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AGE-SPECIFIC COSTS OF FIRST-TIME BREEDING 

ANNE VIALLEFONT, FRED COOKE t, AND JEAN-DOMINIQUE LEBRETON 
C.E.F.E./C.N.R.S., B.P. 5051, 34033 Montpellier cedex, France 

ABSTRACT.--We investigated the cost of first-time breeding in a population of Lesser Snow 
Geese (Anser caerulescens caerulescens) nesting at La Perouse Bay, Manitoba, Canada. We es- 
timated local survival and capture probabilities of female geese by capture-recapture analysis. 
We first found that birds were less likely to be recaptured one year after their first successful 
breeding than on later occasions. Since only successfully nesting birds are captured, this 
suggests that first-time breeding affects the ability of nesting the next year. We then show 
that this effect of first breeding is much more severe for birds nesting at age 2 (the youngest 
age at which Lesser Snow Geese can breed) than for birds starting to breed at an older age. 
Finally, we compare the mean expected lifetime reproductive success for birds breeding for 
the first time as two-year-olds or as three-year-olds, conditionally on their survival until age 
4. On average, birds first nesting as two-year-olds produce similar numbers of offspring in 
a lifetime as birds starting at age 3. Received 28 July 1993, accepted 11 January 1994. 

ASSESSING THE COSTS of reproduction is one 
of the key challenges of applying life-history 
theory to natural populations. There are two 
major questions: (1) Does present reproductive 
effort have an adverse effect on future life his- 

tory (survival or reproductive performance)? (2) 
Do relative costs of reproduction vary among 
different segments of the population? 

Empirical answers to the first question are 
extremely difficult to obtain in the field. Al- 
though life-history theory predicts some ge- 
notypic trade-offs between early and late re- 
production (Williams 1966), negative pheno- 
typic trade-offs are not necessarily expected, 
since environmental factors can induce positive 
covariation among individuals for several com- 
ponents of fitness (Reznick 1985, Van Noord- 
wijk and de Jong 1986). As a consequence, 
whereas a negative phenotypic covariance 
among life-history traits is evidence for such 
trade-offs, results showing no or positive co- 
variance are not evidence against (Nur 1990). 
Many researchers, therefore, have concluded 
that experimentation is necessary to investigate 
the costs of reproduction (e.g. Gustafsson 1990). 
However, to investigate differences in overall 
fitness among individuals or groups within a 
population, there is no substitute for detailed 
measures of components of fitness under field 
conditions. Such studies are essential for a bet- 
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ter understanding of the selective pressures in 
natural populations. 

In highly philopatric species, birds often are 
absent from the nesting area in the year follow- 
ing their first observed successful breeding 
(Wooller and Coulson 1977, Ollason and Dun- 
net 1988, Weimerskirch 1990). This suggests that 
the first breeding experience is more costly than 
those in subsequent years. If this is the case, we 
might expect the cost of first-time breeding to 
vary with the age of first breeding. A second 
question is whether the cost of first-time breed- 
ing is a function of age per se or of the breeding 
event itself (i.e. do birds fail more frequently 
after their first successful attempt because they 
were young, or because they bred successfully 
relative to birds of same age that did not breed?). 

Newton (1988) found no differences in life- 
time reproductive success among female Spar- 
rowhawks (Accipiter nisus) that had bred for the 
first time at one, two, or three years of age. He 
reasoned that, because of the risk of mortality, 
it is advantageous for the birds to begin repro- 
duction as early in life as possible, even if breed- 
ing performance in the early years is poor. He 
attributed variation in age of first reproduction 
to variation in quality among individuals, such 
that only good-quality birds would be able to 
breed at the youngest ages. He concluded that 
delayed maturation was a result of environ- 
mental conditions (the "constraint" hypothesis) 
rather than of life-history trade-offs (the "re- 
straint" hypothesis; Curio 1983). However, the 
lifetime-reproductive-success calculations used 
by Newton (1988) are only valid if resighting 
probabilities are close to 100%. 
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With the recent development of statistical 
models for capture-mark-recapture data, it is 
now possible to investigate variation in survival 
and breeding propensity with capture rates 
lower than 100%. These models are generali- 
zations of the Cormack~Jolly-Seber model (e.g. 
Lebreton et al. 1992). They enable one to dis- 
criminate between survival (more accurately 
survival in area where marking and recapturing 
occurs; this we will refer to as local survival, 
noted •b) and recapture (noted p) probabilities. 
These developments have resulted in computer 
programs such as SURGE (Pradel et al. 1990), 
and RELEASE (Burnham et al. 1987; for review, 
see Lebreton et al. 1993), and provides the evo- 
lutionary biologist with new tools to investigate 
life-history parameters. 

We address here the question of variability 
in age of first breeding in a species that has 
delayed maturation. Cooke and Rockwell (1988) 
showed that in the population of Lesser Snow 
Geese (Anser caerulescens caerulescens ) nesting at 
La Perouse Bay, Manitoba, no one-year-olds, 
about 50% of two-year-olds, and about 86% of 
three-year-olds bred. Some birds delay breed- 
ing until at least four years of age. 

We examine the consequences of first-time 
breeding on both local survival and future re- 
productive success. We pose three questions: (1) 
Do Lesser Snow Geese have lower local survival 

and/or breeding success in the year following 
their first breeding year than after later breed- 
ing occasions? (2) If there is greater cost to first 
breeding than to later breeding, does this vary 
with the age of first breeding? (3) For the youn- 
gest birds, do those that breed incur a greater 
cost in terms of later breeding than those that 
do not breed? We then are able more accurately 
to discriminate between the restraint and the 

constraint hypotheses. We roughly calculate the 
overall fitness consequences of first breeding at 
two versus three years of age in order to ascer- 
tain which, if either, is the more productive 
tactic. 

METHODS 

Data collection.--Our analysis is based on the long- 
term study of a nesting population of Lesser Snow 
Geese at La Perouse Bay, Manitoba, Canada. The pop- 
ulation has expanded from about 2,000 nesting pairs 
in 1969 to more than 15,000 pairs in 1990. Between 
1,500 and 7,000 birds, both adults and young, have 
been banded each year since 1969. On average about 

25% of the population of living marked birds are re- 
captured each year. For this analysis we used only 
those birds banded as goslings, that recruited into the 
breeding population, and were caught in the annual 
banding drives at least once as adults. Females only 
were used because they are highly phitopatric to their 
natal nesting area, whereas males are not (Cooke et 
at. 1975). Our sample consisted of 2,616 birds. 

Banding drives are carried out annually in the tra- 
ditional brood-rearing areas around La Perouse Bay 
using the mass-banding techniques described by 
Cooke (1987). Birds are usually banded around the 
end of July or early August, when adults are com- 
pleting their annual remigiat molt and young birds 
are around 35 days of age and close to fiedging. All 
birds are banded with a Monet Canadian Wildlife 

Service band and an individually identifiable color 
band. Rarely, birds banded as young are caught as 
nonbreeding yearlings. These records were removed 
from the capture-mark-recapture data in our study 
since we are concerned with the breeding history of 
the individuals. Earlier work has shown that, with 

rare exceptions, adults caught in the banding drives 
are breeding adults, successful at least to the time at 
which goslings leave the nest. Nonbreeders, pre- 
breeders, and failed breeders leave the area during 
the period of hatch and molt at least 100 km to the 
north (Abraham 1980). Therefore, we can assume that, 
for any given year, the differences in capture rates of 
birds of different categories reflect differences in the 
probabilities of breeding among these categories. 

Modeling capture-mark-recapture data.--Data were 
organized into capture-history arrays (Burnham et al. 
1987). Since we were interested only in the adult lives 
of these birds banded as goslings, we modified the 
capture-history arrays by discounting the first capture 
(as goslings; Ctobert et at. 1994). Thus, our data consist 
entirely of capture histories of female recruits of 
known age. In addition, these data can be split into 
subsets, according to the age at which the birds were 
first recaptured as breeding adults. This is not nec- 
essarily the age of first breeding, since only about 
25% of birds are recaptured annually, and a bird may 
have evaded recapture prior to the first occasion when 
we record its breeding. 

These data were then analysed using programs RE- 
LEASE and SURGE, which enabled us to test the good- 
ness-of-fit of a global model involving both a time 
effect (t) and a "first-breeding" effect (F) on survival 
and recapture rates. The time effect assumes that these 
rates may vary across years, and the first-breeding 
effect assumes that survival and recapture rates of 
birds that have been caught for the first time the 
preceding year differ from those of birds that had 
been seen before the preceding year. Therefore, there 
are two classes of parameters to estimate under this 
model: (1) those (survival and capture) concerning 
the year following the first breeding; and (2) those 
concerning all subsequent recapture occasions. This 
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global model is noted (4•t.F, pt.F), using the notation 
proposed by Lebreton et al. (1992) for capture-mark- 
recapture models; 4• represents the survival tates, 
p the recapture rates, F the first-breeding effect, and 
t the annual variation. The goodness-of-fit test for 
this global model was not immediately provided by 
any software; therefore, the original way in which 
we used RELEASE and SURGE for this study is de- 
scribed in the Appendix. 

Simpler models were then fitted with the SURGE 
program, which calculated for each of them the de- 
viance of the data to the model and the maximum- 

likelihood estimates of survival and capture rates. 
These various models were constructed by stepwise 
elimination of different factors and/or interaction be- 

tween them in order to find a model that explains 
the variation in the data using the minimum number 
of parameters (i.e. a parsimonious model). Model se- 
lection was based on the minimization of Akaike's 

information criterion (AIC), as recommended by Le- 
breton et al. (1992). This method leads to the best- 
fitting parsimonious model. Further tests were based 
on likelihood-ratio tests. 

For this study we used a modified version of the 
SURGE program, which allowed us to calculate di- 
rectly the relative proportions of captured birds of 
each class (second-time breeders or experienced birds) 
using a logarithmic link function. We first fitted these 
models to the whole data set of female recruits. Next 

we subdivided the data into two parts, one containing 
only birds recaptured for the first time as two-year- 
old breeders, and the rest. The former must have been 
first-time breeders, but the latter contain first-time 

breeders, as well as birds that may have escaped de- 
tection prior to their first detected recapture. We per- 
formed the analyses separately on these two subsets. 
Finally, we examined birds first recaptured as three- 
year-olds. As we show later, most three-year-olds in 
our sample are also first-time breeders. 

Lifetime-reproductive-success calculations.--We esti- 
mated the expected production of young during the 
first four years of life for birds breeding for the first 
time as two- or three-year-olds. The variation in pro- 
duction of young before age 4 accounts for variation 
in lifetime reproductive success if expected survival 
and fecundity beyond age 4 are independent of age 
and breeding experience. 

Rockwell et al. (1993) have calculated age-specific 
components of fecundity of Lesser Snow Geese. From 
these we could estimate the relative success of birds 

which nest successfully for the first time at either two 
or three years of age. For this estimation, we made 
the following assumptions: (1) Fledging success is a 
good measure of age-specific fecundity (i.e. postfledg- 
ing survival to recruitment is independent of parental 
age). Rockwell et al. (1993) showed this to be true for 
this population of Lesser Snow Geese. (2) Survival of 
two-year-old and older birds is independent of age 
and breeding experience. Francis et al. (1993) and our 

study provide evidence for this assumption. (3) The 
mean fecundity of first- or second-time breeding three- 
year-olds is the same. Cooke et al. (1981) showed this 
to be true at least for clutch size, and more recent 

(unpublished) data confirm this conclusion. (4) The 
cost of first breeding does not affect the breeding 
probability two or more years later (which would 
appear in our study as a lack of fit of the global model 
presented above). 

Therefore, for birds nesting successfully as two- 
year-olds, we calculated the average number of young 
produced during the first four years of life as: 

N(2) = n(2) + Pr(B3/B2).n(3) 
+ Pr(B4/B2).n(4), (1) 

where n(x) is the average number of fledgings pro- 
duced by an x-year-old bird (calculated from data of 
Rockwell et al. 1993), and Pr(By/Bx) is the probability 
for a bird to breed successfully at age y, knowing that 
it bred successfully for the first time at age x. In the 
calculation of n(x), we did not take account of birds 
abandoning the nest before hatching, since we know 
that these are not captured. According to assumption 
4, we assume that Pr(B4/B2) is 1. 

Similarly, for birds nesting successfully for the first 
time as three-year-olds, we obtain: 

N(3) = n(3) + Pr(B4/B3).n(4). (2) 

Asymptotic estimates of the standard errors of N(2) 
and N(3) and the COV(N(2), N(3)) were obtained by 
the delta method (i.e. by linearization of correspond- 
ing formula; see Seber 1982:7-9). 

I•SULTS 

Modeling capture-mark-recapture data.--The 
first model fitted included both time depen- 
dence and first-breeding effect on both local 
survival and capture rates. This model is noted 
4•.r, Pt.•- This model fit the data (P • 0.74; see 
Appendix) and, therefore, could be used as a 
global model for further investigation. 

Simpler models were then tested for both lo- 
cal survival 4 and recapture p (Table 1). The 
best model in terms of AIC, among those fitted, 
was (4, Pt+•). The constant 4 term indicates that 
there was no significant time or first-breeding 
effect on the annual local survival rate. The es- 

timated annual survival probability is 0.714 (95% 
confidence interval 0.697-0.730). By contrast, the 
capture probability (p•+•) was affected by both 
a yearly effect, and a first-breeding effect. Figure 
1A shows the estimates of recapture probabil- 
ities under model (4, P•.•), which allows year- 
specific recapture probabilities to be estimated 
independently for each class (first or experi- 
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TABLE 1. Results of various capture-recapture models (overall data), including deviance (DEV), number of 
estimable parameters (np), and AIC for each. Best model (i.e. giving lowest value of AIC) is ½, P,+F, which 
incorporates constant survival, as well as additive effects of time and first breeding on recapture probability. 

Recapture model 
Survival 

model P,.F Pt+F P, PF P 

$,.• DEV 8,594.66 8,617.42 8,630.34 8,656.74 8,665.97 
np 72 56 55 39 38 
AIC 8,738.66 8,729.42 8,740.34 8,734.74 8,741.97 

•,+F DEV 8,609.95 8,635.85 8,650.19 8,695.86 8,705.35 
np 56 39 38 22 21 
AIC 8,721.95 8,713.85 8,726.19 8,739.86 8,747.35 

•t DEV 8,609.96 8,633.32 8,654.22 8,697.19 8,712.07 
np 55 38 37 21 20 
AIC 8,719.96 8,709.32 8,728.22 8,739.19 8,752.07 

ß F DEV 8,631.89 8,661.54 8,677.09 8,727.57 8,739.62 
np 39 22 21 4 3 
AIC 8,709.89 8,705.54 8,719.09 8,735.57 8,745.62 

ß DEV 8,631.94 8,662.02 8,681.44 8,727.59 8,741.37 
np 38 21 20 3 2 
AIC 8,707.94 8,704.02 8,721.44 8,733.59 8,745.37 
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Fig. 1. Estimates of recapture rates after first 
breeding (B) or after later recapture occasions (rq) 
under (A) model el, P,.F and (B) model ½,, pt+r for all 
birds. 

enced breeders). Figure lB shows the estimates 
of recapture probabilities under model (½, Pt+r), 
which eliminates the interaction term between 

time and first breeding. The latter is the best 
model in terms of AIC. Birds of both classes 

(first-time or later breeders) can then be con- 
sidered as affected by annual variation in the 
same way. 

The annual variation in recapture rates re- 
flects mainly the annual variation in the effort 
expended on the banding drives each year. The 
first-breeding effect is the more interesting bi- 
ologically; it shows that birds breeding for the 
first time are 22.8% (95% confidence interval 
13.3-31.3%) less likely to be recaptured in the 
following year than on later attempts. Although 
other interpretations are possible (see Discus- 
sion), we interpret this lower recapture rate as 
evidence of a lower probability of breeding suc- 
cessfully the year after the first observed suc- 
cessful breeding. 

For birds having bred for the first time as two- 
year-olds, the preferred model also was (½, Pt+r). 
These birds have a recapture probability in the 
year after first nesting 45.2% (95% confidence 
interval 30.2-56.9%) lower than on subsequent 
occasions (Fig. 2). The analysis of the subset 
containing birds recaptured for the first time at 
an older age also lead to the model (½, P,+r), but 
these birds showed a much lower reduction in 

recapture probability (ca. 15.6%; 95% confidence 
interval 3.6-26.1%; Fig. 3). There were no dif- 
ferences in local survival probabilities either 
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under model ½,, P•+r for birds first recaptured as two- 
year-old breeders. 

•--,-• • • • • • • • • • • • • • • 

72 74 76 78 80 82 84 86 88 90 

YEAR 

Fig. 3. Estimates of recapture rates after first 
breeding (I) or after later recapture occasions (E•) 
under model ½, P•+r for birds first recaptured at age 
greater than two years. 

between the first and later recaptures of each 
group, or between groups. 

As for the birds recaptured for the first time 
as three-year-olds, we can roughly estimate how 
many of them were actually first-time breeders. 
Of 870 birds caught as three-year-olds, only 78 
had been caught the year before (as two-year- 
old breeders). Knowing that the overall capture 
probability in this population is about 0.237 (95% 
confidence interval 0.221-0.253), we can assume 
that these 78 birds represent about 23.7% of the 
actual number of birds having bred at age 2 
among the birds captured at age 3. Thus, we 
expect that 78/0.237, or about 329 birds of the 
total three-year-olds had bred successfully as 
two-year-olds. From this we calculate that about 
870 - 329 = 541 of the 792 birds first captured 
as three-year-olds were first-time breeders. This 
represents about 68.3% of the sample. Most 
three-year-olds in our sample, therefore, are 
first-time breeders. The data show no evidence 

of reduced local survival or recapture after first 
recapture for such birds. Even though there is 
some dilution of the effect because of contam- 

ination of this sample by some second-time 
breeders, it is clear that the effect of first-time 

breeding on three-year-olds is much less than 
the effect on two-year-olds. 

This conclusion leads to the question wheth- 
er this cost is an effect of age per se rather than 
an effect of breeding. We now examine whether 
it is more costly in terms of future reproductive 
success for a two-year-old bird to breed suc- 

cessfully than not to breed successfully. If there 
was an equal cost of nonbreeding than of breed- 
ing at age 2, we would expect 54.8% (95% con- 
fidence interval 43.1-69.8%) of all three-year- 
old birds to breed each year. Cooke and Rock- 
well (1988) estimated that around 86% of 
three-year-old birds bred successfully, relative 
to the proportion of older successful breeding 
adults. This suggests that successfully nesting 
two-year-olds are less represented among suc- 
cessful three-year-olds than nonbreeding or un- 
successfully breeding two-year-olds. 

Lifetime-reproductive-success calculations.--From 
the original data of Rockwell et al. (1993), we 
obtained the values: n(2) = 1.62 + SE of 0.85; 
n(3) = 2.01 + 0.81; and n(4) = 2.40 + 0.73. From 
the results above we obtained a Pr(B3/B2) of 
0.55 + 0.07 for two-year-old breeders, and a 
Pr(B4/B3) of 0.84 + 0.06 for three-year-old or 
older breeders. It is assumed that Pr(B4/B2) is 
1 (see Methods). 

The estimation of the average number of 
young produced during the first four years of 
life is then an N(2) of 5.13 + 1.21 for birds 
starting to breed as two-year-olds, and an N(3) 
of 4.05 + 1.02 for birds starting as three-year- 
olds; the COV(N(2),N(3)) is 0.80. This difference 
is not significant (Wald test, P • 0.256). Because 
of their reduced probability of nesting success- 
fully the next year, birds that start breeding as 
two-year-olds do not have a significantly higher 
expected production of goslings than birds that 
start breeding as three-year-olds. 
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DISCUSSION 

We have been able to test for variation in both 

local survival and recapture probabilities in re- 
lationship to time, breeding experience, and age 
at first breeding. The models that best fit our 
data (in terms of AIC) are those showing qb (local 
survival) to be a constant. There is no evidence 
for variation in local survival with annual con- 

ditions during the 20 years of the study for this 
sample of birds. Local survival also did not de- 
pend on whether the birds had been observed 
breeding for the first time or on later occasions, 
nor on the age of ilrst-observed breeding. Our 
estimate of local annual survival for adult fe- 

males is 0.714, which is consistent with other 

studies of this population of Lesser Snow Geese 
(e.g. Francis and Cooke 1993). 

In contrast to local survival, recapture rates 
vary with time and according to the detected 
breeding experience of the birds. Variation in 
time is probably not biologically interesting, 
since it primarily reflects the variation in effort 
that has been put into the banding operations 
during the study (mainly determined by avail- 
ability of research funds) and also because the 
population has increased over time (Cooch et 
al. 1989). 

We found that birds seen breeding for the 
first time are less likely to be recaptured one 
year later than those seen breeding on a second 
or subsequent occasion. A lower recapture fre- 
quency of first-time detected breeders probably 
reflects temporary emigration rather than some 
type of temporary trap shyness. As mentioned 
above, the banding drives catch overwhelm- 
ingly birds that have bred successfully (Cooke 
and Rockwell 1988). Thus, the most likely rea- 
son for temporary noncatchability is either be- 
cause birds do not breed or because they fail 
early in the nesting attempt. An alternative sug- 
gestion is that birds may nest successfully, but 
be more likely to move to a more remote brood- 
rearing area after the first nesting occasion. This 
could occur, for example, if young birds were 
more likely to change nest sites and, as a result, 
be closer to different brood rearing areas. Yet, 
it seems unlikely that they subsequently would 
return to the initial brood-rearing area when 
they age. If young birds were less philopatric, 
we would expect it to be reflected in permanent 
not temporary emigration. The former would 
be confounded in the models with survival 

rather than recapture. 

Therefore, our data strongly suggest that birds 
are less likely to reproduce successfully in the 
year following their first successful breeding. 
This reflects a considerable cost to reproduction 
and no doubt influences the lifetime reproduc- 
tive success. On average, first-time detected 
breeders have a 77% probability of being recap- 
tured the next year, relative to later breeders. 
This value is almost certainly an overestimate 
since we do not necessarily capture a bird on 
its first successful nesting occasion and some of 
the first-time detected breeders undoubtedly 
have nested undetected in years prior to the 
first time they appear in our recapture sample. 
The finding of lower breeding probability in 
the year after the first successful breeding is not 
new in birds, but its detection in earlier ex- 

amples has been restricted to species where re- 
capture rates are virtually 100%, such as highly 
philopatric colonial seabirds. Wooller and 
Coulson (1977) found that 27% of female Black- 
legged Kittiwakes (Rissa tridactyla) failed to ap- 
pear in the year following the first breeding 
attempt. A comparable figure for older breeding 
females was 5%. Weimerskirch (1990) found that 
first-time breeding Antarctic Fulmars (Fulmarus 
glacialoides) are more likely to be absent from 
the nesting cliff one year after their first suc- 
cessful breeding attempt than on later occa- 
sions. Ollason and Dunnet (1988) found that 
intermittent breeding was more frequent early 
in the breeding life of Atlantic Fulmars (F. gla- 
cialis). However, no similar effect was found in 
Wandering Albatrosses (Diomedea exulans ), 
which nest only every second year (Weimer- 
skirch 1992), or in Snow Petrels (Pagodroma ni- 
yea; Weimerskirch pers. comm.). 

The most interesting finding from our anal- 
yses is that the reduction in the recapture rate 
after first-time successful breeding is highly in- 
fluenced by the age at which birds breed suc- 
cessfully for the first time. In our sample of 
successful two-year-old first-time breeders, the 
probability of being recaptured the next year is 
only 55% of that of their subsequent breeding 
attempts, and this reduction is highly different 
from the reduction in recapture rates of older 
birds detected for the first time as successful 

breeders. The sample of two-year-olds contains 
no birds that could have nested in a previous 
year, since no yearling breeders have been dis- 
covered at the La Perouse Bay colony in 22 years 
of study. 

Cooke and Rockwell (1988) found that most 
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geese enter the breeding population as two- or 
three-year-olds. We have shown above that suc- 
cessful two-year-olds have a much lower chance 
of success in the following year, and the ma- 
jority (ca. 68%) of the birds first detected as three- 
year-old breeders in fact are breeding success- 
fully for the first time. In this sample, we found 
no evidence for a reduction in recapture rate 
after the first encounter. We did, however, de- 
tect an effect of first-time breeding when we 
examined the much larger data set of all birds 
first recaptured at three years of age or older, 
suggesting that the lack of effect in three-year- 
olds may be partly a result of the smaller sample 
size; there are only 792 birds in this sample 
against 2,004 in the sample of three-year-old 
and older birds. Alternatively, there may be 
some heterogeneity in recapture rates when 
birds seen for the first time at relatively ad- 
vanced ages are included. Despite this caveat, 
the consequences of first-time breeding are dra- 
matically different depending on the age at 
which the bird enters the breeding population. 
Such a finding has important implications in 
terms of life-history theory. If the consequences 
of first-time breeding are independent of the 
age of first-time breeding, the highest lifetime 
reproductive success is expected to accrue to 
those birds that enter the breeding population 
at the earliest age. Such are the expectations of 
the constraint hypothesis, and most published 
data derived from long-term studies of birds are 
consistent with this hypothesis. 

Lifetime-reproductive-success calculations 
suggest that, because of the reduced probability 
of nesting successfully the following year, birds 
that start breeding at age 2 do not have a sig- 
nificantly higher expected production of gos- 
lings than birds that start at age 3. Due to risk 
of mortality between years' 2 and 3, it is prob- 
ably still more advantageous for a bird to start 
breeding at age 2 rather than at age 3. The data, 
then, favor the constraint hypothesis over the 
restraint hypothesis, even though the advan- 
tages of nesting as a two-year-old are much less 
than was previously believed. This suggests that, 
if there were genetic variation in terms of the 
character "age of first breeding," selection would 
be directional for breeding earlier in life if re- 
sources were available. This leads to the idea 

that resources limit early nesting, and that only 
the highest-quality birds should nest as two- 
year-olds, because of the risk of failure the next 
year. We imagine that the heritability of the 

character "age of first breeding" would be low 
and that most of the differences among birds 
would be nongenetic. Limitation of resources, 
or the ability of individuals to utilize them ad- 
equately, appears to be the main reason why 
delayed maturity occurs in Lesser Snow Geese. 

Associated with this gradual acquisition of 
breeding status are several other improvements 
in components of fitness during the first few 
years of life. Increased clutch size with age has 
been demonstrated in most species of birds in 
which the phenomenon has been investigated 
(Finney and Cooke 1978). Usually, this phe- 
nomenon has been described as a feature of the 

population, but Hamann and Cooke (1987) were 
able to show that the clutch sizes of individual 

Lesser Snow Geese increased with age up to age 
4. Nest and brood survival also increase up to 
age 4 or 5 (Rockwell et al. 1993). At the proxi- 
mate level, these findings suggest that individ- 
uals become more efficient as breeders as they 
age, either through some physiological matu- 
ration or due to some learned process. Our find- 
ings illustrate the importance of measuring as 
many components of fitness under field con- 
ditions as possible. Experimental manipulations 
cannot compensate for this when the relative 
reproductive performances of different seg- 
ments in the population are to be assessed. Most 
measures of lifetime reproductive success may 
be flawed if they fail to take into account more 
subtle interdependencies of fitness compo- 
nents, such as the one documented in this pa- 
per. 
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APPENDIX 

Goodness-of-fit test for model ½,.,2, 

The model denoted in this paper as (½,.r, Pt.F) can 
be viewed as a model with two age classes, where 
"age" means "time elapsed since first capture." The 
first age class considers the first time interval after 
banding (for ½), or the first recapture occasion (for p). 
The second age class considers all further intervals 
or occasions. This model is denoted as (½,.,2, P,.•2). It 
is a particular case of Pollock's (1975) general age- 
dependent model (see also Robson 1969, Cormack 
1972:341). This model is very useful in many cases 
(e.g. transient animals [Pradel et al. unpubl. manu- 
script] animals banded as young [Clobert et al. 1994]). 

Among the most-common computer programs for 
analysis of capture-recapture data (see Lebreton et al. 
1993), we could not find any readily available good- 
ness-of-fit test for this model. In particular, the tests 
provided by JOLLYAGE (Pollock et al. 1990) are in- 
adequate. 

However, testing the fit of a preliminary model is 
critical to all further analyses, since the distribution 
of statistics used in model selection depends on the 
fit of the model used as a starting point (Lebreton et 
al. 1992). A complete goodness-of-fit test for this mod- 
el is based on a splitting of each capture history as 
proposed by Clobert et al. (1994); each is split into 
two fictitious recapture histories (see Fig. 4). The data 
set is transformed into two fictitious data subsets, the 

first containing records of the first or of the two first 
captures of all individuals, and the second containing 
records of all subsequent occasions. The goodness-of- 
fit test for model (½,.,•, p,.,•) is then made up of three 
components: 

(1) The first component is a goodness-of-fit test of 
model (½,,2, P,.•2) for the part of the data concerning 
just the first recapture of each individual (parameter 
structure for this model is given in left half of Table 
2). One easily can prove that the fit of a model in- 
corporating parameters as in Table 2 to this data sub- 
set is tested by Test 2.Cm (implemented in program 
RELEASE; Pradel 1993). The corresponding chi-square 
statistic is noted as C1, with dfl degrees of freedom. 

Original data set 

00•00100110010000000 

r__OOlOlOOOOOOOOOOOOOOO • 

--øøø'øøøøø3 00100200000000000000 • -- 00102000000000000000 
00010000000000000000 • 

L Second data subset > 00000100110010000000 
> 00001000000000000000 

Fig. 4. Splitting capture-recapture data set into two fictitious subsets according to first recapture of indi- 
viduals. Each row represents an individual capture history across years, coded as: (0) animal not captured; 
(1) animal captured and released; (2) animal captured and removed from data set. 

TABLE 2. Parameter structure for first model (with k = 5 capture occasions) fitted on two subsets described 
in Figure 4. Parameters marked with asterisk (*) correspond to first age class. 

First pseudogroup Second pseudogroup 
occasion no. occasion no. 

Cohort 1 2 3 4 5 1 2 3 4 5 

Survival parameters 
1 •* •z •3 •, •2' •3' •,' 
2 •2' • • •' •4' 
3 •3' •t 
4 

Capture parameters 
1 P•* P• P, Ps P/ Pt' 
2 P•* Pt P• p,' 
3 p,* p, 
4 p** 
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TABLE 3. Three components of goodness-of-fit test 
for model (•.,2, Pt.,2) for all birds. 

i C. df, P 

1 39.98 39 0.43 

2 61.04 72 0.82 
3 18.76 35 0.99 

Total 119.78 146 0.94 

(2) The goodness-of-fit test of a model as in Table 
2 (right) for the second data subset is a standard good- 
ness-of-fit test of model (•, Pt), since all pseudoin- 
dividuals in this group are beyond age class 1. Tests 

2 and 3 in program RELEASE (Burnham et al. 1987) 
provide the corresponding chi-square statistic, noted 
C2, with df2 degrees of freedom. 

(3) The third needed component, C3, corresponds 
to a test of H0: p, = p/(i = 3 ..... k), •, = •,' (i = 2 ..... k 
- 1). It can be obtained as a likelihood-ratio test using 
SURGE. 

An overall goodness-of-fit statistic is the sum of the 
three independent chi-square statistics above. Under 
H0, C1 + C2 + C3 is distributed as X2•q• + 
However, a close look at individual components is rec- 
ommended. The results in our case are as in Table 3. 


