is supported,
egrets should shift to postguardian nest attendance when
the number of postguardian (unattended) nests in the colony
increases, reducing the per capita risk of nest predation (af-
ter development of homeothermy; age >7 days; McCrimmon
et al. 2001). Therefore, under this hypothesis, we expected
greater nest survivorship among egrets that shift to post-
guardian nest attendance when there are more unattended
nests in the colony (Table 1). In contrast, we expected the
number of unattended nests in the colony to have no effect
on the mean productivity of successful nests: although egrets
initiating nests relatively late in the season might shorten the
guardian period if predation risk is shared with many other
unattended nests, any increases in the time available for pro-
visioning chicks may be balanced by greater brood reduction
(starvation) in earlier nests guarded for longer periods of time
to avoid higher per capita risks of nest predation. On average,
however, we expected an increase in overall reproductive suc-
cess if parents synchronously shift to postguardian behavior,
reducing the per capita risk of nest predation and increasing
opportunities to forage simultaneously for food (Table 1).

STATISTICAL ANALYSIS

We used logistic regression (Hosmer and Lemeshow 2000)
and an information-theoretic approach (Burnham and An-
derson 2002) to evaluate factors affecting the Great Egret’s
behavioral shift from guardian to postguardian nest atten-
dance. We constructed two sets of models based on outcome
variables for (1) successful nests vs. unsuccessful nests and
(2) successful nests fledging one, two, or three young. Inde-
pendent predictor variables (Table 2) were identical in both
sets of models and included (1) the age of the oldest nestling
at onset of the postguardian period (Age); (2) the number of
other nests in the colony that had reached the postguardian
period when each nest was first left unattended (Nests); (3)
intraseasonal timing, measured as the Julian date of the first
evidence of egg laying (Egg date, included in all models); (4)
predation pressure, measured as a bivariate variable for the

Predicted consequences of the shift by Great Egrets from guardian to

postguardian behavior, with regard to nestling age and number of unattended nests in
the colony (indicators of adaptive response for starvation trade-off and predation-risk
dilution hypotheses) at the end of the nest-guardian period.

Nestling age (starvation

Number of unattended
nests in the colony
(predation-risk dilution

trade-off hypothesis) hypothesis)
Nest survivorship + +
Number of young produced in — no change
successful nests
Overall reproductive success increase to optimum, +

(mean productivity across
all nest attempts)

then decline
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TABLE2. Means (+ SE) of the age of the oldest nestling (Age), the number of other postguard-
ian nests in the colony (Nests), the Julian date of nest initiation (appearance of the first egg, Egg
date), and the presence/absence of ravens (CORA) at the initiation of postguardian nest atten-
dance, for failed nests and nests that successfully fledged 1, 2, or 3 young at Bolinas Lagoon,
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California, 1984-2008.

Failed Successful Fledged 1 Fledged 2 Fledged 3
Variable (n=196) (n=936) (n=181) (n=1642) (n=112)
Age 185+ 0.5 22.8+ 0.2 23.8 + 0.6 227 £ 0.3 213+ 04
Nests 7.6+ 0.6 1.1 £ 0.2 10.2 £ 0.6 11.2 £ 03 123 £ 0.7
CORA 0.9 + 0.02 0.6+ 0.02 0.6 = 0.04 0.6 = 0.02 0.5 + 0.05
Eggdate 1168+ 1.3 1059+ 0.5 110.3 + 1.3 105.2 = 0.5 102.9+ 0.9

continuous presence or absence of resident (nesting) ravens in
the immediate vicinity of the heronry (CORA; included in all
models); (5) a categorical variable for year (Year; included in
all models) to control for unmeasured annual variation in nest
behavior related to differences in predation pressure, food
availability, or other environmental factors such as rainfall or
temperature (Maddock and Baxter 1991).

We developed eight a priori models within each set, based
on hypothesized influences on nest-attendance choices, pub-
lished information on the influences of intraseasonal timing
and predation pressure on reproductive success and nesting
behavior (Furness and Monaghan 1987, Thompson and Rav-
eling 1987, Whittam and Leonard 2000, Dewey and Ken-
nedy 2001), and our previous experience with nesting herons
and egrets (Kelly et al. 2007, 2008; Table 3). The model sets
differed only in the dependent variable used to evaluate the
adaptive value of nest-attendance choices. Thus the two sets
included identical a priori combinations of predictors and,
together, accounted for key aspects of fitness: nest survivor-
ship and the number of young produced in successful nests
(Kelly et al. 2007). We used Akaike’s information criterion,
adjusted for small sample sizes (AIC ; Akaike 1973, Hurvich

TABLE 3. A priori models used to evaluate factors affecting Great
Egret nest success and the number of young produced in successful
nests at Bolinas Lagoon, 1984-2008. See Table 2 for definitions of
variables.

Model

Independent

variable 1 2 3 4 5 6 7 8
Age X X X X X
Nests X X X X X
Age x CORA X
Nests x CORA x
Age x Egg date X
Nests x Egg date X
Age x Nests
CORA X X X X X X X X
Egg date X X X X X X

and Tsai 1989) to choose the best-supported model in each set,
given the data (Burnham and Anderson 2002).

To address the starvation trade-off hypothesis, we tested
predictions that reproductive success is affected by nestling
age at the onset of postguardian behavior (Age), alone or with
interacting effects of either intraseasonal timing (Egg date) or
predation pressure (CORA; models 1, 5, and 6; Table 3). To
address the predation-risk dilution hypothesis, we tested pre-
dictions that reproductive success is affected by the number of
postguardian (unattended) nests in the colony (Nests), alone
or with the interacting effects of Egg date or CORA (models
2,7, and §; Table 3). Finally, we tested predictions that Great
Egrets’ nest attendance is structured by both Age and Nests,
with and without interacting effects (models 3 and 4; Table 3).

We centered all independent variables to reduce potential
multicollinearity and aid in interpretation of the coefficients
(Garson 2010). We examined residuals to confirm that the as-
sumption of linearity in the logit held for each independent
variable in the logistic regressions and tested each model for
goodness of fit (Hosmer and Lemeshow 1989, Fagerland et al.
2008). Our data did not meet the parallel-lines (independence)
assumption of ordinal logistic regression needed to compare
nests with one young to those with two or more young and
those with three young. Therefore, we used generalized or-
dinal logistic regression (procedures gologit and gologit2 in
Stata; Williams 2006), which allows estimated coefficients of
the ordinal contrasts of categories of the dependent variable
to differ. To correct for nonlinearity in the logit of interac-
tion terms, we used the Stata “inteff” procedure (Norton et al.
2004). However, the inteff correction does not exist for gen-
eralized ordinal logistic regression models (E. Norton and R.
Williams, pers. comm.). Therefore, after running each gen-
eralized ordinal model, we ran the inteff correction for each
binary logit regression within the model.

In each set of models, we evaluated the predictive abil-
ity of variables by calculating their model-averaged coef-
ficients as follows: we multiplied the coefficient of each
variable by the corresponding Akaike weight (w,) of models
in which it occurred, summed the products across all mod-
els, and divided the result by the sum of Akaike weights of
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all models in which the variable occurred. Confidence inter-
vals calculated for each variable incorporated model uncer-
tainty (Burnham and Anderson 2002). We then evaluated the
degree to which model-averaged predictions and patterns of
reproductive success were consistent with the predicted out-
comes of the starvation trade-off and predation-risk dilution
hypotheses (Table 1).

We evaluated the effects of nest-attendance patterns on
overall reproductive success (number of young fledged per
nest attempt) by combining the averaged models for nest sur-
vivorship and the number of young produced in successful
nests into a single predictive model. We calculated predic-
tive equations by using model-averaged coefficients that in-
corporated values of zero for models in which they did not
occur (Burnham and Anderson 2002:152). Predictions for
overall reproductive success were calculated as the product of
estimated nest survivorship § and estimated number of young
in successful nests 7:

s=5-n, (1)

where § is the conditional probability of nest success, T (x),
taken from the logistic regression of successful vs. unsuccess-
ful nests, and 7 is the estimated number of young fledged from
successful nests, calculated as

ﬁ=ﬁ(nl)+2i)(n2)+3ﬁ(n3),

where p(n,) he estimated conditional probability of a nest
producing one, two, or three young. These probabilities were
derived from separate logistic regression (binary) contrasts
between nests producing two or more young, T,(x), vs. only
one young, and nests producing three young, 1,(x), vs. less
than three young:

13(”1) =1—m,(x)
p(n) =, (x) =, (x)
p(ny) =m,(x).

Thus, overall reproductive success was calculated as

rs=m, (x)- {[1 -, (x)] + 2[7[2 (x)—m4(x) ] +3m, (x)} 2)
=, (x)+[m, (x) 7, (x) ]+ [, (x) 7, (x) ].

To investigate the relationship between predictions of
overall reproductive success and independent variables, we
examined scatter plots by using Cleveland’s robust locally
weighted regression algorithm (LOWESS; Cleveland 1979).
We also examined, graphically, the results of partial models
predicting overall reproductive success with respect to (1) the
duration of the guardian period (Age) and (2) the number of
other postguardian nests in the colony when adults shifted to
postguardian nest attendance (Nests; all other variables held
constant at their average values). To predict the nestling age at
which the shift to postguardian nest attendance is associated

with the highest overall reproductive success, we set the de-
rivative of the partial model to zero and solved for Age. By
altering the seasonal probability of raven presence in the par-
tial model (CORA was held constant at average or at other
predicted values), we were able to evaluate how variation in
predation pressure influences fitness trade-offs and the behav-
ioral shift to postguardian nest attendance. Unless otherwise
indicated, the results are reported as means + SD.

RESULTS

NEST SUCCESS

The best-performing model used to predict nest success was
the global model (Table 4), suggesting that the Great Egret’s
shift to postguardian nest attendance is a complex behav-
ioral response, based on nestling age (Age), the number of
unguarded nests in the colony (Nests), the presence of res-
ident ravens (CORA), and the intraseasonal timing of nest
attempts (Egg date). Simpler models of adaptive nest atten-
dance that were worthy of consideration as viable predictors
of nest success included the number of other postguardian
nests in the colony (per capita risk of nest predation), nestling
age, and their interaction (models 3 and 4, Table 4). Therefore,
the most likely models of nest success were consistent with
both the starvation trade-off and the predation-risk dilution
hypotheses.

The odds of nest success were greater if egrets shifted
to postguardian nest attendance when there were more un-
guarded nests in the colony (Nests; Table 5), providing sup-
port for the predation-risk dilution hypothesis. Nestling age
at the onset of postguardian behavior (Age) had relatively less
influence on nest success across all models, and the interac-
tion between the number of unguarded nests in the colony
and nestling age had no detectable influence on the odds of
nest success (Nests x Age; Table 5). As expected, nest success

TABLE 4. Information criteria for logistic regression models of
successful (n =936) vs. unsuccessful (196) Great Egret nests at Bo-
linas Lagoon, 1984-2008. The number of parameters (K, including
the constant, indicator variables for year and covariates in all mod-
els for the presence of resident ravens [CORA] and Julian date of
the first egg [Egg date]), difference in Akaike’s information crite-
rion for small sample size (AAIC ), and Akaike weights (w,), and
Hosmer—Lemeshow goodness-of-fit statistic (C, df = 8) are pro-
vided. Only models with AAIC_ <5 are presented, representing the
0.99 model confidence set (Xw,). Interactions are indicated by “x.”

Hosmer—Lemeshow

Model K AAIC! w, ¢ p

Global 26 0.00 078 13.1 0.11
Age, Nests 21 3.67 0.3 59 0.66
Age, Nests, Age x Nests 22 4.23  0.09 7.6 0.48

*AlIC, of best model = 754.73.



TABLE 5. Predictor variables in logistic regression models
of successful (n = 936) vs. unsuccessful (n = 196) Great Egret
nests at Bolinas Lagoon, 1984-2008. Model-averaged odds of
predicted nest success, 95% confidence intervals (CI), and the
relative importance of each variable (3w, for all models in which
each variable occurred) are provided. See Table 2 for definitions
of variables.

95% CI
Variable Odds Lower Upper Swi
Age 1.073 0.99 1.17 1.00
Nests 1.209 1.01 1.45 1.00
CORA x Age 1.009 <1.00 1.02 0.78
CORA x Nest 1.002 0.99 1.02 0.78
Egg x Age 1.000 <1.00 >1.00 0.78
Egg x Nests 1.000 <1.00 >1.00 0.78
Age x Nests 0.999 <1.00 >1.00 0.87
CORA 0.015 <0.01 0.89 1.00
Egg date 0.932 0.91 0.96 1.00

declined with the presence of resident ravens (CORA) and in-
traseasonal delays in nest initiation (Egg date; Table 5).

PRODUCTIVITY OF SUCCESSFUL NESTS

The best-performing model used to predict the number
of young produced in successful nests was model 5, sug-
gesting that egrets were likely to produce more young in
successful nests if they shifted to postguardian nest atten-
dance when nestlings were young (Tables 3 and 6). This

TABLE 6. Information criteria for generalized ordinal logistic
regression models of number of young produced in successful Great
Egret nests (n = 181, 642, and 112 nests with 1, 2, and 3 young, respec-
tively) at Bolinas Lagoon, 1984-2008. The number of parameters (K,
including the constant, indicator variables for year and covariates in all
models for the presence of resident ravens [CORA] and Julian date of
the first egg [Egg date]), difference in difference in Akaike’s informa-
tion criteria for small sample size (AAIC)), and Akaike weights (w,),
and the multinomial goodness-of-fit statistic (C, df = 16; Fagerland
et al. 2008) are provided. Only models with AAfCC <5 are presented,
representing the 0.99 model confidence set (Xw,). The averaged model,
g(x), included predictors for the age of the oldest nestling at the onset
of the postguardian period (Age) and the number of other postguard-
ian (unattended) nests in the colony when parental behavior shifts to

Gy

postguardian nest attendance (Nests). Interactions are indicated by “x.

Multinomial

goodness of fit

Model K AAICE  w, ¢, P
Age, age x egg date 21 0.00 0.90 8.1 0.94
Global 26 473 0.09 8.2 0.94
Age, age x CORA 21 9.61 0.01 7.8 0.95

*AIC, of best model = 1318.66.
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TABLE 7. Predictor variables in logistic regression models pre-
dicting the incremental odds of producing additional young in suc-
cessful Great Egrets nests at Bolinas Lagoon, 1984-2008 (n = 118,
642, and 112 nests with 1, 2, and 3 young, respectively). Model-
averaged odds of predicted nest success, confidence intervals (CI),
and the relative importance of each variable (2., , for models in which
the variable occurred) are provided. See Table 2 for definitions of
variables.

Lower 95%  Upper 95%
Variable Odds CI CI 2w,
Age 0.926 0.90 0.96 1.00
Nests 0.995 0.95 1.04 0.09
Cora X age 1.005 <1.00 1.01 0.09
Cora x nests 0.996 0.99 >1.00 0.09
Egg date x age 1.000 <1.00 >1.00 0.99
Egg date x nests 1.000 <1.00 >1.00 0.08
Age X nests 1.000 <1.00 >1.00 0.09
CORA 3.741 0.24 59.45 1.00
Egg date 0.939 0.92 0.95 1.00

outcome is consistent with the starvation trade-off hypoth-
esis and fitness benefits of increased foraging time in the
postguardian period. This model included an interaction
between intraseasonal timing and nestling age, although
the interaction was of no detectable importance when av-
eraged across all models (Egg date x Age; Table 7). As in
the analysis of nest success, the global model was relatively
important in predicting productivity in successful nests
(Tables 4 and 6), suggesting that the shift to postguard-
ian nest attendance reflects a complex behavioral response
involving elements of both the starvation trade-off and
predation-risk dilution hypotheses.

The model-averaged odds of producing additional young
in successful nests increased when egrets shifted to post-
guardian nest attendance earlier in the nesting cycle, relative
to the age of developing nestlings (Table 7). As expected, the
number of young in successful nests declined with intrasea-
sonal delays in nest initiation (Egg date; Table 7).

OVERALL REPRODUCTIVE SUCCESS

The results for overall reproductive success (number of young
fledged per nest attempt) revealed fitness trade-offs in the
timing of postguardian nest attendance. Partial models of
overall reproductive success predicted the adaptive timing of
the shift from guardian to postguardian nest attendance with
respect to nestling age (Fig. 1, Table 8). The predicted number
of young fledged in any nest attempt increased with the age of
nestlings at the time when adults shifted to postguardian nest
attendance—up to a threshold, after which productivity de-
clined with further delays in postguardian behavior.

The mean length of guardian nest attendance among
the observed nests was 22.0 £ 6.6 days (n = 1132). The
combined model of overall reproductive success predicted
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TABLE 8.

Model-averaged logit equations used to predict overall reproductive success (number of young produced

per nest attempt) of Great Egrets at Bolinas Lagoon, 1984-2008 (see text for structure of the combined model). See

Table 2 for definitions of variables.

Successful vs. unsuccessful nests

g,(x) =35.199 - 4.210 (CORA) - 0.070 (Egg date) + 0.071 (Age) + 0.190 (Nests) + 0.007 (Age x CORA) +0.0016
(Nests x CORA) +0.00005 (Age x Egg date) + 0.0003 (Nests x Egg date) — 0.0008 (Age x Nests)

Successful nests producing two or more young vs. one young

g,(x)=0.921 + 1.319 (CORA) - 0.063 (Egg date) — 0.077 (Age) — 0.0004 (Nests) + 0.0004 (Age x CORA) -
0.00034 (Nests x CORA)—0.0001 (Age x Egg date) + 0.000005 (Nests x Egg date) —0.00002 (Age x Nests)

Successful nests producing three young vs. less than three young

g4(x)=-3.876 + 1.319 (CORA) - 0.063 (Egg date) — 0.077 (Age) — 0.0004 (Nests) + 0.0004 (Age x CORA) -
0.00034 (Nests x CORA) —0.0001 (Age x Egg date) +0.000005 (Nests x Egg date) —0.00002 (Age x Nests)

that egrets would achieve maximum reproductive success
if they shifted to postguardian nest attendance when the
oldest nestling was 19.9 days old, if (on the basis of aver-
age values) they initiated nesting on 18 March, ravens were
present on 63% of days during nesting, and there were 10.5
postguardian nests in the colony (Fig. 1). By holding CORA
constant at values reflecting 50%, 75%, and 100% raven
occurrence, the model predicted that egrets would achieve
maximum reproductive success by decreasing or increasing
the length of the guardian period to 13.3 days, 24.8 days,
and 36.7 days, respectively, in response to differences in
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FIGURE 1. Partial models of overall reproductive success (predicted
number of young fledged per nest attempt) with respect to the length of
the guardian period of nest attendance (other variables held constant at
mean values), based on the predictive equations in Table 8. Lines repre-
sent predictions associated with the observed presence of ravens in the
colony on 63% of days (solid line), 100% of days (long-dashed line), 75%
of days (short-dashed line), and 50% of days (dotted line). Vertical refer-
ence lines indicate the predicted length of the guardian period associated
with maximum potential reproductive success (100% daily presence of
ravens: 36.7 days; 75% presences of ravens: 24.8 days; observed, 63%
presence of ravens: 19.9 days; 50% presence of ravens: 13.3 days).

the presence of ravens (Fig. 1). This prediction is consistent
with the starvation trade-off hypothesis.

The combined model suggested slight benefits in over-
all reproductive success to breeding pairs that shift to post-
guardian nest attendance when more nests in the colony are
unattended (dilution of per capita risk of nest predation;
Fig. 2). In addition, the potential cost of an earlier shift to
postguardian behavior, or the potential benefit of a later
shift, increased with a greater likelihood that ravens would
be present in the colony (Fig. 2), as predicted by the preda-
tion-risk dilution hypothesis.
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FIGURE 2. Partial models of overall reproductive success (predicted
number of young fledged per nest attempt) with respect to the number of
unattended nests in the colony at onset of postguardian nest attendance
(other variables held constant at mean values), based on the predictive
equations in Table 8. Lines represent predictions associated with the
observed occurrence of ravens in the colony on 63% of days (solid line),
100% of days (long-dashed line), 75% of days (short-dashed line), and
50% of days (dotted line).



DISCUSSION

Our results provide support for both the starvation trade-off
and predation-risk dilution hypotheses. In addition, parental
decisions about the timing of the postguardian period appear
to affect nest success and nest fecundity in different ways.
For the Great Egret, the risk of nest predation is an important
factor in determining the timing of the postguardian period
because predation accounts for most nest failure in this sys-
tem and the attendance of an adult at the nest almost always
precludes predation (Martin 1992, Kelly et al. 2005). Strong
theoretical support exists for grouping behavior reducing co-
lonially nesting birds’ risk of predation (Hamilton 1971, Wit-
tenberger and Hunt 1985). One explanation for this reduced
risk is group defense against predators (Picman et al. 1988,
2002), although long-term monitoring at the Martin Grif-
fin Preserve heronry has not revealed mobbing of Common
Ravens by Great Egrets, even when the ravens are depredating
a nearby nest (Audubon Canyon Ranch, unpublished data).

Another explanation for reduced predation risk in groups
is the effect of dilution, or sharing of risk by a greater number
of potential prey or nests (Foster and Treherne 1981). In Black-
crowned Night-Heron (Nycticorax nycticorax) colonies, nests
with near neighbors are less likely to be depredated than those
that are farther from other nests, and synchronous dummy nests
containing eggs are less likely to be depredated than asynchro-
nous nests (Bellinato and Bogliani 1995). Dilution of preda-
tion risk has been demonstrated in a colony of the Gray-headed
Albatross (Thalassarche chrysostoma) where Brown Skuas
(Catharacta lonnbergi) specialized on predation of the alba-
trosses’ chicks (Catry et al. 2006b). Synchronous timing in
the shift to postguardian nest attendance also occurs in Cory’s
Shearwater (Calonectris diomedea), even though dates of lay-
ing by close neighbors were no more synchronous than those
at nests that were farther apart (Catry et al. 2006a, 2009). The
incremental fitness advantages suggested by our results, of re-
ducing per capita predation risk by delaying postguardian nest
attendance until more nests are left unattended, would eventu-
ally decline to negligible levels or, alternatively, be outweighed
by opportunities to reduce nestlings’ starvation risk. In addi-
tion, egrets might shift to postguardian nest attendance even if
the risk of nest predation increases, if reduced starvation risk
leads to a net improvement in potential overall fitness.

The risk of predation to unattended Great Egret nests is
greatest immediately after the onset of postguardian behav-
ior, when nestlings are relatively small and less likely to suc-
cessfully deter predators (Kelly et al. 2005). Therefore, the
dilution of predation risk is greatest immediately after other
unattended nests have reached the postguardian stage. As a
result, the potential fitness advantages of delayed nesting to
facilitate a delayed shift in postguardian nest attendance, un-
til other unattended nests are available to share the risk of nest
predation, is greatest if the behavioral shift occurs soon after
other pairs reach the postguardian stage. The time-sensitivity
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of such benefits in potential fitness may contribute to the syn-
chronization of not only nest-attendance patterns, but also of
nest initiations among colonial nesting birds (Wittenberger and
Hunt 1985, Ims 1990, Catry et al. 2009). Successful Great Egret
nests that entered the postguardian period when the chicks were
younger tended to fledge more young than successful nests
guarded until the chicks were older. When both adults leave
the nest unattended, they are able to forage for food simulta-
neously and, therefore, may be able to provide sufficient food
to a larger brood. This increased ability to provision nestlings
with food may reduce the extent of brood-size reduction and
explain why nests entering the postguardian period when nest-
lings are younger tend to fledge more young. Nestling condition
and intraseasonal timing (date), rather than nestling age, are the
most important determinants of brood-guarding behavior by
the Gray-headed Albatross (Catry et al. 2006b). The length of
the nest-guardian period studied by Catry et al. (2006b) seems
to be determined primarily by date within the nesting season,
but it can be fine-tuned with regard to the nestling’s body mass
(Catry et al. 2006b), which correlates with age.

In other species, birds nesting early tend to be more suc-
cessful in fledging young (Smith and Moore 2005, Cooke et
al. 1984, Perrins 1970). This pattern has been related to earlier
nesting by older, more experienced adults (Nisbet et al. 1984).
The intraseasonal timing of nesting by egrets and herons and
other bird species has been further associated with the timing
of seasonal food supplies needed to support females’ forma-
tion of eggs (Lack 1954, Perrins 1970, Kushlan 1981, Butler
1993). Therefore, the patterns revealed by our results, sug-
gesting that nests initiated later in the season, on average, ex-
hibit lower nest survivorship and, if successful, fledge fewer
young, may depend in part on the age or experience of the
adults and/or the intraseasonal timing of available food.

Interestingly, at nests that avoided predation, the model-
averaged odds of fledging additional young also increased, in
relation to the main effect of raven presence (Table 7). One
possible explanation for this is that food availability may have
been greater in years when ravens were present, reducing the
extent of nestling starvation. However, we did not investi-
gate this possibility. Alternatively, the length of the guardian-
ship period may be altered when ravens are present such that
some other, unknown, cause of brood reduction is reduced. As
above, however, we lack sufficient information to substantiate
this or other explanations for this result.

Breeding behavior is mediated by trade-offs in fitness
between competing reproductive strategies (Raihani and
Ridley 2007). At least two simultaneous mechanisms, influ-
encing components of fitness in different ways, underlie the
nest-attendance choices by Great Egrets. As the number of
postguardian nests in the colony increases and the per capita
risk of nest predation declines, the decision to increase forag-
ing effort by initiating postguardian nest attendance may allow
egrets to raise larger broods. As nestlings grow larger, becom-
ing less vulnerable to nest predators and requiring more food to
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balance their energy needs, the decision to shift to postguardian
nest attendance may allow egrets to optimize trade-offs in po-
tential fitness between guarding the nest against predators and
leaving the nest unattended to gather food for nestlings. These
mechanisms are consistent with the hypothesis that trade-offs
exist between nest success and nest fecundity, illustrated by the
combined effects of both models in this study.

Many potentially important influences on nest atten-
dance were not accounted for in this study. These include
variation in the age, nesting experience, and foraging skills of
adult egrets, variation in clutch size and initial brood size, and
variation in the body condition, food demand, and begging
intensity of nestlings. Because of the tendency for predators
to take prey on the margins of a group, future analyses should
account for the spatial position of each nest in the colony
(Krause 1994) as a possible influence on patterns of nest at-
tendance. Nests surrounded by immediate neighbors that have
reached the postguardian period may be less susceptible to
predation, as demonstrated by Schauer and Murphy (1996) for
raven predation of Common Murre (Uria aalge) eggs. Nest-
site characteristics that either facilitate or constrain the pred-
atory movements of ravens or other nest predators, such as
foliage cover or the spacing of branches, might account for ad-
ditional differences in nest attendance. However, Catry et al.
(2009) found no measurable effect of nest-site characteristics
on nestling guarding by Cory’s Shearwaters.

Based on our results, the conservation implications of
adaptive nest attendance by Great Egrets include predicted
climate-induced changes in the quantity or quality of the sur-
rounding wetlands where the birds feed (Bildstein et al. 1991,
Schindler 1997, Day et al. 2008). Climate-induced reductions
in the extent of suitable feeding areas may lead not only to
the direct effects of reduced food availability on reproductive
performance (Kelly et al. 2008), but also to fitness trade-offs
that force birds to shorten nest-guardian periods and, conse-
quently, become more vulnerable to nest predators.

The introduction or intensified presence of native or
non-native nest predators, such as feral cats, ravens, and
raccoons, might force nesting birds to delay postguardian
nest attendance, sacrificing postguardian foraging time and
their ability to provision nestlings, and reducing the number
of young fledged from successful nests. Similarly, herons and
egrets often nest near human activity (Kelly et al. 2007). If
egrets perceive repeated direct disturbance by humans or the
increased presence of construction or other human activities
as an increase in predation risk (Frid and Dill 2002), they may
increase the length of the nest-guardian period, reducing post-
guardian foraging time and the number of young fledged from
successful nests. The results of our study suggest that envi-
ronmental influences on nesting behavior might alter mecha-
nisms of reproductive success needed to sustain the growth or
resilience of populations, and should be considered carefully
by preserve managers.

ACKNOWLEDGMENTS

We thank the many volunteers and staff of Audubon Canyon Ranch who
contributed nesting observations used in this study. In particular, we
thank Helen Pratt for her 30 years of dedicated monitoring of the nesting
colony and for numerous insights into the breeding behaviors of these
birds. We also thank Bob Baez, Nathan Farnau, Mark McCaustland,
Michael Parkes, and Ray Paula for monitoring nesting in the colony.
Emiko Condeso and Sarah Millus provided valuable comments on the
analysis and on an earlier draft of the manuscript. Helpful financial sup-
port was provided by the Dennis and Carol Anne Rockey Fund of the
Marin Community Foundation, the Robert J. and Helen H. Glaser Fam-
ily Foundation, and the numerous individual supporters of Audubon
Canyon Ranch whose generous donations have allowed us to monitor
the nesting of herons and egrets intensively since 1967.

LITERATURE CITED

AKAIKE, H. 1973. Information theory and an extension of the maxi-
mum likelihood principle. International Symposium on Informa-
tion Theory, Budapest, Proceedings 2:267-281.

BANCROFT, G. T., J. C. OGDEN, AND B. W. PATTY. 1988. Wading bird colony
formation and turnover relative to rainfall in Corkscrew Swamp Area
of Florida during 1982 through 1985. Wilson Bulletin 100:50—-59.

BELLINATO, F., AND G. BOGLIANL 1995. Colonial breeding imposes
increased predation: experimental studies with herons. Ethology
Ecology and Evolution 7:347-353.

BiLDsTEIN, K. L., G. T. BANCROFT, P. J. DUGAN, D. H. GORDON,
R. M. ErwIN, E. NoL, L. X. PAYNE, AND S. E. SENNER. 1991.
Approaches to the conservation of coastal wetlands in the west-
ern hemisphere. Wilson Bulletin 103:218-254.

BurNHAM, K. P, AND D. R. ANDERSON. 2002. Model selection
and multi-model inference: a practical information-theoretic
approach. Springer Publishing Company, New York.

BUTLER, R. W. 1993. Time of breeding in relation to food availability
of female Great Blue Herons (Ardea herodias). Auk 110:693-701.

CATRY, P., J. P. GRANADEIRO, AND P. OLIVEIRA. 2006a. Do Cory’s
Shearwaters Calonectris diomedea synchronize laying among
close neighborhoods? A reappraisal using data from artificial
nest sites. Acta Ethologica 9:87-90.

CATRY, P., R. MATIAS, L. VICENTE, AND J. P. GRANADEIRO. 2009.
Brood-guarding behavior in Cory’s Shearwaters Calonectris
diomedea. Journal of Ornithology 150:103—108.

CATRY, P, R. A. PHILLIPS, J. FORCADA, AND J. P. CROXALL. 2006b. Factors
affecting the solution of a parental dilemma in albatrosses: at what
age should chicks be left unattended? Animal Behaviour 72:383-391.

CATRY, P., R. A. PHILLIPS, I. P. FORSTER, R. MATIAS, M. LECOQ, J. P.
GRANADEIRO, AND [. J. STRANGE. 2010. Brood-guarding duration
in Black-browed Albatrosses: temporal, geographical, and indi-
vidual variation. Journal of Avian Biology 41:460—469.

CLEVELAND, W. S. 1979. Robust locally weighted regressions and
smoothing scatterplots. Journal of the American Statistical
Association 74:829-836.

CLuTTON-BROCK, T. H. 1991. The evolution of parental care. Prince-
ton University Press, Princeton, NJ.

CookE, F., C. S. FINDLAY, AND R. F. ROCKWELL. 1984. Recruit-
ment and the timing of reproduction in Lesser Snow Geese
(Chen caerulescens caerulescens). Auk 101:451-458.

DARLING, F. F. 1938. Bird flocks and the breeding cycle. Cambridge
University Press, Cambridge, UK.

DAy, J. W., R. R. CHRISTIAN, D. M. BOESCH, A. YANEZ-ARANCIBIA,
J. Morris, R. R. TWILLEY, L. NAYLOR, L. SCHAFFNER, AND C.
STEVENSON. 2008. Consequences of climate change on the



ecogeomorphology of coastal wetlands. Estuaries and Coasts
31:477-491.

DEwEY, S. R., AND P. L. KENNEDY. 2001. Effects of supplemental
food on parental care strategies and juvenile survival of Northern
Goshawks. Auk 118:352-365.

FAGERLAND, M. W., D. W. HOSMER, AND A. M. BorIN. 2008. Mul-
tinomial goodness-of-fit tests for logistic regression models.
Statistics in Medicine 27:4238—4253.

FINDLAY, C. S., AND F. COOKE. 1982. Synchrony in the Lesser Snow
Goose (Anser caerulescens caerulescens) 11. The adaptive value
of reproductive synchrony. Evolution 36:786—799.

FosTEr, W. A., AND J. E. TREHERNE. 1981. Evidence for the dilution
effect in the selfish herd from fish predation on a marine insect.
Nature 293:466—-467.

FrRID, A., AND L. DiLL [ONLINE]. 2002. Human-caused disturbance
stimuli as a form of predation risk. Conservation Ecology 6:11.
<http://www.ecologyandsociety.org/vol6/issl/artl1/print.pdf>
(20 May 2011).

FURNESS, R., AND P. W. MONAGHAN. 1987. Seabird ecology. Chapman
and Hall, New York.

GARSON, G. D. [ONLINE]. 2010. Logistic regression. Statnotes: topics
in multivariate analysis. <http://faculty.chass.ncsu.edu/garson/
PA765/logistic.htm> (20 May 2011).

HamiLton, W. D. 1971. Geometry for the selfish herd. Journal of
Theoretical Biology 31:295-311.

HoustoN A., AND J. M. McNAMARA. 1999. Models of adaptive
behavior. Cambridge University Press, Cambridge, UK.

HOSMER, D. W., AND S. LEMESHOW. 1989. Applied logistic regression.
Wiley, New York.

HosMER, D. W., AND S. LEMEsSHOW. 2000. Applied logistic regres-
sion, 2" edition. Wiley, New York.

HurvicH, C. M., aND C. Tsal 1989. Regression and time series
model selection in small samples. Biometrika 76:297-307.

Ims, R.A. 1990. On the adaptive value of reproductive synchrony as a
predator-swamping strategy. American Naturalist 136:485—498.

KELLy, J. P, K. ETIENNE, AND J. E. ROTH. 2005. Factors influencing
the nest predatory behaviors of Common Ravens in heronries.
Condor 107:402-415.

KEeLLy, J. P, K. ETIENNE, C. STRONG, M. MCCAUSTLAND, AND
M. L. PARKES [ONLINE]. 2006. Annotated atlas and implications
for conservation of heron and egret nesting colonies in the San
Francisco Bay area. Audubon Canyon Ranch Technical Report
90-3-17. <http://www.egret.org/atlas> (20 May 2011).

KEeLLy, J. P., K. ETIENNE, C. STRONG, M. MCCAUSTLAND, AND M. L.
PARKES. 2007. Status, trends, and implications for the conserva-
tion of heron and egret nesting colonies in the San Francisco Bay
area. Waterbirds 30:455—-478.

KELLY, J. P., D. STRALBERG, K. ETIENNE, AND M. MCCAUSTLAND.
2008. Landscape influences on the quality of heron and egret col-
ony sites. Wetlands 28:257-275.

KRAUSE, J. 1994. Differential fitness returns in relation to spatial
position in groups. Biological Reviews of the Cambridge Philo-
sophical Society 69:187-206.

KuUsHLAN, J. A. 1981. Resource use strategies of wading birds. Wil-
son Bulletin 93:145-163.

KusHLAN, J. A., AND J. A. HANCOCK. 2005. The herons: Ardeidae.
Oxford University Press, New York.

LAck, D. 1954. The natural regulation of animal numbers. Oxford
University Press, Oxford, England.

MADDOCK, M., AND G. S. BAXTER. 1991. Breeding success of egrets
related to rainfall: a six-year Australian study. Colonial Water-
birds 14:133—139.

MARTIN, T. E. 1992. Interaction of nest predation and food limitation
in reproductive strategies. Current Ornithology 9:163—197.

GREAT EGRET NEST ATTENDANCE 99

McCRrRIMMON, D. A. Jr., J. C. OGDEN, AND G. T. BANCROFT. 2001.
Great Egret (Ardea alba), no 570. In A. Poole and G. F. Gill
[EDs.], The birds of North America. Birds of North America,
Inc., Philadelphia.

MILSTEIN, P. E., . PRESTT, AND A. A. BELL. 1970. The breeding cycle
of the Grey Heron. Ardea 58:171-257.

Mock, D. W., T. C. LAMEY, AND B. J. PLOGER. 1987. Proximate and
ultimate roles of food amount in regulating egret sibling aggres-
sion. Ecology 68:1760—1772.

NisBET, I. C. T., J. M. WINCHELL, AND A. E. HEISE. 1984. Influence of
age on the breeding biology of Common Terns. Colonial Water-
birds 7:117-126.

NortoN, E. C., H. WANG, AND C. Al 2004. Computing interac-
tion effects and standard errors in logit and probit models. Stata
Journal 4:154-167.

PERRINS, C. M. 1970. The timing of birds’ breeding seasons. Ibis
112:242-255.

PicmaN, J., M. LEONARD, AND A. HORN. 1988. Antipredation role
of clumped nesting by marsh-nesting Red-winged Blackbirds.
Behavioral Ecology and Sociobiology 22:9—15.

PicmaN, J., S. PRIBIL, AND A. ISABELLE. 2002. Antipredation value of
colonial nesting in Yellow-headed Blackbirds. Auk 119:461-472.

PraTT, H. M. 1970. Breeding biology of Great Blue Herons and
Common Egrets in central California. Condor 72:407—-416.

PRATT, H. M., AND D. W. WINKLER. 1985. Clutch size, timing of
laying, and reproductive success in a colony of Great Blue Her-
ons and Great Egrets. Auk 102:49-63.

RamHANI, N. J., AND A. R. RIDLEY. 2007. Variable fledging age
according to group size: trade-offs in a cooperatively breeding
bird. Biology Letters 3:624—627.

REGEHR, H. M., AND W. A. MONTEVECCHI. 1997. Interactive effects
of food shortage and predation on breeding failure of Black-
legged Kittiwakes: indirect effects of fisheries activities and
implications for indicator species. Marine Ecology Progress
Series 155:249-260.

SCHAUER, J. H., AND E. C. MURPHY. 1996. Predation on eggs and
nestlings of Common Murres (Uria aalge) at Bluff, Alaska.
Colonial Waterbirds 19:186—-198.

SCHINDLER, D. W. 1997. Widespread effects of climatic warming
on freshwater ecosystems in North America. Hydrological Pro-
cesses 11:1043-1067.

SMITH, R. J., AND F. R. MOORE. 2005. Arrival timing and seasonal
reproductive performance in a long-distance migratory landbird.
Behavioral Ecology and Sociobiology 57:231-239.

SULLIVAN, J. P. 1988. Effects of provisioning rates and number
fledged on nestling aggression in Great Blue Herons. Colonial
Waterbirds 11:220-226.

THoMPSON, S. C., AND D. G. RAVELING. 1987. Incubation behavior
of Emperor Geese compared with other geese: interactions of
predation, body size, and energetics. Auk 104:707-716.

VARPE, O., T. TVERAA, AND L. FOLSTAD. 2004. State-dependent paren-
tal care in the Antarctic Petrel: responses to manipulated chick
age during early chick rearing. Oikos 106:479—488.

VoIsIN, C. 1991. The herons of Europe. Poyser, London.

WHITTAM, R. M., AND M. L. LEONARD. 2000. Characteristics of
predators and offspring influence nest defense by Arctic and
Common Terns. Condor 102:301-306.

WiLLIAMS, R. 2006. Generalized ordered logit/partial proportional odds
models for ordinal dependent variables. Stata Journal 6:58—82.

WItT, J. W. 2006. Great Blue Heron productivity at Mason Neck National
Wildlife Refuge in northern Virginia, and the potential impacts of
weather during a 13-year interval. Waterbirds 29:345-349.

WITTENBERGER, J. F., AND G. L. HUNT. 1985. The adaptive signifi-
cance of coloniality in birds. Studies in Avian Biology 8:1-79.



