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Abstract. Recruitment is an important determinant of fitness and population growth
rates, but few studies have examined the effect of environmental stochasticity on this life
history trait. Furthermore, most studies have been unable to separate the influence of juvenile
survival and age-specific breeding proportions on recruitment. We used a recently developed
approach, based on capture–mark–recapture methods, in which local recruitment is analyzed
in a multistate model with an unobservable ‘‘nonbreeder’’ state. The data are drawn from
a long-term study of a long-lived, arctic-nesting bird, the Greater Snow Goose (Chen
caerulescens atlantica), and include marking and recaptures of female goslings and breeding
adult females of unknown age between 1990 and 2000. The model considers four parameters:
the probability that an individual aged i with no breeding experience starts breeding (ai),
juvenile and adult apparent survival (F), and capture probability of breeders (p). The
flexibility achieved allows us to assess the influence of environmental conditions encoun-
tered during early life and at breeding on juvenile survival and the probabilities of starting
to breed at a given age. Recruitment was a gradual process (probability of starting to breed
at age 2 yr 5 0.25 [95% CI, 0.12–0.45]; at age 3 yr 5 0.57 [0.20–0.87]) and was completed
by age 4 yr (i.e., all remaining immature females started to breed at that age). Juvenile
survival was higher in early-hatched than in late-hatched females. Juvenile survival varied
considerably among cohorts, but our environmental covariates could not explain these
differences. Probabilities of starting to breed were less variable, except in lemming crash
years, when they were considerably reduced. Snow cover at breeding or hatch date did not
affect probabilities of starting to breed. These results suggest that environmental conditions
can have an impact on life histories of birds in seasonal environments, but that variations
in juvenile survival probably account for most of the fluctuation in the proportion of birds
from a cohort that recruit into the breeding population. Use of multistate models to estimate
recruitment increases precision in parameter estimates with the addition of data from adults
of unknown age. However, we are still restricted by some assumptions, most notably the
absence of temporary emigration.

Key words: age-specific breeding probability; breeding propensity; capture–mark–recapture
models; Chen caerulescens atlantica; environmental stochasticity; Greater Snow Goose; local re-
cruitment; maturity; multistate models; population dynamics; reproduction; survival.

INTRODUCTION

Recruitment, defined as the establishment of new
individuals in the breeding segment of populations, is
an essential component of population dynamics. The
probability of recruitment into the population is a three-
stage process: survival from hatching to fledging (or
weaning in mammals), survival from fledging to age
of sexual maturity, and age of first breeding (age at
maturity). At the individual level, age at first breeding
may be an important determinant of fitness (Gadgil and
Bossert 1970), whereas at the population level it may
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have a major impact on population growth rates (Porter
and Coulson 1987, Gaillard et al. 1998). Delayed ac-
cession to reproduction is common in long-lived spe-
cies, often exceeding the age at which reproduction is
physiologically possible (Bell 1980).

Poor environmental conditions at birth or at breeding
may restrain or constrain early reproduction by reduc-
ing potential benefits of an early breeding attempt (Cu-
rio 1983, Cam et al. 1998). Although numerous studies
have addressed the influence of environmental sto-
chasticity on different life history traits (e.g., Boyce
and Perrins 1987, Sedinger et al. 1995), very few have
studied the impact of environmental conditions en-
countered at birth or at breeding on recruitment.

In seasonal environments, hatch date may be an im-
portant determinant of fitness. Even though accession
to reproduction may not occur for several years, the
date when an individual hatches from its egg may still
influence the circumstances that determine recruitment.
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Individual hatch date influences survival and age of
first breeding across a variety of bird species (e.g.,
Spear and Nur 1994, Verboven and Visser 1998, Pré-
vot-Julliard et al. 2001). Hatch date is negatively re-
lated to recruitment in geese (Cooke et al. 1984, Se-
dinger et al. 1995) and ducks (Dawson and Clark 2000),
but it is not clear whether this is an effect of hatch date
on juvenile survival (Owen and Black 1989, Cooch et
al. 1993, Schmutz 1993, Lepage et al. 2000) or on age
of first breeding. Environmental conditions at the start
of the breeding season may affect recruitment if they
result in delayed nesting (Prop and de Vries 1993, Le-
page et al. 1996), restricted access to feeding (Gauthier
and Tardif 1991, Choinière and Gauthier 1995, Ganter
and Cooke 1996), or generally reduce breeding effort
and success (Barry 1962, Skinner et al. 1998). Predator
abundance and activity at the colonies during the pre-
breeding period can also induce birds to forego breed-
ing (Spaans et al. 1998).

Environmental influence on recruitment has rarely
been studied in long-lived species because of the dif-
ficulty of estimating this life history trait from field
data. Most previous studies of recruitment have relied
on estimation methods that may suffer from some bi-
ases, such as measuring the age distribution of first-
time breeders without correcting for variations in sur-
vival or capture probabilities among cohorts or time
(e.g., MacInnes and Dunn 1988, Moser and Rusch
1989, Thompson et al. 1994, Schmutz 2000). There-
fore, an individual that is observed breeding for the
first time may have bred previously. Recently, robust
mark–recapture methods have been developed to obtain
unbiased estimates of age at first breeding (Clobert et
al. 1994, Pradel 1996, Pradel and Lebreton 1999,
Schwarz and Arnason 2000), but only a few studies
have made use of these new methods (Pradel et al.
1997, Cooch et al. 1999b, Prévot-Julliard et al. 2001,
Sedinger et al. 2001, Tavecchia et al. 2001).

We used a method that has been developed only re-
cently and that, to our knowledge, has never been ap-
plied to field data. This method, described in Pradel
and Lebreton (1999), is a particular case of a multistate
mark–recapture model (Brownie et al. 1993, Nichols
et al. 1994) with two states, including one that is non-
observable (e.g., when nonbreeders cannot be captured
on the breeding grounds; see also Lebreton et al. 1999).
With this method, data from individuals of known age
(i.e., marked as young) are used to estimate juvenile
survival and age-specific probabilities of becoming a
breeder, whereas data from individuals marked as
adults (i.e., of unknown age) are used to estimate adult
(breeder) survival and capture probabilities. Including
data from the latter group increases the precision of
adult parameter estimates. When following only a sin-
gle cohort, age and time are confounded, but by treating
many cohorts simultaneously, one can separate age and
time effects on recruitment probabilities. This method
also has the advantage of allowing the separate esti-

mation of juvenile survival and the proportion of in-
dividuals alive that enter the breeding population at a
given age. An additional advantage of the multistate
method is the possibility of assessing the effects of
external and individual covariates on recruitment pa-
rameters pertaining to different cohorts.

We examined the influence of environmental con-
ditions in early life (cohort median hatch date and with-
in-cohort relative hatch date) and at breeding (snow
cover at the onset of laying and lemming abundance)
on recruitment in Greater Snow Geese (Chen caeru-
lescens atlantica), hereafter GSG. This species is a
good model for testing this multistate approach because
it is relatively long-lived, it shows delayed maturity
(females start reproducing at age 2 yr or later), and it
breeds in a stochastic environment where variations in
weather and predation risk may lead to occasional skips
of breeding. The multistate approach is especially well
suited for sampling schemes in which nonbreeding in-
dividuals elude capture while many captured birds are
of unknown age every year, a situation found in many
field situations such as ours. In geese, females exhibit
a high degree of natal philopatry, whereas males have
high dispersal rates (Rohwer and Anderson 1988), so
we analyzed data from females only.

METHODS

Study location and data set

The study was conducted on the southwest plain of
Bylot Island (738089 N, 808009 W), Sirmilik National
Park, Nunavut Territory, Canada. This area supports
the largest nesting colony of GSG (55 000 breeders in
1993), representing ;15% of the world breeding pop-
ulation (Reed et al. 1998). From 1990 to 2000, exten-
sive nest searches were conducted during the egg-lay-
ing and early-incubation periods. Nests were revisited
at hatch and goslings were marked with individually
coded web tags before they left the nest (for details,
see Lepage et al. 2000).

Molting adult geese and their offspring were cap-
tured shortly before fledging in mass banding drives
(Menu et al. 2001). Because nonbreeders or failed
breeders leave the island to molt or have regained flight
capacity when banding occurs, only adults that have
bred successfully are caught (Reed et al. 2003). Upon
capture, goslings and adults were sexed by cloacal ex-
amination and were marked with individually coded
metal USFWS leg bands. A random sample of adult
females was also fitted with individually coded plastic
neck bands (Menu et al. 2000). Most goslings were
measured and weighed (for details, see Lepage et al.
1998). Goslings were checked for the presence of web
tags and adults were checked for neck bands, bands,
and web tags.

Our data set thus consisted of the initial capture and
all subsequent recaptures of females of known age (i.e.,
marked as goslings in banding drives) for which we
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had ninth primary wing feather measurements on initial
capture. These females were classified as nonbreeders
(NB) from initial capture until they were recruited into
the breeding population. We also used data from fe-
males caught initially as adult breeders (B), i.e., of
unknown age. Because there is evidence that the breed-
ing propensity of adult females fitted with a neck band
is reduced (Menu et al. 2000; E. T. Reed and G. Gau-
thier, unpublished data), we excluded these females
from the data set. If a neck band was fitted to a female
that had previously been marked with a metal leg band
only, all subsequent recaptures were deleted by con-
sidering this individual as lost on capture. In a similar
way, females that lost their neck bands were included
in the data set of breeders, by considering their first
capture without a neck band as their initial capture
event. In this way, a maximum amount of information
was kept while avoiding the biases due to heterogeneity
in capture rates.

Environmental covariates

We examined four covariates representing environ-
mental conditions encountered in early life and at the
time of breeding (one individual and three group co-
variates).

Median nest hatching date.—Nest hatching date was
directly recorded or estimated for every nest that
hatched at least one young in the sample of nests fol-
lowed by field crews. Hatch date was defined as the
date at which at least half of the brood had hatched.
Hatching was synchronized (usually ,24 h) within a
clutch. Median hatch date was calculated to obtain a
population estimate.

Individual hatch date of marked goslings.—Individ-
ual hatch date of goslings web-tagged in the nest and
captured during banding (;4% of captured goslings)
was known. For the other goslings, we estimated their
age from the annual linear relationships between the
age of web-tagged goslings and the length of their ninth
primary. Because there is little sexual dimorphism at
that age, males and females were combined in these
relationships. Primary length is a good predictor of age
before fledging because its growth is less sensitive to
environmental conditions than are other morphometrics
(Lepage et al. 1998, Cooch et al. 1999a). Individual
hatch dates were transformed into relative values with
respect to median annual hatch date.

Snow cover.—A qualitative assessment of total snow
cover in the main valley of Bylot Island was made
during the snow melt period every year from a vantage
point near the base camp. We used snow cover esti-
mated on 5 June, which is just before the peak of nest
initiation (average across years, 11 June; annual range,
6–20 June), as an annual index of spring phenology.
Preliminary analyses showed that snow cover on 5 June
was highly correlated with mean air temperature during
the pre-laying and laying periods (25 May–15 June).
We chose snow cover over air temperature in our anal-

yses because it is more indicative of the availability of
nest sites and food at the onset of egg laying.

Lemming abundance.—We used a categorical vari-
able to describe annual lemming (brown lemming,
Lemmus sibiricus; and collared lemming, Dicrostonyx
groenlandicus) abundance on Bylot Island. Each year
since 1993, intensive trapping of lemmings or winter
nest surveys have been conducted at our study site
(Bêty et al. 2001). Presence of Snowy Owl (Nyctea
scandiaca) nests is another index of lemming abun-
dance because they only occur during peak lemming
years in our study area. We categorized lemming abun-
dance as high when abundance reached a peak (every
3–4 yr in our area) and Snowy Owls were breeding,
moderate when lemming abundance was intermediate,
and low when lemming populations crashed.

Statistical method

Data were analyzed using a particular case of mul-
tistate model with two states (NB and B) of which one
(NB) was non-observable except at birth (Lebreton et
al. 1999, Pradel and Lebreton 1999). Three kinds of
parameters can be estimated with these models: ap-
parent survival probability , conditional transitionrFt

probability , and capture probability (Brownie etrs rC pt t

al. 1993, Nichols et al. 1994). Definitions are as fol-
lows: is the probability that an individual in state rrFt

at time t survives until time t 1 1 (an apparent survival
probability because we cannot differentiate between
mortality and permanent emigration from the study
area); is the probability that an individual in statersCt

r at time t is in state s at time t 1 1, given that it
survived from time t to t 1 1; and is the probabilityrpt

that an individual is recaptured at time t in state r, given
that it is alive and present in the study area at time t.

These parameters can be conveniently summarized
in matrices of transition, survival, and capture proba-
bilities:

NB–NB B–NB NB NBC C F pi i i i
, , and .1 2 1 2 1 2NB–B B–B B BC C F pi i i i

In the special case of recruitment analyses, transition
probabilities are unidirectional, i.e., once an individual
starts breeding, it remains a ‘‘breeder’’ for the rest of
its life; thus, transition probabilities from B to NB are
fixed at 0. With the ‘‘nonbreeder’’ state being unob-
servable, capture probabilities of NB are also fixed at
0. For this particular case, the matrices indexed by age
i (note that, for a given cohort, age and time are con-
founded) thus become

1 2 a 0 F 0i i
, , and1 2 1 2 1 2a 1 F pi i i

where ai is the probability that an individual of age i
that has not yet reproduced starts to breed (Pradel and
Lebreton 1999), hereafter referred as probability of
starting to breed.
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Starting assumptions.—A few assumptions need to
be made with this model, some of which may be relaxed
without leading to severe biases. The minimal as-
sumptions under which this multistate model is valid
are:

1) Breeders (B) and adult nonbreeders (NB) of the
same age i share the same survival probabilities (no
survival costs of reproduction).

2) Experienced breeders do not emigrate temporarily
from the study area. In many field situations, this as-
sumption is synonymous with an adult breeding pro-
pensity of 1. If breeding propensity ,1, then the pa-
rameter ai will be relative to adult breeding propensity
(as indexed by adult capture probabilities).

3) Age at which all individuals have been recruited
into the breeding segment of the population (hereafter,
age of full breeding) must be determined and the pa-
rameter ai must be fixed to 1 at that age. Nonbreeders
have a zero capture probability, so individuals that are
never recruited into the local breeding population can-
not be discriminated from individuals that die or em-
igrate permanently before recruiting locally. The age
at which full breeding is attained can be tested formally
in the model selection procedure.

Other assumptions, based on the biology of GSG and
field considerations, were made. These assumptions re-
duced the number of parameters in our starting model,
thus reducing parameter identifiability problems and
the number of potential candidate models, allowing us
to concentrate on models that address hypotheses rel-
evant to the study of recruitment.

1) Probability of capture at age 1 yr is 0, because
only breeders are caught. Studies in other species of
geese have shown that minimum age of reproduction
is 2 yr (Cooch et al. 1999b). In the 11 yr of our study,
only two females out of 7541 marked as young were
caught at age 1 yr. They were probably still associated
with their parents, as some families remain intact for
more than a year (E. T. Reed and G. Gauthier, unpub-
lished data). These recaptures were deleted from the
capture history record.

2) Juvenile survival is estimated over the age interval
0–2 (where age 0 5 fledging) and survival after age 2
is equal to adult survival.

3) There are no age effects on adult survival, such
that young adults ($ age 2) are as likely to survive as
older ones.

4) There are no age or experience effects on capture
probabilities. Because a breeding failure or skipped
breeding in geese often leads to temporary emigration,
we must assume that age or experience does not influ-
ence breeding success or breeding effort.

We will discuss the consequences for parameter es-
timates when some of these assumptions are violated.

Model selection

Model notation followed Nichols et al. (1994). The
factorial structure of a model was represented by sub-

scripting probabilities of apparent survival, capture,
and start of breeding at age i (ai). Relations among
factors were indicated via standard linear models no-
tation (McCullagh and Nelder 1989). We started by
fitting model aage(full a5)*coh. In this model,J A BF F pcoh t t

apparent survival of juveniles (J, age 0–2) varies
among cohorts (coh) (here, cohort is used for clarity,
but cohort and time are confounded). We fixed survival
probability between age 0 and age 1 at 1, such that
survival for age 1–2 was the product of survival prob-
abilities for the first two years of life. Apparent survival
and capture probabilities of adults (A, breeders or non-
breeders, $ age 2) varied over time (t). The probability
of starting to breed at age i (ai) varied among cohorts
and age (age) between age 2 and age of full breeding
(but was fixed at 0 between age 0 and 1; i.e., no female
reproduces at age 1), with an interaction term (*). Age
of full breeding (ai 5 1) was fixed at 5 yr (full a5).

There are no formal goodness-of-fit tests available
for multistate mark–recapture models. However, one
way of verifying whether our general model reasonably
fits the data is to partition each state into independent
groups and test each group separately with the good-
ness-of-fit (GOF) tests developed for the Cormack-Jol-
ly-Seber model. Our study design allowed us to test
the GOF of our general model only on the breeders’
data, because nonbreeders are never captured. We used
program U-Care (Choquet et al. 2001) to assess the fit
of our general model. GOF tests in U-Care are the same
as those of program RELEASE (Burnham et al. 1987),
but they provide further directional z tests for possible
structural problem in the data (e.g., transient or trap
effects). We calculated a variance inflation factor (ĉ)
to account for overdispersion in our data as

2x
ĉ 5

df

where x2 is the goodness-of-fit statistic for our global
model and df is the degrees of freedom of the model.
We then used a modification of Akaike’s Information
Criterion (QAICc) for overdispersed count data (for de-
tails, see Burnham and Anderson 1998).

We used program MARK version 1.9 (White and
Burnham 1999) for model selection. Group and indi-
vidual covariates were tested through ultrastructural
models and were directly included in the iterative pro-
cess through the design matrix option in MARK. Co-
variates were fitted to the model by linear constraints
(on a logit scale). To ensure proper parameter esti-
mation, all covariates, excluding lemming abundance,
were standardized as

¯(X 2 X )
.

SD

We tried to explain cohort effects on juvenile ap-
parent survival and the probability of starting to breed
with cohort-specific median hatch dates. We also con-
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FIG. 1. (A) Percentage of snow cover on 5 June from
1992 to 2000 at our study site on Bylot Island, Canada, and
(B) year-specific median hatch dates from Greater Snow
Goose nests monitored between 1990 and 1998. Snow cover
refers to conditions encountered in the year when birds first
breed, whereas median hatch date represents conditions en-
countered at birth.

TABLE 1. Model parameters for age estimation of Greater Snow Goose (Chen caerulescens
atlantica) goslings captured at banding based on ninth primary length, mean age of marked
goslings at capture, and mean age of unmarked female goslings estimated by the model.

Year

Marked young

Intercept Slope MSE R2 n
Age at

capture† (d)

Unmarked females

n
Estimated age
at capture† (d)

1990
1991‡
1992‡
1993‡
1994‡
1995‡
1996
1997
1998

16.73
18.98
19.52
22.81
27.62
22.50
23.15
26.84
25.17

0.076
0.111
0.099
0.099
0.071
0.098
0.080
0.064
0.085

0.87
1.80
1.15
1.75
1.69
1.19
1.49
1.49
1.6

0.82
0.73
0.84
0.63
0.72
0.75
0.75
0.58
0.77

9
17
47

102
62
74
96
72
78

41.7 6 1.8
39.4 6 3.3
29.6 6 1.6
40.2 6 2.8
36.1 6 3.2
36.0 6 2.4
31.3 6 2.6
34.7 6 1.7
36.9 6 2.9

75
530
392
849
819

1072
834

1064
631

38.8 6 3.0
36.6 6 3.1
29.2 6 2.4
38.6 6 2.7
36.2 6 2.4
35.7 6 2.4
32.0 6 3.2
34.0 6 1.8
37.1 6 2.4

† Values are mean 6 1 SE.
‡ Data are from Lepage et al. (1998).

sidered the influence of relative hatch date on these two
parameters. We examined the consequences of snow
cover and lemming abundance on the probability of
starting to breed, but not on survival, because these
variables were most likely to affect breeding proba-
bility. Cohort median hatch date and individual relative
hatch date referred to conditions encountered at birth,
whereas snow cover and lemming abundance referred
to conditions encountered at breeding. When the only
difference between two models is a single covariate, a

small value of DQAICc between these two models is
not good evidence of an effect of the covariate. Rather,
the confidence intervals around the beta estimates (b,
slope of the linear relationship between the parameter
and the covariate, or the difference among levels of a
categorical covariate) provide useful evidence of an
effect. We used this approach and concluded that co-
variates had an effect when their 95% confidence in-
tervals did not include 0. Main effects and biologically
relevant interactions between parameters and covari-
ates were fitted.

RESULTS

Environmental covariates

Snow cover on 5 June varied greatly from year to
year, ranging from 10% to 95% (Fig. 1A). Mean snow
cover over the period 1992–2000 was 62 6 30% (mean
6 1 SD). Peaks in the lemming cycle occurred in 1993,
1996, and 2000, with lows in 1995 and 1999; other
years had a moderate abundance (Bêty et al. 2001).
There was no lemming trapping in 1992, but we cat-
egorized that year as having moderate abundance,
based on field observations of Lepage et al. (1996).

In total, 3173 nests were monitored between 1990
and 1998 (range 168–846 nests/yr). During this period,
median hatch date ranged from 3 to 15 July (Fig. 1B).
We captured a total of 557 goslings of known age be-
tween 1990 and 1998 (range 9–102 goslings/yr), from
which we calculated regression coefficients between
age and length of ninth primary feather (Table 1). The
difference in age at capture between known-age gos-
lings and those for which age was estimated was slight
for most cohorts (,1.6 d for seven of the nine cohorts;
Table 1). Individual relative hatch dates varied from
10 d before the median to 14 d after (Fig. 2).

Goodness of fit of the general model

Between 1990 and 1998, we marked 6395 female
goslings, of which 206 were recaptured as known-age
breeders between 1992 and 2000. In addition, 1979
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FIG. 2. Frequency distribution of relative hatch dates of
all female goslings marked on Bylot Island, 1990–1998. In-
dividual hatch dates are relative to the median hatch date for
a given cohort. Hatch dates were estimated from the length
of the ninth primary feather (see Table 1).

TABLE 2. Selection among models of recruitment in female Greater Snow Geese. Models
include probabilities of survival (F), capture (p), and starting to breed (a) and are ranked
by their QAICc value, with only the most relevant models being presented.

Model number and name DQAICc† wi‡
No.

parameters§

1) F FA p aage(full a4)1Lem
J B
coh1relphatch t

2) F FA p aage(full a4)1snow1Lem
J B
coh1relphatch t

3) F FA p aage(full a4)
J B
coh1relphatch t

4) F FA p aage(full a4)1relphatch
J B
coh1relphatch t

5) F FA p aage(full a4)1medphatch
J B
coh1relphatch t

6) F FA p aage(full a4)1snow
J B
coh1relphatch t

7) F FA p aage(full a4)1medphatch1relphatch
J B
coh1relphatch t

8) F FA p aage(full a4)1medphatch1relphatch1snow1Lem
J B
coh1relphatch t

9) F FA p aage(full a4)1medphatch1relphatch1snow
J B
coh1relphatch t

10) F FA p aage(full a4)1medphatch1relphatch
J B
coh t

11) F FA p aage(full a4)1coh
J B
coh1relphatch t

12) F FA p aage(full a4)
J B
coh t

13) F FA p aage(full a4)
J B
medphatch1relphatch t

14) F FA p aage(full a4)1coh
J B
coh t

15) F FA p aage(full a4)*coh
J B
coh t

16) F FA p aage(full a5)*c
J B
coh t

0.00
1.94
2.93
3.40
3.65
3.90
4.53
5.92
6.53

14.62
18.12
22.36
24.60
34.15
42.99
53.97

0.43
0.17
0.10
0.08
0.07
0.06
0.04
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

25
26
23
24
24
24
25
28
26
24
32
22
16
30
37
44

17) F F p aage(full a5)*c
J A B
coh t t

18) F FA pB aage(full a5)*c
J
coh

63.20
76.32

0.00
0.00

53
35

Notes: Terms are defined as follows: FJ, apparent survival of juvenile females between 0
and 2 years; FA, apparent annual survival of adults; pB, adult breeder capture rate; a, probability
that an individual that has not yet reproduced starts to breed; coh, cohort; t, time; age, age in
years; medphatch, cohort-specific median hatch date; relphatch, individual relative hatch date;
lem, lemming density; snow, spring snow cover; full ai, full breeding at age i (i.e., the age at
which all individuals have been recruited into the breeding segment of the population); 1,
additive model; *, model with interaction. Variables medphatch and relphatch refer to conditions
encountered at birth, whereas lem and snow refer to conditions in the year when birds first
breed.

† Difference in QAICc between the current model and the model with the lowest QAICc

value.
‡ QAICc weight.
§ The number of estimable parameters.

adult females of unknown age were initially captured
as breeders between 1990 and 1999, and 276 were re-
captured between 1991 and 2000.

The GOF test of our general model, applied only to
the breeder state, indicated a lack of fit ( 5 75.42,2x
df 5 45, P , 0.01). There was a transient effect
(Test3.Sr: 5 22.26, df 5 9, P , 0.01) and trap2x

dependence in the form of trap shyness (Test2.Ct: 2x
5 18.02, df 5 8, P 5 0.02). This lack of fit was driven
by a few cells that had high x2 values, and biological
interpretation was not consistent among time periods
(e.g., there was trap happiness in some time periods).
The results from our GOF tests and the relatively small
value of the variance inflation factor from the global
test (ĉ 5 1.66) were compatible with overdispersed
count data. We therefore applied this value of the var-
iance inflation factor for all subsequent model fitting.

Adult survival and capture probabilities

There was no detectable yearly variation in apparent
survival of adults over the course of our study (Table
2). Apparent survival of adults was estimated at 0.84
(95% CI: 0.77–0.90). Capture probabilities of breeders
varied across years, but this variation could not be ex-
plained by environmental conditions (snow cover or
lemming abundance; Table 2). Annual capture rates
ranged from 0.02 (0.00–0.18) to 0.08 (0.06–0.12).

Environmental and cohort effects on
juvenile survival

Juvenile apparent survival varied considerably
among cohorts, but this variability could not be ex-
plained simply by a cohort’s median hatch date (Table
2). In contrast, relative hatch date of individual females
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FIG. 3. Relationship between juvenile ap-
parent survival and relative hatch date of female
Greater Snow Geese. Apparent survival is es-
timated from model 1 in Table 2 and covers the
interval between age 0 (i.e., fledging) and 2 yr.
The relationship is additive among cohorts and
linear on a logit scale (slope: b 5 21.09, 1 SE

5 0.29).

FIG. 4. Variation in apparent survival probabilities (mean
across hatch dates for each cohort) of juvenile female Greater
Snow Geese. Apparent survival (mean 6 1 SE; SE adjusted
for extra-binomial variation, ĉ 5 1.66) is estimated from mod-
el 1 in Table 2 and covers the interval between age 0 (i.e.,
fledging) and 2 yr. Apparent survival for the 1998 cohort
could not be estimated.

FIG. 5. Variation among cohorts in the probability that a
Greater Snow Goose female with no breeding experience will
start breeding at: (A) age 2 and (B) age 3. Estimates, derived
from model 1 in Table 2, are expressed as mean 6 1 SE (SE

adjusted for extra-binomial variation, ĉ 5 1.66). Years 1995
and 1999 were lemming crash years.

had a strong effect on their survival probabilities (an
effect that was present in the nine top models in Table
2), with early-hatched females surviving to age 2 yr in
greater proportion than late-hatched ones (b 5 21.09
[21.65–20.52], model 1; Table 2). The absence of in-
teraction between cohort and relative hatch date sug-
gested that this effect was consistent across all cohorts,
with survival probabilities declining rapidly in late-
hatched goslings (Fig. 3). Average cohort apparent sur-
vival of juveniles ranged from 0.76 (0.25–0.97) to 0.09
(0.04–0.19) (Fig. 4). This parameter could not be es-
timated for the 1998 cohort because we only had one
recapture occasion to assess it.

Age of full breeding

There was strong evidence for an age effect on re-
cruitment (Table 2). We could reduce the age of full
breeding (i.e., the age at which all females have started

breeding) to age 4 yr, but not further. Thus, some adult
females had not started to breed at age 2 and 3, but all
of them had started by age 4. The probability that a
female with no breeding experience would start to
breed at age 2 was consistently lower than at age 3
(Fig. 5). Average probabilities that surviving females
would start to breed were estimated at 0.25 (0.12–0.45)
at age 2, 0.57 (0.20–0.87) at age 3, and 1.00 at age 4
(derived from model 3, Table 2).
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Environmental and cohort effects on
age at first breeding

The probability that a female with no breeding ex-
perience would start to breed was affected by lemming
density. The cumulative QAICc weight for models with
a lemming effect was 0.62 (Table 2). Results from our
best model indicated that ai was highly reduced in lem-
ming crash years (b 5 214.96 [217.33–212.59]), but
similar at medium (b 5 0.30 [21.70–2.29]) and high
lemming densities (Fig. 5). We had little evidence that
the probability of starting to breed was affected by
snow cover (b 5 20.18 [21.43–1.07]; model 2), rel-
ative hatch date (b 5 20.93 [23.03–1.16]; model 4),
or cohort median hatch date (b 5 0.63 [20.65–1.92];
model 5, Table 2).

DISCUSSION

We showed that accession to reproduction was a
gradual process in Greater Snow Geese, with the first
females starting to breed at 2 yr and the last ones at 4
yr. Among the environmental conditions studied, only
lemming density had an effect on the probability that
an individual would start to breed. Juvenile apparent
survival was highly variable among cohorts, and was
much more influenced by environmental conditions
during early development than was the probability of
starting to breed at a given age. Thus, juvenile survival
seems to be the major factor responsible for variability
in recruitment into the breeding population among dif-
ferent cohorts.

Effect of age on local recruitment

Delayed accession to reproduction is common
among long-lived birds (Wooler and Coulson 1977,
Pradel et al. 1997, Cooch et al. 1999b, Sedinger et al.
2001). Delayed reproduction has been linked to dif-
ferences in individual quality (Forslund and Pärt 1995)
and improved foraging or breeding skills (Recher and
Recher 1969, Desrochers 1992). In geese, the high en-
ergetic demands of long migrations and reproduction
(Ankney and MacInnes 1978, Gauthier et al. 1992,
Choinière and Gauthier 1995) may constrain young,
inexperienced individuals to delay reproduction. Lack
of experience between young mates may also delay first
reproduction because pairing in geese occurs in the
second or third year of life, and breeding success in-
creases with time since pairing (Owen et al. 1988,
Black and Owen 1995).

Few studies have quantified age-specific breeding
probability in birds by using robust mark–recapture
methods (Cooch et al. 1999b, Anderson et al. 2001,
Sedinger et al. 2001). It appears that probabilities of
starting to breed in GSG are reduced at ages 2 and 3
yr, in comparison to Black Brant (Branta bernicla ni-
gricans) and Lesser Snow Geese (Chen c. caerules-
cens), but in all three species, most females have re-
cruited at age 4 yr (Cooch et al. 1999b, Sedinger et al.

2001). High population density could result in delayed
accession to reproduction, but even though the GSG
population more than doubled during our study (Reed
et al. 1998), we failed to detect a consistent trend in
the age of first reproduction. For similar evidence in
Black Brant, see Sedinger et al. (2001). It appears more
likely that the great unpredictability and stochasticity
of the high-arctic environment, where delays in snow
melt frequently deny access to nesting sites and prevent
females from acquiring nutrients used for egg forma-
tion (Choinière and Gauthier 1995, Ganter and Cooke
1996), may result in reduced breeding effort (Prop and
de Vries 1993). The long and energetically costly mi-
gration of GSG (Gauthier et al. 1992) may also con-
strain young birds in their ability to acquire sufficient
nutrient reserves for successful breeding.

Effect of conditions at time of breeding
on recruitment

We found that probabilities of starting to breed were
considerably reduced when lemming densities were at
their lowest during their 3–4 yr cycle, in comparison
to years of high and medium lemming densities. Bêty
et al. (2001) showed that annual nest failure of GSG
on Bylot Island is negatively associated with lemming
abundance and is generally highest in low lemming
years. This high nest failure should mostly affect the
probability of capture (p), because most failed nesters
leave the island before banding (Reed et al. 2003).
However, if inexperienced birds suffer a higher nest
predation rate than experienced breeders, this could
negatively bias the probability of starting to breed (ai)
in lemming crash years. Alternatively, disturbance by
predators during the pre-laying and laying period may
be sufficient to deter some females from breeding (e.g.,
Spaans et al. 1998). During lemming low years, pred-
ators such as arctic foxes (Alopex lagopus) switch to
alternative prey and are more active at goose colonies
(Bêty et al. 2002). Therefore, it is possible that lem-
ming density indirectly influences a female goose’s de-
cision to delay reproduction until more favorable con-
ditions are met.

We had no evidence that variable snow cover en-
countered at breeding, when females were 2 or 3 yr of
age, affected their probability of starting to breed. This
suggests that, although breeding propensity and nesting
success of adults is often reduced in years of late snow
melt (Barry 1962, Prop and de Vries 1993, Skinner et
al. 1998), birds at their first breeding attempt are not
disproportionately affected by spring phenology.

Effect of conditions in early life on recruitment

Poor growth of late-hatched goslings has been re-
ported in many goose species (Cooch et al. 1991, Lars-
son and Forslund 1991, Sedinger and Flint 1991), in-
cluding GSG (Lepage et al. 1998). Manipulative ex-
periments have demonstrated that variation in gosling
growth is of environmental origin rather than a function
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of parental quality (Larsson and Forslund 1991, Lepage
et al. 1999). These variations have fitness consequenc-
es, because body size at fledging affects postfledging
survival (Owen and Black 1989, Menu 1998, Dawson
and Clark 2000). Our results are consistent with these
studies and show that survival declines sharply in late-
hatched goslings. Our apparent survival estimates for
juveniles are well correlated with first-year survival
estimates obtained from band recovery data for the
cohorts 1990–1995 (Menu et al. 2002), except in 1990,
when our estimate was possibly biased high because
of low sample sizes. The juvenile survival estimate for
the 1997 cohort also was probably biased low because
all females from that cohort had not been recruited
when our study ended (full breeding was attained only
in 2001). Therefore, the apparent linear decline in ju-
venile survival over the course of our study may be
due to biased survival estimates in 1990 and 1997 rath-
er than being indicative of a density-dependent effect.
Furthermore, Menu et al. (2002) found no evidence of
density-dependent effects on other demographic pa-
rameters, despite the population increase.

In Black Brant, small body size negatively affects
some reproductive parameters, possibly because small
birds are less able to acquire sufficient body condition
to breed (Sedinger et al. 1995). Because surviving late-
hatched goslings become adults of small body size
(Cooch et al. 1991, Larsson and Forslund 1991), we
expected a negative association between hatch date and
the probability of starting to breed. However, our fail-
ure to detect such a relationship suggests that adult
body size may have little effect on this demographic
parameter.

An important assumption in our study is that length
of ninth primary is an unbiased estimator of gosling
age during the summer. Age estimated from body size
measurements may nonetheless suffer from a positive
bias in early-hatched goslings and a negative bias in
late-hatched goslings, thus weakening our ability to
detect seasonal effects on survival or probabilities of
starting to breed (Cooch et al. 1999a). This bias is due
to delays in the age of emergence of the ninth primary
in late-hatched goslings (Lindohlm et al. 1994). By
using year-specific models to estimate gosling age, we
at least controlled for interannual differences in ninth
primary growth.

Survival, age at first breeding, and
population dynamics

Our results suggest that annual differences in acces-
sion to reproduction at 2 and especially 3 yr of age are
relatively small, except in low lemming years. This
contrasts with juvenile survival, which varied consid-
erably among cohorts. Prospective analyses of GSG
population dynamics indicated that adult survival had
the greatest influence on population growth rate, where-
as juvenile survival and recruitment had lower elastic-
ities, and were thus potentially less influential than

adult survival (Gauthier and Brault 1998; see also Tom-
bre et al. 1998). However, some vital rates may have
a greater impact on population growth rates under nat-
ural conditions than that estimated by their elasticities
if they account for a larger proportion of variance in
population growth rates (Gaillard et al. 1998, Caswell
2000, Cooch et al. 2001). Thus, juvenile survival may
still play a dominant role in the population dynamics
of this species because it varies considerably more,
under natural conditions, than adult survival (Gauthier
et al. 2001) and the probability of starting to breed at
a given age.

Model assumptions and validity

The use of multistate mark–recapture models to
study recruitment requires fixing the value of some
parameters and some assumptions. Because the com-
putation of ai is based on the frequencies of first-time
breeders and nonbreeders (i.e., individuals of age i that
have not yet reproduced) in the population (a 5 first-
time breeders)/(nonbreeders 1 first-time breeders);
Pradel and Lebreton 1999), estimates will be biased
when either estimated frequency is biased.

First, we had to postulate that breeders and non-
breeders share the same survival probabilities, i.e., that
there is no cost of reproduction. Early maturation can
sometimes be costly in terms of reduced survival
(Wooler and Coulson 1977, Pyle et al. 1997, Tavecchia
et al. 2001), but other studies have found a positive
correlation between breeding effort and survival (Cam
et al. 1998, Annett and Pierotti 1999). Although Francis
et al. (1992) found a trend for higher survival in non-
breeding geese compared to breeders, Gauthier et al.
(2001) found no evidence for increased mortality of
breeding females during the summer. Viallefont et al.
(1995) showed that apparent survival of Lesser Snow
Geese did not differ between females recruiting at age
2 vs. age 3. Tombre and Erikstad (1996) did not detect
reduced survival in Barnacle Goose (Branta leucopsis)
females that had their incubation period (and, hence,
reproductive investment) extended. In GSG, survival
of females that provide parental care to their offspring
for $10 mo may be reduced (E. T. Reed and G. Gau-
thier, unpublished manuscript; but see Black and Owen
1989), although few females provide care for such long
periods (Gauthier and Tardif 1991). Our estimate of
apparent adult survival (0.84) is very similar to esti-
mates of true adult survival of GSG (0.81 and 0.85,
Menu et al. [2000]; 0.83, Gauthier et al. [2001]), sug-
gesting that our estimate was unbiased and that breed-
ing philopatry was very strong.

We also had to postulate that there were no age ef-
fects on adult survival ($ age 2). There is no evidence
for age effects on survival in geese 2–15 yr old (Owen
1984, Francis et al. 1992). Thus, not taking age into
consideration probably did not bias our adult survival
estimates. A negative bias in survival would affect the
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estimation of nonbreeders of a given age and poten-
tially would lead to a positive bias in ai.

Perhaps a more serious problem in our analysis is
the assumption of no temporary emigration from the
study area. Temporary emigration is confounded with
true capture probabilities in most mark–recapture stud-
ies. In our particular case, temporary emigration can
be explained by skipping (i.e., an experienced breeder
does not attempt to breed in a given year) or by nest
failure (an unsuccessful female leaves the study site to
molt or regains flight capacity before capture time).
Because temporary emigration is not an option for first-
time breeders (they have to breed successfully to re-
cruit), the assumption that capture parameters are the
same for first-time and experienced breeders may not
hold.

In Lesser Snow Geese, females are more likely to
skip breeding in the year following their first repro-
duction if they recruit at a young age (Viallefont et al.
1995); even experienced breeders may occasionally
skip a breeding season. Nest failures, which also result
in temporary emigration in our study, could lead to
similar problems. If nest success also varies between
first-time and experienced breeders (e.g., Rockwell et
al. 1993), then this difference will be additive to the
skipping bias in capture probabilities. Because esti-
mation of the parameter ai is conditional on adult cap-
ture probabilities, these effects may negatively bias
age-specific probabilities of starting to breed, but re-
flect more precisely the probabilities of starting to
breed with success.

Our assumption that there were no age or experience
effects on capture probabilities thus may have intro-
duced heterogeneity and led to some biases in our anal-
ysis. This may explain why our goodness-of-fit test
detected the presence of transients and some hetero-
geneity in capture rates, although such effects are not
unusual. The magnitude of these potential biases on
parameter estimates and their effects on model selec-
tion are presently unknown. Unfortunately, all capture–
recapture approaches available for the study of recruit-
ment assume no temporary emigration. It may be pos-
sible to accommodate temporary emigration in these
models by incorporating a breeding probability of ,1
for experienced breeders. However, increasing the
number of parameters in the models may lead to re-
duced precision of parameter estimates and to serious
parameter identification problems due to overparame-
trization (Pradel and Lebreton 1999).

The impossibility of accounting for differences in
capture probabilities between experienced and first-
time breeders is still a weakness of all capture–recap-
ture approaches for the study of recruitment. Never-
theless, these methods represent an important advance
when an exhaustive census of all individuals present
on the study area is not possible, leading to capture
rates ,1. The multistate method allowed us to include
data on individuals marked as adults (i.e., of unknown

age), leading to greater precision in parameter esti-
mation. This method should be particularly useful when
the number of known-age individuals recaptured as
adults is small due to low juvenile survival or adult
capture probabilities. Furthermore, extension of the
multistate approach to include information from other
sources, such as band recovery data and capture of
nonbreeders or failed breeders on molting sites, poten-
tially could address most of the constraints and as-
sumptions made in our study (for details, see Lebreton
et al. 1999).
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Québec), and the Department of Indian and Northern Affairs
Canada. The FCAR, la Fondation de l’Université Laval, the
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Cézilly. 1997. Local recruitment in the Greater Flamingo:
a new approach using capture–mark–recapture data. Ecol-
ogy 78:1431–1445.

Pradel, R., and J.-D. Lebreton. 1999. Comparison of different
approaches to the study of local recruitment of breeders.
Bird Study 46S:74–81.

Prévot-Julliard, A.-C., R. Pradel, R. Julliard, V. Grosbois, and
J.-D. Lebreton. 2001. Hatching date influences age at first
reproduction in the Black-headed Gull. Oecologia 127:62–
68.

Prop, J., and J. de Vries. 1993. Impact of snow and food
conditions on the reproductive performance of Barnacle
Geese Branta leucopsis. Ornis Scandinavica 24:110–121.

Pyle, P., N. Nur, W. J. Sydeman, and S. D. Emslie. 1997.
Cost of reproduction and the evolution of deferred breeding
in the Western Gull. Behavioral Ecology 8:140–147.

Recher, H. F., and J. A. Recher. 1969. Comparative foraging
efficiency of adult and immature Little Blue Heron (Florida
caerulea). Animal Behaviour 17:320–322.

Reed, A., J.-F. Giroux, and G. Gauthier. 1998. Population
size, productivity, harvest and distribution. Pages 5–31 in
B. D. J. Batt, editor. The Greater Snow Goose: report of
the Arctic Goose Habitat Working Group. U.S. Fish and
Wildlife Service, Washington, D.C., USA, and Canadian
Wildlife Service, Ottawa, Ontario, Canada.
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