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J���� B. G����,1,4 T�	��� F. F	���

,2 D���� A. M�

��,3,5 ��� 
R. M����
 A���	��2

1U.S. Geological Survey, Alabama Cooperative Fish and Wildlife Research Unit, 108 White Smith Hall, 
Auburn University, Auburn, Alabama 36849, USA;

2U.S. Geological Survey, Alaska Science Center, 1011 East Tudor Road, Anchorage, Alaska 99503, USA; and
3Alabama Cooperative Fish and Wildlife Research Unit, 108 White Smith Hall, Auburn University, Auburn, 

Alabama 36849, USA

A������.—The Dusky Canada Goose (Branta canadensis occidentalis) population 
that breeds in the Copper River Delta, Alaska, has declined substantially since 
the late 1970s. Persistent low numbers have been a� ributed to low productivity 
in recent years. We examined pa� erns in survival rates of 1,852 nests to be� er 
understand ecological processes that infl uenced productivity during 1997–2000. 
We compared 10 nonparametric models of daily survival rate of nests (DSR) that 
included variation among years, calendar dates, nest initiation dates, and nest ages 
with equivalent models based on parametric functions. The unequivocal best model 
included pa� erns of DSR that varied among discrete periods of years, calendar 
dates, and nest ages. Generally, DSR was low early in the nesting season and higher 
midseason. Across years, pa� erns in DSR were most variable early and late in the 
nesting season. Daily survival rates of nests declined between the fi rst and second 
week a� er initiation, increased until the fourth week, and then declined during 
the last week before hatch. Nest survival probability estimates ranged from 0.07 
to 0.71 across years and nest initiation dates. Mean rates of nest survival ranged 
between 0.21 and 0.31 each year. We suggest (1) considering models that do not limit 
estimates of daily nest survival to parametric forms; (2) placing greater emphasis on 
sample size when nests are rare, to obtain accurate estimates of nest survival; and 
(3) developing new techniques to estimate the number of nests initiated. Received 7 
July 2004, accepted 2 July 2005.

Key words: Alaska, Branta canadensis occidentalis, Copper River Delta, discrete-
time models, Dusky Canada Goose, Horvitz-Thompson estimator, nest success, nest 
survival, nonparametric models.

Supervivencia de los Nidos en Branta canadensis occidentalis: Uso de Modelos 
de Tiempo Discreto

R������.—Las poblaciones del ganso Branta canadensis occidentalis que crían en el 
delta del Río Copper, Alaska, han declinado substancialmente desde el fi nal de los 70s. 
Estos números persistentemente bajos han sido atribuidos a una baja productividad 
en los últimos años. Examinamos los patrones en las tasas de supervivencia de 
1,852 nidos para comprender mejor los procesos ecológicos que infl uenciaron la 
productividad entre 1997 y 2000. Comparamos 10 modelos no paramétricos de tasas 
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T�� C	���� R���� D�
�� (CRD) in south-
central Alaska contains the largest known concen-
tration of breeding Dusky Canada Geese (Branta 
canadensis occidentalis; herea� er “duskies”). This 
population has declined steadily since the 1970s 
as a result of low recruitment, despite successful 
eff orts to improve overwinter survival (Bromley 
and Rothe 2003). Apparent nest success (the por-
tion of discovered nests that hatch at least one 
egg) for duskies on the CRD was estimated at 
87% in 1959 (Hansen 1961) but had fallen to 43% 
in the early 1980s (Campbell 1990), and more 
recent estimates suggest that apparent success 
was <10% (Campbell and Rothe 1990). Current 
estimates of the infl uence of environmental and 
demographic factors on productivity are criti-
cal for determining why the population has not 
recovered. Thus, unbiased estimates of nest sur-
vival (the portion of all nests that hatch at least 
one egg) and a clear understanding of pa� erns in 
daily survival rate (DSR) of nests are of increas-
ing importance in determining management 
options for reversing this population decline.

Dusky nest survival varies in complex pat-
terns related to date and nest abundance as a 
result of the predator–prey dynamics in the 
area (Miller et al. 2006). The CRD was upli� ed 
~1.9 m during a 1964 earthquake, which resulted 
in immediate changes in hydrology and long-
term changes in vegetative structure (Campbell 
1990). Related changes in the predator commu-
nity are correlated with the decrease in dusky 
recruitment. Bald Eagles (Haliaeetus leucocepha-
lus; herea� er “eagles”) and brown bears (Ursus 
arctos) are the two most frequent predators on 

dusky nests (Anthony et al. 2004). Survival of 
dusky nests appears to vary with abundance of 
eagles and eulachon (Thaleichthys pacifi cus; Miller 
et al. 2006), a small anadramous fi sh that is an 
important prey species for eagles (Marston et al. 
2002). Brown bears frequent nesting areas used 
by duskies beginning in late May (J. B. Grand 
et al. unpubl. data). Further complexity results 
from the variation in abundance of dusky nests 
from late April through early July (see below).

Because these pa� erns result in complex 
temporal variation in dusky nest survival, it is 
unlikely that they can be modeled accurately on 
the basis of relationships with continuous para-
metric forms (e.g. linear), which require a priori 
decisions regarding the functional form of the 
variation in DSR. Here, we present a comprehen-
sive analysis of nest survival for duskies using 
DSR models based on discrete-time covariates, 
which represent groupings of nests with similar 
characteristics such as date, age, and nest initia-
tion period. We also compare the effi  cacy of dis-
crete-time models with that of models based on 
linear and quadratic functions of time. Further, 
we use these results to estimate annual (popula-
tion) nest survival and confi dence intervals for 
the population of duskies nesting on our study 
area in the western CRD during 1997–2000.

M���	��

F��
� M���	��

We located nests by searching a 13-km2 
area on the western CRD. The area has been 

de supervivencia diaria de nidos (TSD) que incluyeron variación entre años, fechas 
de calendario, fechas de iniciación de los nidos y edad de los nidos con modelos 
equivalentes basados en funciones paramétricas. El mejor modelo incluyó patrones de 
la TSD que variaron entre períodos discretos de años, fechas de calendario y edad de 
los nidos. De modo general, la TSD fue baja al principio de la estación de cría y mayor 
en el medio de la estación. Entre años, los patrones de la TSD fueron más variables 
al principio y al fi nal de la estación de cría. Las tasas de supervivencia de los nidos 
disminuyeron entre la primera y la segunda semana posterior al inicio de los nidos, 
incrementaron hasta la cuarta semana y luego disminuyeron durante la última semana 
antes de la eclosión. Las estimaciones de la probabilidad de supervivencia de los nidos 
variaron entre 0.07 y 0.71 entre los años y las fechas de inicio de los nidos. Las tasas 
medias de supervivencia de los nidos variaron entre 0.21 y 0.31 cada año. Sugerimos 
(1) considerar modelos que no limiten las estimaciones de supervivencia diaria de los 
nidos a formas paramétricas; (2) poner mayor énfasis al tamaño de muestreo cuando 
los nidos son raros, para obtener estimaciones exactas de la supervivencia de los 
nidos; y (3) desarrollar nuevas técnicas para estimar el número de nidos iniciados.
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described previously (Boggs 2000). The study 
area was searched thoroughly twice each year, 
1997–2000, and each search took approximately 
three weeks to complete. Nests found inciden-
tally during other activities were also included 
in analyses. We estimated the age of embryos 
by candling eggs (Weller 1956), and we num-
bered each egg to determine viability and to 
detect partial predation. To facilitate relocation, 
we mapped nests on aerial photographs and 
recorded Universal Transverse Mercator (UTM) 
coordinates using global positioning system 
(GPS) receivers. We revisited nests at 10-day 
intervals until termination. During each visit, 
we recorded presence or absence of the female, 
condition and number of eggs, and stage of 
incubation. As hatching dates approached, 
nests were o� en visited more frequently to 
mark females and young and to be� er assess 
the fate of eggs. Nests were considered to have 
survived if at least one egg was being incubated 
or at least one egg hatched by the end of an 
observation interval.

Nest initiation dates were calculated for nests 
found during laying by subtracting 1.5 days 
per egg laid (Bromley and Jarvis 1993) from 
the date the nest was found. For nests found 
during incubation, we also subtracted the age 
of embryos. We assumed an incubation period 
of 26 days and an average nest age at hatch of 
35 days (J. B. Grand et al. unpubl. data). Nests 
found a� er abandonment or predation and 
those with all dead or infertile eggs were not 
included in any calculations. In estimating nest 
survival, nests that were abandoned as a result 
of our activity (i.e. nests abandoned with no 
sign of disturbance by a predator) were right-
censored on the date of the previous visit.

M	��
��� N��� S������


Initially, we cast 10 models (Table 1) that 
incorporated annual and intra-annual variation 
in nest survival during discrete periods on the 
basis of the following criteria. All of our models 
included diff erences in DSR among years. Our 
assumption was that nest survival varied among 
years and our ability to discriminate among 
those diff erences was limited only by sample 
size. Some models included the eff ect of nest age 
to account for hypothesized variation in female 
behavior across stages of incubation and hetero-
geneity in female and nest-site quality. However, 

we assumed that the eff ect of nest age would 
be consistent among years and calendar dates 
or initiation dates; thus, where age eff ects were 
included, they were always additive sources of 
variation (e.g. DSR

y a
). The most important com-

parisons were among models where DSR varied 
with nest initiation date or calendar date (time). 
We hypothesized that diff erences in DSR related 

T��
� 1. Discrete-time models used to examine 
the annual and intra-annual sources of 
variation in daily survival rates (DSR) of 
Dusky Canada Goose nests, western Copper 
River Delta, Alaska, 1997–2000. Analogous 
models using continuous eff ects of date, age, 
and initiation dates and quadratic terms were 
also examined, but are not shown here.

Model Description

DSR
y
 DSR varies among years but is

 constant within years. 
DSR

y d
 DSR varies among years and 

 calendar dates. Pa� erns among 
 calendar dates are consistent 
 across years. 
DSR

y i
 DSR varies among years and 

 initiation dates. Pa� erns among 
 initiation dates are consistent 
 across years. 
DSR

y*d
  DSR varies among calendar dates. 

 Pa� erns among calendar dates 
 vary across years. 
DSR

y*i
 DSR varies among initiation dates. 

 Pa� erns among initiation dates 
 vary across years. 
DSR

y a 
DSR varies among years and nest 

 ages. Pa� erns among nest ages are 
 consistent across years. 
DSR

y d a 
DSR varies among years and 

 calendar dates and nest ages. 
 Pa� erns are consistent across years.
DSR

y i a
 DSR varies among years, initiation 

 dates, and nest ages. Pa� erns are 
 consistent across years.
DSR

y*d a
 DSR varies among calendar dates 

 and nest ages. Pa� erns among 
 calendar dates vary across years.
DSR

y*i a
 DSR varies among initiation dates 

 and nest ages. Pa� erns among 
 initiation dates vary across years.

Abbreviations: y = year, d = 10-day date periods, i = 10-day 

nest initiation periods, and a = 7-day age classes. Asterisk 

(*)  indicates eff ect interactions; otherwise, eff ects are additive.

D
ow

nloaded from
 https://academ

ic.oup.com
/auk/article/123/1/198/5562531 by guest on 17 April 2024



Nest Survival in Dusky Canada GeeseJanuary 2006] 201

to nest initiation date were related to condition 
and experience of nesting females. Furthermore, 
these pa� erns might be similar among years, as 
in a model with an additive eff ect of year and 
inititation date (DSR

y i
), or they might vary as in 

a model containing the interaction between year 
and initiation date (DSR

y*i
). Similarly, we also 

included models of DSR that varied by calendar 
date, with pa� erns that were similar (DSR

y d
) or 

variable (DSR
y*d

) among years, to incorporate 
hypothesized variation in predator distribution 
and abundance.

For discrete-time models, we used 10-day 
intervals for both calendar date and initiation 
date and 7-day intervals for nest age. We used 
shorter intervals for age categories because our 
sample contained a relatively even distribution 
of nest exposure days across nest ages. We pooled 
data in the fi rst two and last two calendar-date 
intervals and the last three initiation date inter-
vals each year, because they included <10 nests. 
This resulted in six calendar-date intervals, four 
initiation-date intervals, and fi ve nest-age inter-
vals. Data were standardized across all years by 
Julian date, and the fi rst interval began with the 
earliest observed nest exposure date (27 April) 
and initiation date (24 April). We then cast 
continuous-time models equivalent to our dis-
crete-time models, replacing the discrete-time 
covariates of date, initiation date, and nest age 
with linear and quadratic functions of the three 
covariates (Table 1). Our global model included 
the interaction between year and date intervals 
and an additive eff ect of nest age. Because of the 
lack of a widely accepted method (Dinsmore et 
al. 2002), we were unable to assess the fi t of our 
global model.

We examined variation in DSR and estimated 
nest survival using the maximum-likelihood 
(ML) estimators in MARK (White and Burnham 
1999). Thus, we were able to construct models 
with DSR estimates that diff ered among inter-
vals. We used a logit link to constrain estimates 
between zero and one, and we used Akaike’s 
Information Criterion (corrected for small sam-
ple sizes, AIC

c
) to select among our set of candi-

date models (Burnham and Anderson 1998). 
Output in MARK allowed us to examine the 

eff ects of each parameter in our best model via 
the coeffi  cients in the logit equation (βs) and 
their standard errors. Although this was a use-
ful method for obtaining estimates of parameters 
of interest, variances were estimable only by 

approximation through the delta method or 
bootstrap simulation. We used bootstrap resam-
pling of the encounter history data (500 samples 
with replacement up to the original sample size 
for each of the four years; Efron and Tibshirani 
1994). Because MARK does not provide a con-
venient method for running large numbers of 
analyses using diff erent data sets, we analyzed 
bootstrap samples in MATLAB, release 13 
(Mathworks, Natick, Massachuse� s), and used 
a quasi-Newton optimization routine to obtain 
ML estimates based on the same estimator used 
in MARK (Dinsmore et al. 2002). 

We calculated the estimates of DSR for each 
combination of age, date, and year in the study 
period. When estimating nest survival during 
periods prior to the discovery of nests, we used 
DSR on the fi rst day of monitoring. Thus, nest 
survival for the period was estimated as

where DSR
i
 is the DSR of a nest of age i on the 

fi rst day of nest observation and j is the number 
of days from nest initiation to discovery of the 
fi rst nest.

N��� I�������	� ��� S������


Our observed daily nest initiation frequen-
cies were biased low, because we only used 
active nests (i.e. nests found during laying or 
incubation). Nests located that were destroyed 
or abandoned before we found them were 
not included in these analyses, because we 
could not estimate their age or initiation date. 
Therefore, we estimated the number of nests 
initiated on each day of the nesting season using 
DSR estimated by our nest survival model and 
the Horvitz-Thompson estimator described by 
Dinsmore et al. (2002). This estimator assumed 
that if nests were not destroyed they were 
eventually found prior to hatching. If we also 
assumed that all surviving nests initiated on the 
same day had similar probability of discovery, 
then the inverse of the probability of survival 
until discovery for a given nest estimated the 
number of nests in the population represented 
by that nest. Thus, we summed the inverse of 
the probability of survival until discovery for 
all nests initiated on each day to produce an 
expected nest initiation distribution. 
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We also calculated nest survival for nests 
initiated on each day using our estimates of 
DSR and a 35-day expected nest life from the 
day the fi rst egg was laid until hatch (1.5 eggs 
day–1 * 6 eggs + 26 days of incubation). We then 
used the estimated nest initiation frequencies in 
a weighted average of nest survival probabili-
ties to calculate mean annual nest survival for 
the population (Horvitz and Thompson 1952). 
We produced these estimates for the original 
data set and each of the 500 bootstrap samples, 
and used the 0.025 and 0.975 quantiles of the 
bootstrapped estimates to approximate 95% 
confi dence limits (CL) on the number of nests 
initiated each day, total nests initiated, and total 
nest survival each year.

R���
��

Among all the models we examined, the best 
model of DSR was unequivocally DSR

y*d a
 (w

i
 = 

0.98; Table 2). This discrete-time model included 
diff erent intra-annual pa� erns in DSR each year 
across calendar dates and a consistent pa� ern of 
DSR variation with respect to nest ages based on 
discrete periods. Models that included variation 
among discrete periods of nest initiation per-
formed poorly (∑w

i
 < 0.01) in comparison with 

models based on discrete date periods (∑w
i
 > 

0.99). Similarly, the model with constant DSR 
within years (DSR

y
) was virtually unsupported 

by our data. Despite their parsimony, models 
based on linear functions of date, initiation 
date, and age also were not supported by our 
data (∑w

i
 < 0.01).

D��
� S������
 R��� E��������

Because it was clearly the best model sup-
ported by our data, we examined variability 
in DSR estimates based only on the model 
DSR

y*d a
. We found some similarity in pa� erns 

of DSR by calendar date among years. Daily 
survival rate of nests was low early in the nesting 
season (before 16 May) and higher midseason (16 
May–27 June; Fig. 1). Late-season (a� er 27 June) 
pa� erns were most dissimilar, and DSR declined 
a� er 27 June in 1998 and 2000 and increased dur-
ing the same period in 1997 and 1999. In 1999, 
DSR started highest of all years and was rela-
tively consistent throughout the nesting season. 
Overall, variability in DSR was greatest early and 
late in the nesting season each year.

Our candidate model set did not include 
interactions between age and date or age and 
year; therefore, pa� erns of DSR across age 
classes were constrained to be similar among 
dates and among years. Across nest ages, DSR 

T��
� 2. Selection of the best daily survival rate (DSR) model for Dusky 
Canada Goose nests on the western Copper River Delta, Alaska, 1997–
2000, was based on Akaike’s Information Criterion corrected for small 
sample sizes (AIC

c
). The top nine models are presented here, along with 

the model of constant DSR within years. Eff ective sample size = 1,793.

   AIC
c
   Model

Model AIC
c
 ∆AIC

c
 a weight b k c deviance

DSRy*d a 
1,817.53 0.00 0.98 28 1,760.61

DSRy*d 
1,825.62 8.10 0.02 24 1,776.95

DSRy d a 
1,836.53 19.00 0.00 13 1,810.33

DSRy d 
1,857.07 39.54 0.00 9 1,838.97

DSRy I I
2

 A 
1,910.08 92.55 0.00 7 1,896.02

DSRy I I
2

 A A
2

 
1,911.10 93.57 0.00 8 1,895.02

DSRy i a 
1,911.12 93.59 0.00 11 1,888.97

DSRy*(I I
2

) A 
1,912.77 95.24 0.00 13 1,886.57

DSRy*(I I
2

) A A
2

 
1,913.85 96.33 0.00 14 1,885.62

DSRy 
2,088.48 270.95 0.00 4 2,080.46

Abbreviations:  y = year, d = 10-day date periods, i = 10-day nest initiation periods, a = 7-day 

age classes, A= age (continuous), and I = initiation date (continuous). Asterisk (*) indicates 

eff ect interactions; otherwise, eff ects are additive.
a  ∆AIC

c
 = (AIC

c i
  – minimum [AIC

c   
]).

b w
i
 = exp (–1/2∆AIC

c
)/ sum (exp [–1/2∆AIC

c
]).

c  k = Number of estimated parameters.
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declined from the fi rst week (laying, ages 1–7 
days) to the second (late laying and early incu-
bation, ages 8–14 days), increased until the 
fourth week (approximately the third week of 
incubation, ages 15–21 days and 22–28 days), 
and declined during the last week before hatch 
(ages 29–35 days; Fig. 2). Daily survival rate of 
nests was lowest during late laying and early 
incubation and highest during the third week 
of incubation, and this pa� ern was increasingly 
a� enuated as DSR increased.

N��� S������


Many (25–45%) of the nests we located each 
year were inactive (destroyed or abandoned) 
when found (Table 3). This portion was smallest 
in 1997 and greatest in 1998, but more inactive 
nests were found on early dates in 1997, whereas 
their discovery was more evenly distributed in 
other years. Although the general shape of the 
observed nest initiation curves based on nests 
found active were similar to the initiation 
curves estimated using the Horvitz-Thompson 
method, the estimated curves suggested sub-
stantially greater numbers of nests initiated on 
most days (Fig. 3). Additionally, the estimated 
number of nests initiated each year was similar 
to the numbers of nests we found in 1998 and 
1999, but substantially higher than the numbers 
found in 1997 and 2000 (Table 3). 

We estimated nest survival using only the 
model DSR

y*d a
 because we found such strong 

support for it (i.e. low uncertainty in model 
selection; Table 2). Nest survival for each initia-
tion date was estimated by the product of DSR 
from the date of nest initiation until the eggs 
hatched 35 days later; therefore, pa� erns of 
DSR by date were exaggerated (Fig. 4; compare 
with Figs. 1 and 2). Thus, because DSR was low 
at early dates, survival was lowest for the fi rst 
nests initiated in all four years. Additionally, 
in 1997, 1999, and 2000, nest survival increased 
through midseason, peaked just a� er mid-May, 
and then declined for the remainder of the nest-
ing season. Survival in 1999 was distinct in that 
it steadily increased throughout the nesting 
season but never reached the 0.50–0.70 survival 
of nests initiated midseason in the other three 
years. Nest survival varied from 0.21 in 1997 
(95% CL: 0.13–0.29) to 0.31 in 1998 (95% CL: 
0.21–0.42), 0.29 in 1999 (95% CL: 0.15–0.39), and 
0.24 in 2000 (95% CL: 0.13–0.38).

F��. 1. Patterns in daily survival rates (DSR) 
for each age group of Dusky Canada Goose 
nests by date each year, 1997–2000, on the west-
ern Copper River Delta, Alaska. Daily survival 
rates were lowest early and late in the nesting 
season, and patterns across nest ages were 
similar.
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D������	�

M	��
��� N��� S������


We made several assumptions in the a priori 
model-building process that were necessary 
for casting models that made biological sense 

and were parsimonious. We argue that many 
of these considerations apply widely to stud-
ies of avian nest survival. Temporal structure 
has been incorporated into ML estimators of 
DSR by assuming that survival is a continu-
ous, logit-linear function of time (Dinsmore 
et al. 2002) and that these lower-order linear 

T��
� 3. Numbers of Dusky Canada Goose nests found active and inactive 
and total nests found on the western Copper River Delta, Alaska, 1997–
2000. We also include the expected number of nests, estimated using the 
Horvitz-Thompson method. 

    Estimated 95%
 

Nests found (n)
  nests initiated confi dence

Year Active Inactive Total (n)  limits

1997 306 104 410 769 578–1,104
1998 280 233 513 510 404–691
1999 295 128 423 490 387–896
2000 304 202 506 782 528–1,382
Total 1,185 667 1,852

F��. 2. Daily survival rate (DSR) by nest age for each date period of Dusky Canada Goose nests 
on the western Copper River Delta, Alaska, 1997–2000. Daily survival rates were lowest during 
late laying and early incubation, but increased through the second and third weeks of incubation, 
before decreasing slightly during the final week of incubation. Patterns across dates were similar 
but increasingly attenuated as DSR increased.
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functions off er a parsimonious approach to 
modeling temporal structure. However, we 
felt that an a priori assumption of a continuous 
linear pa� ern in DSR was unjustifi ed because of 
observed variation in the behavior of females 
and in the behavior and abundance of predators 
and alternative prey that were neither linear 
nor continuous (Miller et al. 2006). Further, the 
choice of a parametric logit-linear or other type 
of model requires strong assumptions regard-
ing the factors infl uencing DSR. Thus, we chose 
to estimate nest survival for discrete intervals of 
age and time as Kle�  and Johnson (1982) did. 
Although assignment of lengths and placement 
of intervals for the estimation of DSR were arbi-
trary, we felt that the relaxation of assumptions 
about the pa� ern of variation justifi ed this non-
parametric approach.

We also made several other assertions dur-
ing model-building that, we suggest, apply to 
many other species of birds. First, we estimated 
diff erent DSR each year because it is impor-
tant to understand how observed pa� erns of 
intra-annual variation infl uence interannual 

F��. 4. Estimated survival rate of Dusky 
Canada Goose nests on the western Copper 
River Delta, Alaska, increased rapidly through 
the third week of May in 1997, 1998, and 2000, 
reaching levels well above 50%. Survival in 
1999 increased throughout the nesting period, 
but never reached 50%. Estimates of survival 
are based on daily survival rates depicted in 
Figures 1 and 2, and 35-day nest age at hatch.

F��. 3. Number of nest initiations each day from actual nests found and expected number estimated 
using the Horvitz-Thompson method for Dusky Canada Geese on the western Copper River Delta, 
Alaska, 1997–2000. Dotted lines indicate 95% bootstrapped confidence limits for the expected number 
of nests initiated each day. In concordance with Figure 2, the largest discrepancies between the observed 
and expected nest initiation plots occurred during the early nesting season when DSR was low.
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variability in nest survival. Nest survival is 
likely to vary among years, and if models with-
out year eff ects are selected on the basis of any 
criteria, it is likely the result of our inability 
to estimate DSR precisely (Johnson 1999). In 
addition, estimating annual variation in nest 
survival is important in understanding popu-
lation dynamics. Second, we assumed that the 
infl uence of nest age would be consistent across 
years and dates, because it is refl ective of risk 
related to variation in dusky behavior through 
the nesting period and heterogeneity in female 
and nest-site quality within the population 
(Johnson 1979), not variation in extrinsic fac-
tors infl uencing nest survival, such as weather, 
predator distribution, or predator behavior. 
Third, we believed that models of DSR that 
varied among dates, which refl ected when nest 
loss occurred, would fi t be� er than models 
that estimated variation in DSR among nesting 
cohorts (i.e. nest initiation dates). We make this 
assertion because many of the causes of nest 
failure (e.g. weather, changes in predator distri-
bution) vary independently of the structure of 
the nesting population. However, in many spe-
cies of waterfowl, nest initiation date is related 
to age and experience, and could more directly 
capture the eff ects of female age structure and 
heterogeneity (Finney and Cook 1978). 

It should be noted that even though pa� erns 
in DSR are best described by calendar date and 
nest age, nest initiation date and age provide 
equivalent information about individual nests. 
Perhaps more signifi cantly, we suggest that DSR 
frequently varies over the various periods (year, 
age, calendar date, initiation date) as a result 
of abrupt or complex pa� erns in the risk of 
nest loss, which also may apply to many other 
bird populations. Thus, it is diffi  cult at best to 
adequately model the variability observed in 
large data sets using relatively simple para-
metric forms. Ideally, these pa� erns of varia-
tion should form the basis for nonparametric 
models of DSR.

P������� 	� V������	� �� D��
� S������
 R��� 
��	�� N��� A���

The pa� erns we observed in DSR across nest 
ages likely result from abrupt changes in dusky 
behavior, and from heterogeneity as a result of 
nest-site selection. Although diff erential nest 
vulnerability would lead to a steady increase in 

DSR across nest ages (Natarajan and McCulloch 
1999), we observed a decrease in DSR from the 
fi rst to the second week of incubation that cor-
responded to a shi�  in behavior among nest-
ing females that occurred near the transition 
between those periods. During late laying (days 
6–8, eggs 4–5), female duskies add structure to 
the nest and begin to line the nest with down 
(Cooper 1978). In addition, at this time females 
begin incubation bouts that increase rapidly in 
duration until laying is completed and nearly 
constant incubation begins. This abrupt change 
in behavior and corresponding change in DSR 
likely applies to many ground-nesting birds 
with precocial young and is not gradual in 
nature; thus, a linear model should not fi t the 
pa� ern well.

As would be expected from individual 
heterogeneity (Zens and Peart 2003), DSR 
increased from late laying through mid- and 
late incubation. This pa� ern of increasing nest 
survival with nest age has been observed in sev-
eral other waterfowl studies (Kle�  and Johnson 
1982, Grand 1995, Garre� son and Rohwer 2001) 
and may well apply to most species of birds as 
the result of diff erential vulnerability to preda-
tion. Nests that are located in particularly obvi-
ous (vulnerable) sites are quickly eliminated 
from the population by predators, so that as age 
increases, only nests that have a high probability 
of surviving remain. Additionally, risk-taking 
by females may increase with nest age. Forbes 
et al. (1994) found that the distance at which 
females fl ush from nests when approached by 
an observer decreased as nest age increased in 
a number of duck species, which likely reduces 
detection rates by some terrestrial predators. 

However, as our data illustrate (Fig. 2), the 
increasing DSR expected to result from indi-
vidual heterogeneity cannot completely explain 
pa� erns in DSR across the entire life of the nest. 
Daily survival rate of dusky nests decreased 
during the last week of incubation. Bromley 
(1984) observed an increase in frequency and 
duration of nest breaks taken by duskies dur-
ing the fi nal 10 days of incubation, which was 
related to a loss of lipid and protein (i.e. energy) 
stores during incubation (Bromley and Jarvis 
1993). Bromley (1984) also observed that the rate 
of weight loss slowed sharply during the fi nal 
week of incubation; and, in light of observed 
decreases in nest a� entiveness during the same 
period, he suggested that females had reached a 
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nutritional threshold (Bromley and Jarvis 1993). 
Furthermore, increased activity and vocaliza-
tion by duskies near the nest during the fi nal 
stages of incubation may provide visual and 
auditory clues to predators. These types of 
behavioral changes undoubtedly infl uence DSR 
of nests, are common among waterfowl, and 
likely are common to other birds that rely heav-
ily on endogenous reserves during incubation.

Although higher-order polynomial models 
could be used to precisely describe complex 
pa� erns of DSR as a continuous function of nest 
age, the estimated coeffi  cients of quadratic and 
higher-order functions are largely uninterpre-
table from a biological perspective. We suggest 
that, if parametric models are used to estimate 
nest survival, researchers seek models that esti-
mate biologically meaningful parameters. Still, 
it may not be possible to incorporate the eff ects 
of abrupt changes in nest survival, such as the 
transition from incubation to nestling stages 
in passerine birds (Mayfi eld 1961 and many 
others) without the use of classifi cation into 
discrete periods or states.

P������� 	� D��
� S������
 R��� ��	�� D����

The pa� ern of variation in DSR across 
dates likely was related to changes in preda-
tor behavior and abundance. Eagles were the 
primary predator on dusky nests (Anthony et 
al. 2004, Miller et al. 2006), and we observed 
marked changes in eagle abundance on the 
study area through the nesting season. In most 
years, eagles were abundant early in the nesting 
season, when we observed them hunting over 
suitable nesting areas. This behavior continued, 
and eagle abundance increased until late May, 
when we observed them feeding in high den-
sities along sandbars on spawning eulachon. 
These phenomena likely explained not only low 
DSR during the early nesting season in most 
years, but also the abrupt increase and relative 
stability of DSR during midseason, when prey-
switching by eagles apparently occurred.

Declines in DSR late in the nesting season 
in two of four years were probably the result 
of decreasing availability of spawning eula-
chon for eagles, and increases in brown bear 
predation on dusky nests. This pa� ern was 
diff erent in 1999; DSR was initially high but 
failed to increase until June and then declined 
again sharply. In that year, nesting chronology 

was delayed by ~10 days because of late snow-
melt. Additionally, when eagles arrived on 
the study area, alternative prey was not read-
ily available (Miller et al. 2006). Nonetheless, 
our data support abrupt changes in DSR as a 
result of changes in predator behavior. Similar 
relationships may also occur in systems where 
prey availability fl uctuates either rapidly or in 
discontinuous pa� erns that result from prey 
or predator movements or prey-switching by 
predators.

P������� �� N��� S������


Our estimates of nest survival are intermedi-
ate in relation to historical estimates of apparent 
success for duskies. Apparent success typically 
overestimates the proportion of all nests that 
hatch, and as nest survival decreases, that bias 
typically increases (Mayfi eld 1961). Thus, the 
1959 estimate of 87% (Hansen 1961) was likely 
relatively unbiased, whereas the estimate of 
10% success in the late 1980s (Campbell and 
Rothe 1990) was likely a large overestimate. 
Nest survival during the early 1980s, when 
apparent success was 43%, likely was similar to 
the 21–31% nest survival we observed in 1997–
2000. These results suggest that gosling produc-
tion may have increased since the late 1980s but 
remains at less than half of that observed before 
the 1964 earthquake.

Despite the evidence that DSR models based 
on calendar date fi t much be� er than models 
based on nest initiation date (Table 2), it is 
important to understand the variation in nest 
survival as it relates to the timing of nest initia-
tion, because of the implications for dusky pop-
ulation biology. The low survival rate of nests 
initiated before mid-May each year represents a 
departure from the fi ndings of others who have 
investigated the advantages of early nesting in 
waterfowl (Flint and Grand 1996, Grand and 
Flint 1997; but see Grand 1995, Garre� son and 
Rohwer 2001). This pa� ern is likely the result 
of the complex interaction of dusky (prey) and 
eagle (predator) behavior. Eagle populations 
in the region have increased substantially in 
recent decades (Bowman et al. 1997, Jacobson 
and Hodges 1999). Further, early in the nesting 
season, the onset of incubation, which makes 
nests more detectable by predators, coincides 
with increases in the number of eagles present 
on the CRD. The result is that nest survival for 
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females initiating nests in late April and early 
May was less than half that for females initi-
ating in mid-May in three of four years. This 
diff erential in nest survival would appear to be 
strong selective pressure for females that nest 
later. However, duskies experience a relatively 
long nest initiation period (53 days) compared 
with most geese nesting at similar latitude 
(Mickelson 1975, Bruggink et al. 1994, Lindberg 
et al. 1997), and duskies are known to renest 
(Fondell et al. 2006). Furthermore, in most 
years, nests initiated late in the season have a 
high probability of survival. Thus, in terms of 
female success, the combination of a long nest-
ing period, ability to renest, and high survival 
rates for late nests likely off sets the low survival 
rates of nests initiated early in the year. 

Although estimates of annual nest survival 
varied from 21% to 31% during the years of 
our study, there was considerable overlap in 
confi dence limits each year. Furthermore, esti-
mates of nest survival in 1997 and 2000 were 
likely biased low, and thus very similar to nest 
survival rates in 1998 and 1999. This assertion 
is further supported by large discrepancies 
among estimates of the number of nests initi-
ated and the number of nests found in 1997 and 
2000. These large discrepancies were likely due 
to inaccurate estimates of DSR in the early por-
tion of the nesting season, which were amplifi ed 
by the Horvitz-Thompson estimator. 

The Horvitz-Thompson approach to estimat-
ing the number of nests initiated each day is 
inversely related to the respective DSR esti-
mates. Thus, underestimation of DSR results in 
overestimation of nest numbers, and vice versa. 
When the number of nests under observation is 
small, as occurred each year early in the nesting 
season, DSR is very sensitive to the number of 
nest mortalities. Thus, underestimates are likely 
because of random events. In comparison with 
overestimates of DSR of similar magnitude, an 
underestimate of DSR has a much greater eff ect 
on the estimated number of nests. The result 
is that nest numbers are overestimated during 
periods when DSR is underestimated, which 
in turn has a large negative eff ect on estimated 
nest survival for the population because periods 
of low DSR are disproportionately weighted in 
those estimates. We also point out that the 
Horvitz-Thompson method estimates the popu-
lation of nests that would have been discovered 
had they survived. Thus, the assumption is 

that all surviving nests are discovered eventu-
ally, and the method should not be applied to 
studies where search eff ort is insuffi  cient to do 
so. Therefore, we suggest caution in the use of 
the Horvitz-Thompson method, and suggest 
that further research should be directed toward 
methods that are less sensitive to underestima-
tion of DSR, and study designs that directly 
estimate nest detection rates.
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