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Abstract. Using mark–recapture, we estimated the age at first return and survival of juveniles of the Sooty 
Shearwater (Puffinus griseus), a medium-sized burrow-breeding procellariiform, at two New Zealand breeding 
colonies, Taiaroa head and The Snares. Sooty Shearwaters were first observed at the colony between 2 and 10 
years after being banded as chicks, with a mean of 5.7 years at Taiaroa head and 5.4 years at The Snares. After 
accounting for imperfect detectability with a mark–recapture model, we estimate the mean age at first return 
as 4.8 years. Extrapolation from observed delays between arrival and breeding of the Short-tailed Shearwater 
(P. tenuirostris) suggests that the mean age at first breeding was 7.7 years. Annualized estimates of survival 
from 0 to 2 years were 0.54 at Taiaroa head and 0.41 at The Snares. Overall estimates of the generation time and 
maximum rate of population growth were 13.1 years and 7.7%, respectively. Many published estimates of age at 
first return and age at first breeding are biased because they implicitly assume perfect detectability of individu-
als. Such an assumption in turn leads to bias in estimation of generation time and maximum rate of population 
growth. A generic population model for the Procellariiformes, in which the parameters are scaled against gen-
eration time, could prove to be a useful tool in guiding management of bycatch and sustainable harvest. 

Key words: mark–recapture, Procellariiformes, Sooty Shearwater, recruitment, sustainable harvest man-
agement, transience, fisheries bycatch.

Edad al Momento del Primer Retorno a la Colonia Reproductiva y Supervivencia de los  
juveniles de Puffinus griseus

Resumen. Usado métodos de marca–recaptura, estimamos la edad al momento del primer retorno y la 
supervivencia de los juveniles de Puffinus griseus, un procelariforme de tamaño medio que anida en huecos, 
en dos colonias reproductivas en Nueva Zelandia, Taiaroa head y los Snares. los individuos de P. griseus 
fueron observados por primera vez en la colonia entre 2 y 10 años luego de haber sido anillados como pi-
chones, con una media de 5.7 años en Taiaroa head y 5.4 años en los Snares. luego de tener en cuenta la 
detectabilidad imperfecta que supone un modelo de marca-recaptura, estimamos la edad media al momento 
del primer retorno en 4.8 años. la extrapolación de las demoras observadas entre el arribo y la reproducción 
en P. tenuirostris sugiere que la edad media de la primera reproducción fue de 7.7 años. las estimaciones 
anuales de la supervivencia de 0 a 2 años fueron 0.54 en Taiaroa head y 0.41 en los Snares. las estimaciones 
globales del tiempo generacional y la tasa máxima de crecimiento poblacional fueron de 13.1 años y 7.7%, 
respectivamente. Muchas estimaciones publicadas de la edad al momento del primer retorno y de la edad de 
la primera reproducción están sesgadas debido a que implícitamente asumen una detectabilidad perfecta de 
los individuos. Este supuesto a su vez lleva a un sesgo en la estimación del tiempo generacional y de la tasa 
máxima de crecimiento poblacional. Un modelo poblacional genérico para los Procelariformes, en el cual los 
parámetros están ajustados por el tiempo generacional, podría ser una herramienta útil para guiar el manejo de 
la captura incidental y de la cosecha sustentable.
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INTRODUCTION

In many species of colonial seabirds, the young leave their 
natal colony after fledging and do not return to it for several 
years (lebreton et al. 1990, 1992, Nichols et al. 1990, Cooke 
and francis 1993, Clobert et al. 1994). Individuals return to 
the colony and start breeding over a range of ages, particularly 
in longer-lived species such as those of the order Procellari-
iformes (Duncan and Monaghan 1977, greenwood and har-
vey 1982, bradley and wooller 1989). Estimates of age at first 
return (AfR) and age at first breeding (Afb) are important 
for understanding recruitment, but the length of the studies 
required means that relatively few robust estimates of these 
variables have been reported.

Many studies that report AfR do so by simply stating the 
age at which birds are first observed arriving at the colony. 
This is accurate only if the probability of detecting an indi-
vidual at the colony is equal to one, but for many species this 
is not true, making the observed AfR an overestimate of the 
true AfR because some individuals will not be detected until 
one or more years after arriving. In such cases, it will be pref-
erable to use a mark–recapture model to estimate the proba-
bility of detection and so estimate AfR more accurately. Even 
then, the study needs to be long enough to avoid bias caused 
by the end of the study truncating the maximum age at which 
birds of later cohorts can first be observed to return. This bias 
acts in the other direction, in that it will lead to an estimate of 
AfR lower than would be obtained from a longer study. 

juveniles that cannot be captured between fledging and 
return to the colony can be thought of as temporary emigrants. 
A natural approach would therefore be to use Pollock’s ro-
bust design, which allows estimation of temporary emigration 
(Pollock 1982, Kendall et al. 1997). however, many studies 
do not follow the robust design of primary and secondary pe-
riods of sampling and so cannot use this approach. Clobert 
et al. (1994) showed how standard mark–recapture data (not 
recorded by the robust design) could be used to estimate both 
juvenile survival and what they termed age-specific breeding 
probabilities. for further discussion of alternative methods 
of analysis and different parametrizations of the recruitment 
process, see Pradel and lebreton (1999), Schwarz and Arna-
son (2000) and link and barker (2005).

The Sooty Shearwater (Puffinus griseus) is called tītī by 
the Rakiura Māori, New Zealand’s southernmost group of 
indigenous people, who traditionally harvest chicks each year 
from islands around Stewart Island (wilson 1979, Stevens 
2006). Māori culture places great importance on this harvest; 
cultural regulations prohibit the harvest of adults, restrict 
access to the islands and timing of the harvest, and include 
provisions to protect habitat (Kitson and Moller 2008). Re-
cent perceived changes in population status and classification 
of the population as “near threatened” (Scott et al. 2008) have 
led to research into the customary harvest’s sustainability 

(Moller 1996, 2006, Taiepa et al. 1997, hunter and Caswell 
2005, Moller et al. 2009b).

The primary purpose of this paper is to use a multi-state 
mark–recapture model to obtain estimates of AfR and sur-
vival of juvenile Sooty Shearwaters, following the approach 
of Spendelow et al. (2002). we then use an estimate of the 
time between AfR and Afb for a closely related species, the 
Short-tailed Shearwater (P. tenuirostris) to estimate Afb for 
the Sooty Shearwater. we also consider the potential bias in 
the observed AfR caused by imperfect detectability of indi-
viduals and the effect this can have on estimation of genera-
tion time and maximum rate of population growth.

METhODS

STUDy SITES AND fIElD wORK

The Sooty Shearwater is a medium-sized procellariiform that 
nests in burrows primarily on offshore islands of New Zea-
land and Chile (small colonies also occur in Australia and 
the falkland Islands). It lays at most one egg each breeding 
season. we used banding data from two colonies in New Zea-
land: Taiaroa head (45° 48′ S, 170° 44′ E), on the tip of Otago 
Peninsula 36 km northeast of the city of Dunedin; and at The 
Snares (48° 01′ S, 166° 36′ E), a group of small subantarctic 
islands lying 105 km south-southwest of Stewart Island. 

Taiaroa Head. Over 14 breeding seasons, between 
April 1992 and May 2005, we banded 1175 chicks and 2088 
adults (Appendix 1; available at http://dx.doi.org/10.1525/
cond.2013.110150). Throughout the paper we use the la-
bels 91, 92, ..., 04 to denote the breeding seasons of 1991/92, 
1992/93, ..., 2004/05, respectively. Most field effort took place 
between late September and mid-November, just after the re-
turn of breeding adults (Shaffer et al. 2006), as any handling 
after this period might have led to an increase in failure of 
breeding. In some years, we also banded adults after chicks 
had hatched. we captured chicks when they emerged from 
their burrows between mid-April and mid-May to exercise 
wing muscles, lose down, and fledge.

The Snares. from 1996 to 1999, we banded 2770 chicks 
and 4495 adults (Appendix 1). In the early years of the study 
we made three visits to the islands to study egg-laying, hatch-
ing, and fledging, but later shortened this to one or two trips. 
where possible, trips were timed to coincide with late incu-
bation and hatching or with fledging (Newman et al. 2009a). 
The data used in our analyses were from sites A, b, and D, de-
scribed by Clucas et al. (2008). Sites A (472 m2), b (413 m2), 
and D (613 m2) are approximately 200 m apart on North East 
Island, the main island of the group. Study sites were located 
within one large essentially contiguous colony that covers 
most of the island under a low forest dominated by Tūpare 
(Olearia colensoi hook.). They were not spatially distinct 
from other areas of the colony, and some birds will have 
landed in them and passed through to adjacent areas in which 
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they were nesting. for this reason we anticipated some disap-
pearances of banded individuals that nevertheless survived to 
return to breed, both within a season (as they land and move 
within the colony) and in successive seasons (as they move 
burrows). The density of burrow entrances is much higher 
at The Snares than at Taiaroa head (Moller et al. 2009a, 
Newman et al. 2009b).

The number of birds banded or recaptured in each year 
and the year that they were next captured (if they were) are 
given in Appendix 1, separately for those birds banded as 
chicks and those banded as adults. This tabulation is referred 
to as an “m-array” by lebreton et al. (1992). The data on 
banded adults provides information on transience and adult 
survival; its inclusion in the analysis therefore leads to more 
reliable estimation of AfR and juvenile survival than we 
would have obtained from the data on banded chicks alone. 
A detailed analysis of transience and adult survival per se is 
given in Clucas et al. (2008).

MUlTI-STATE MODElINg TO ESTIMATE jUVENIlE 

SURVIVAl AND AfR

Our multi-state model had two states: young (chick or 
juvenile) and adult (pre-breeder, breeder or nonbreeder). 
we defined a juvenile as a bird that has fledged but has not 
yet returned to the colony, an adult as a bird that has re-
turned to the colony and is a pre-breeder, breeder, or non-
breeder. The model involved three types of parameter: 
probabilities of survival and recapture for each state and 
the probabilities of transitions between states. juveniles are 
thought of as being temporary emigrants, so young indi-
viduals were assigned a recapture probability of zero. like-
wise, a transition from adult to young is impossible, so we 
set its probability to zero.

when a multi-state model is fitted to a large data set it is 
not uncommon for there to be issues with convergence of the 
estimation process due to sparseness in the data (Kendall et al. 
2003:1063). The only results we report are for those models in 
which convergence was achieved.

The model required specifying a minimum age k 
(years) at which first return can occur and an age m (years) 
by which it is assumed that all individuals that  eventually 
 return will have done so. A natural choice for k is the 
 minimum observed AFR (Spendelow et al. 2002), which was 
2 years. To allow for the possibility that individuals might 
return at age 1 year, we compared models with k = 1 and 
k = 2. we considered values of m between 2, the minimum 
possible value given our choice of k, and 10, the maximum 
observed AfR. for individuals banded as chicks, age in sub-
sequent years is known. Thus we can specify the probabil-
ity of transition from young to adult as age-dependent. we 
defined α(ν) to be the probability that a bird of age ν will 
be present at the colony in any given year (given that the 
bird is alive in that year, has not previously returned to the 

colony, and will return to the colony at some stage in its life-
time). In all models, we set α(ν) to 0 for ν < k and 1 for ν ≥ m, 
corresponding to the assumption that no individual returns 
to the colony before age k and all individuals will have re-
turned by age m. we did not consider models in which val-
ues of α(ν) were time-dependent (varied by annual cohort) 
because fitting these led to problems with convergence (the  
final estimates depending on the initial values), suggesting 
that they are too complex to fit to the data. we considered 
three types of model for α(ν). In the first, the values of α(ν) 
were fully age-specific, in the other two the relationship be-
tween α(ν) and age ν (ν = 2, …, m –1) was given by one of the 
following linear-logistic functions:
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Eq. 1 is a classic logistic regression equation with age as the pre-
dictor variable (Spendelow et al. 2002). Eq. 2 was an alternative 
that was motivated by preliminary analyses in which we plot-
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age-specific. Note that Eqs. 1 and 2 both imply that α(ν) is a 
strictly increasing function of age.

we converted the final estimates of α(ν) to a distribution 
for AFR by the following formula, which follows from the fact 
that an individual that first arrives at the colony at age x > k 
clearly must have “not arrived at the colony” between ages k 
and x – 1 inclusive (Pradel and lebreton 1999):
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we needed to assume that each individual had the same 
probability of survival from age k onward. Thus the probabil-
ity of survival of juveniles of age ≥k was the same as that for 
adults. The annual survival probabilities for a juvenile of age 
<k cannot be estimated separately. we therefore estimated the 
probability of surviving from age 0 to age k, φ(0), and con-
verted this to an effective annual survival probability between 
ages 0 and k with the formula [φ(0)]1/k. we did not consider 
models in which φ(0) is time-dependent because these again 
led to problems with convergence.
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given our previous experience with analyzing mark– 
recapture data for this species, and the literature for other seabirds, 
we expected that we would need to allow for both “transience” and 
“trap-dependence” (Spendelow et al. 2002). A “transient model” 
allows for the fact that some prospecting pre-breeders appear at a 
site for one season only and are never seen again (Richdale 1963, 
warham 1996). A “trap-dependence model” can allow for some 
forms of temporary emigration of adults. 

To allow for the transience effect, we defined two sur-
vival probabilities for individuals of age ≥k:
θ(k+)  probability that an unmarked adult captured in year 

i survives until year i + 1 and remains in the popula-
tion (assumed the same for all years)

φ(k+)  probability that a marked bird (juvenile or adult) of age 
≥k, alive in year i, survives until year i + 1 and remains 
in the population (assumed the same for all years)

Initial analysis again revealed problems with convergence 
when we fitted models in which either θ(k+) or φ(k+) was time-
dependent; we therefore consider only models in which these 
are both constant.

we defined the probability of recapture of an adult, pi
(k+), 

to be the probability that a marked adult alive and in the study 
population at year i is captured in year i. To allow for trap-
dependence, we assumed pi

(k+) to depend on whether or not the 
individual was captured (as an adult) in year i – 1; note that 
use of this model for pi

(k+) is not meant to reflect a behavioral 
response caused by the capture process (Pradel 1993). we spec-
ified the probability of recapture of individual j in year i as
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where xi – 1, j = 1 if individual j was captured in year 
i – 1 and xi – 1, j = 0 otherwise. we allowed the intercept (ci) to 
vary with time because a number of factors contribute to an-
nual variation in the birds’ catchability, including variation in 
field effort caused by other research needs. It is not possible 
to fit a model in which both the intercept and d vary with time 
(Pradel 1993). In all models, we specified parameters ci and d 
as site-dependent because of differences between sites in field 
effort and expected differences in temporary emigration.

we used the following three-step process for model 
selection. first, we determined a suitable model for α(ν) by set-
ting m = 10 (the largest value that we considered) and for each of 
the 16 models in which φ(0), θ(k+), φ(k+), and α(ν) were either site-
dependent or not, and we compared the fit of that model when 
α(ν) was fully age-specific with the same model but with α(ν) 
given by Eq. 1 or 2. Second, having chosen a model for α(ν), we 
determined the value of m for which the estimates of α(ν) were 
equal to 1 for all ν ≥ m. finally, having chosen a model for α(ν) 
and a value for m, we compared the fit of the 16 models in which 
φ(0), θ(k+), φ(k+), and α(ν) were either site-dependent or not.

All models were fitted by the multi-state modeling option in 
program Mark (white and burnham 1999), and we performed 
a multi-state lack-of-fit test in UCare (Choquet et al. 2009). we 

summarized the fit of each model with AICc, adjusted for any 
overdispersion evident from the lack-of-fit test, and used model 
averaging to obtain final estimates of the parameters (burnham 
and Anderson 2002). where appropriate, estimates of parame-
ters are followed by 95% confidence intervals in parentheses.

bIAS IN AfR fROM NOT ACCOUNTINg fOR  

DETECTION PRObAbIlITy

we estimated the amount of bias that might be expected if 
detection probability is ignored and the mean observed AfR 
is used to estimate the true mean (μAfR). The positive bias 
caused by not observing individuals for one or more years 
after they first return should decrease when detection prob-
ability increases. The negative bias caused by the end of the 
study effectively truncating the data should be greater for 
later cohorts, with a corresponding greater negative bias for 
cohorts combined in longer studies. Appendix 2 gives details 
of the calculations used to estimate the expected mean ob-
served AfR, both for individual cohorts and overall.

we gauged the effect of bias in the mean observed AfR 
on management decisions by considering the resulting bias in 
estimation of the logarithm of maximum population growth 
rate (rmax = log λmax, where λmax is maximum population 
growth rate; Niel and lebreton 2005). This is the growth rate 
we would expect in a small population under ideal conditions. 
Sustainable harvest and limits for accidental bycatch are 
sometimes chosen to be proportional to rmax (hunter and Cas-
well 2005, Niel and lebreton 2005, Dillingham and fletcher 
2008). Niel and lebreton (2005) used allometric relationships 
to provide a formula for λmax that should be reliable for most 
bird species. This formula is

 λmax = exp[1/T(opt)], (5)

where T(opt) is generation time for a population experiencing 
optimal conditions. There are several definitions of generation 
time, a natural one being the mean age of mothers at child-
birth. If the reproductive rate and survival probability are the 
same for all adults, this leads to

 T(opt)
 =  μAfb

(opt)
 + φA

(opt)/[λmax – φA
(opt)],   (6)

where μAfb
(opt)

 and φA
(opt) are assumed “optimal” values of μAfb 

and φA (gaillard et al. 2005). Eqs. 5 and 6 can be solved itera-
tively for λmax. Now, μAfb = μAfR + μP where μP is the mean 
time spent as a pre-breeder, between arrival at the colony and 
first breeding. An estimate of μP is not easy to obtain for the 
Sooty Shearwater (Section 1), so we used the estimate given by 
bradley et al. (1999) for the Short-tailed Shearwater.

RESUlTS

gOODNESS Of fIT

for both sites, the overall goodness-of-fit test for the jolly–
Movement model (the multi-state version of the Cormack–
jolly–Seber model; Pradel et al. 2005) showed clear evidence 
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of lack of fit (Taiaroa head: χ2
82 = 111.0, P = 0.02; The Snares: 

χ2
49 = 143.8, P < 0.001). After the component of this test that 

corresponds to transience was removed, the fit was satisfac-
tory for both sites (Taiaroa head: χ2

71 = 69.0, P = 0.54, ĉ = 
0.97; Snares: χ2

42 = 44.1. P = 0.38, ĉ = 1.05). we included tran-
sience in all our models, so we made no adjustment for over-
dispersion to the AICc values.

COMPARISON Of MODElS

In the first step of the selection of models, for each of the 16 mod-
els in which φ(0), θ(k+), φ(k+), and α(ν) were either site-dependent 
or not, use of Eq. 2 provided a better fit than either Eq. 1 (DAICc 
ranging from 8.4 to 11.4) or fully age-specific α(ν) (DAICc rang-
ing from 0.3 to 4.6). for each of the 16 models using Eq. 2, the 
estimates of α(ν) were equal to 1 for ν ≥ 6, so we set m = 6. like-
wise, for each of these models, use of k = 2 led to a better fit than 
did k = 1, so we focus solely on models with k = 2. Table 1 pro-
vides a summary of the fit of the final set of models, in which φ(0), 

θ(k+), φ(k+), and α(ν) were either site-dependent or not, where the 
subscript s indicates site-dependence in that parameter. No single 
model stood out as the best, but the sum of the weights of the top 
four models was 0.927, suggesting that the juvenile survival and 
transience parameters are site-dependent. Conversely, the data 
appear not to be sufficient for an assessment of whether there is 
site dependence in adult survival or AfR. 

AgE-SPECIfIC PRObAbIlITIES Of fIRST RETURN

figure 1 shows the model-averaged estimates of α(ν) for each 
site, together with model-averaged estimates from the same 
set of models but with α(ν) fully age-specific. Note that the lat-
ter estimates are shown only for ages 2, 4, and 5, because the 
estimates for age 3 from individual models were unreliable, 
often having confidence intervals spanning the range from 0 
and 1. As with lack of convergence of the estimation process, 
it is not uncommon for reliable estimation of one or more pa-
rameters to be difficult when a multi-state model is fitted to 
sparse data (Kendall et al. 2003). At Taiaroa head, the mean 
of the estimated AfR distribution is 4.7 years, while that for 
The Snares is 4.9 years.

for each site, the distribution of the estimated AfR 
(derived by Eq. 3) and the corresponding observed AfR are 
shown in fig. 2. for both sites, the distribution of the estimated 
AfR is shifted to the left of that of the observed AfR, repre-
senting some birds returning one or more years before being 
observed. At Taiaroa head, the mean of the observed AfR is 5.7 
years (n = 66), a positive bias of one year, while at The Snares, it 
is 5.4 years (n = 93), a positive bias of 0.5 years.

PRObAbIlITIES Of SURVIVAl AND RECAPTURE

The estimates of φ(0) were 0.29 (0.21–0.37) for Taiaroa head 
and 0.17 (0.12–0.22) for The Snares, corresponding to an-
nualized estimates [φ(0)]1/2 of 0.54 (0.46–0.61) and 0.41 
(0.35–0.47), respectively. The estimates of θ(2+) were 0.75 

TAblE 1. Comparison of models by AICc. D is the difference be-
tween the AICc for the model and that for the model with the lowest 
AICc; w is the AICc weight of that model; K is number of parameters; 
Dev is the model’s deviance; φ(0) is the probability of surviving from 
age 0 to age 2; θ(2+) is the probability that an unmarked adult cap-
tured in year i survives until year i + 1 and remains in the population; 
φ(k+) is the probability that a marked bird of age ≥2 that is alive in 
year i survives until year i + 1 and remains in the population; α(ν) is 
the probability that a bird of age ν will be present at the colony in any 
given year, given that the bird is alive in that year, has not previously 
returned to the colony, and will return to the colony at some stage in 
its lifetime. Use of the subscript s signifies site dependence in that 
parameter. In all models we specified the relationship between α(ν) 
and ν as in Eq. 2, with k = 2 and m = 6. 

Model D w K Dev

{φs
(0) θs

(2+) φs
(2+) α(ν)} 0.00a 0.391 31 21580.7

{φs
(0) θs

(2+) φs
(2+) αs

(ν)} 0.36 0.327 33 21577.0
{φs

(0) θs
(2+) φ(2+) αs

(ν)} 2.46 0.114 32 21581.1
{φs

(0) θs
(2+) φ(2+) α(ν)} 2.86 0.094 30 21585.5

{φ(0) θs
(2+) φs

(2+) αs
(ν)} 6.31 0.017 32 21585.0

{φ(0) θs
(2+) φ(2+) αs

(ν)} 6.53 0.015 31 21587.2
{φs

(0) θ(2+) φs
(2+) α(ν)} 6.55 0.015 30 21589.2

{φs
(0) θ(2+) φs

(2+) αs
(ν)} 7.10 0.011 32 21585.8

{φs
(0) θ(2+) φ(2+) αs

(ν)} 8.62 0.005 31 21589.3
{φs

(0) θ(2+) φ(2+) α(ν)} 8.73 0.005 29 21593.4
{φ(0) θ(2+) φs

(2+) αs
(ν)} 10.31 0.002 31 21591.0

{φ(0) θ(2+) φ(2+) αs
(ν)} 10.44 0.002 30 21593.1

{φ(0) θs
(2+) φs

(2+) α(ν)} 12.55 0.001 30 21595.2
{φ(0) θs

(2+) φ(2+) α(ν)} 13.24 0.001 29 21597.9
{φ(0) θ (2+) φs

(2+) α(ν)} 15.10 0.000 29 21599.8
{φ(0) θ (2+) φ(2+) α(ν)} 15.64 0.000 28 21602.3

aAICc = 21642.8.

(0.69–0.79) for Taiaroa head and 0.65 (0.60–0.70) for The 
Snares, while those for φ(2+) were 0.88 (0.85–0.90) and 0.91 
(0.87–0.94), respectively. The transience effect that we had 
expected is borne out by θ(2+) being less than φ(2+) at the same 
site (Pradel et al. 1997). At Taiaroa head the annual recapture 
probabilities ranged from 0.00 to 0.40 (mean = 0.20) for a bird 
seen in the previous year, and from 0.00 to 0.36 (mean = 0.17) 
for a bird not seen in the previous year; at The Snares, they 
ranged from 0.08 to 0.38 (mean = 0.18) and from 0.07 to 0.33 
(mean = 0.15), respectively. 

bIAS IN AfR fROM NOT ACCOUNTINg fOR  

DETECTION PRObAbIlITy

figure 3 shows the relationship between the mean observed 
AfR for each cohort and detection probability (assumed 
to be constant) for a 20-year study in which the distribu-
tion of AfR estimated for Taiaroa head is used as the true 
AfR (true mean AfR = 4.7). for simplicity of presenta-
tion, we show the results for only half of the cohorts. for 
all cohorts with at least 6 years between banding and the 
end of the study, the mean observed AfR decreases when 
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detection probability increases (fig. 2). The strong positive 
bias caused by the detection probability being less than 1, 
evident for early cohorts, is moderated by the negative bias 
caused by the end of the study truncating the maximum age 
at which birds of later cohorts can first be observed breed-
ing. The benefit from increasing the detection probability is 
greatest for the earlier cohorts. for cohorts with less than 
6 years between banding and the end of the study, the nega-
tive bias caused by truncation of the data completely out-
weighs the effect of the detection probability.

we now consider the overall mean observed AfR, us-
ing data from all cohorts. figure 4 shows the relationship 
between this mean and detection probability for a 10, 15 
or 20-year study with cohorts of equal size, again assum-
ing that the distribution for the true AfR is the same as that 
estimated for Taiaroa head. The bias is generally positive, 
decreasing when the detection probability increases, and 
becoming slightly negative when the detection probabil-
ity approaches one. In addition, the mean increases when 

t increases, with bias greatest for a 20-year study with a low 
detection probability; for shorter studies the truncation bias 
cancels out some of the bias caused by low detection prob-
ability (fig. 3).

for the Short-tailed Shearwater, bradley et al. (1999) 
estimated μAfR to be 4.1 years and the mean age at first breed-
ing to be 7.0 years. This leads to an estimate for μP of 2.9 years. 
If we combine the estimates of μAfR from Taiaroa head and 
The Snares, we have an estimate of μAfb of (4.7 + 4.9)/2 + 2.9 = 
7.7 years. If we use this as an estimate of μAfb

(opt) and set 
φA

(opt)
 = 0.91 (the higher of the two estimates of φA), we have 

T(opt) = 13.1 years and rmax = 7.7%. It may be useful to express 
the estimates of μAfR and μAfb in terms of T(opt), for the purpose 
of comparison across species: they are 0.37 and 0.59 genera-
tions, respectively.

If we had used the mean of the observed AfR at the two 
sites, we would have obtained an estimate of μAfb of (5.7 + 
5.4)/2 + 2.9 = 8.45 years, a positive bias of 10%. This in turn 
would have led to rmax = 7.1%, a relative bias of –7%, which 
would lead to underestimation of the sustainable harvest level 

fIgURE 1. Model-averaged estimates and 95% confidence inter-
vals for α(ν), the probability of first return at age, ν, of Sooty Shear-
waters at Taiaroa head and the Snares, based on a model in which 
α(ν) has a linear-logistic relationship with eν (black circles) or one in 
which α(ν) is fully age-specific (crosses; shifted to the right of the rel-
evant age for presentation).

fIgURE 2. Estimated and observed distributions of AfR of Sooty 
Shearwaters at Taiaroa head and The Snares.
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by the same amount (hunter and Caswell 2005). figure 5 
shows the estimate of rmax that would result from using the 
mean of the predicted distribution for the observed AfR over 
a range of detection probabilities, for a 10, 15 or 20-year study 
with cohorts of equal size, assuming that the distribution 
for the true AfR is the same as estimated for Taiaroa head 
and that we set φA

(opt)
 = 0.91. Note that the bias calculations 

given here ignore possible bias in estimation of μP and φA; in 

particular, a small bias in the latter may have a substantial 
effect on estimation of rmax.

DISCUSSION

ESTIMATINg AfR AND Afb

Published papers on the demography of the Procellariiformes 
typically report only observed age at first return and/or age at 

fIgURE 3. Expected mean observed AfR for individual cohorts banded in year i (i = 2, 4, …, 18) of a 20-year study versus detection prob-
ability. The dotted line shows the mean of the true distribution for AfR, which is taken to be the estimated AfR distribution for Taiaroa head 
(true mean AfR = 4.7).

fIgURE 4. Expected mean observed AfR versus detection probability for a study lasting t years (t = 10, 15, 20) and with cohorts of equal 
size. The dotted line shows the mean of the true distribution for AfR, which is taken to be the estimated AfR distribution for Taiaroa head 
(true mean AfR = 4.7).



472 DAVID flETChER et al.

first breeding (e.g., warham 1996). Use of a mark–recapture 
model is more reliable, in that it allows for imperfect detect-
ability of adults. In effect, it provides a way of adjusting the 
observed AfR to allow for the fact that some individuals will 
have returned one or more years before being observed at the 
colony. It also allows for missing years of data, if recaptures 
are not made during every year of the study. Nevertheless, 
there may still be estimation problems. If, as in our study, few 
birds banded as chicks return to the colony, the uncertainty 
around age-specific estimates of probabilities of first return 
may be large. Our choice of a monotonically increasing func-
tion to describe the relationship between probability of first 
return and age can be viewed as a simple default option. we 
found that a linear-logistic relationship between probability 
of first return and exp(age) provided a much better fit than 
a similar relationship with age, because the latter could not 
adequately model the apparent sharp increase in this probabil-
ity between four and five years of age. given the importance 
of age at first breeding for fitness and population growth, 
and the consequent selection pressure assumed to operate on 
age at first breeding in birds and mammals (williams 1966, 
begon et al. 1990), it is surprising that this topic has received 
so little attention.

we have illustrated how ignoring the detection prob-
ability generally leads to the mean of the observed AfR 
overestimating the true mean AfR. This bias is larger than 
the negative bias caused by data truncation in the later co-
horts, except in studies that are extremely short relative to the 
recruitment process, and is actually worse for longer studies. 

Our results also suggest that the bias the duration of a study 
causes in the estimate of mean AfR obtained from a mark–
recapture model should be negligible. we therefore recom-
mend that mark–recapture models such as those described 
here be used in studies of seabird recruitment. The necessar-
ily long duration required for a study of a seabird population, 
and the complexity involved in estimating the probability 
functions for first return and first breeding, may explain the 
lack of such information for seabirds, particularly for long-
lived Procellariiformes. Note that this issue will tend to be 
more important for burrow-nesting seabirds (such as the 
Sooty Shearwater) than for the larger surface nesters, such as 
albatrosses, which are more readily detected.

Estimates of the time between AfR and Afb in the Pro-
cellariiformes have been reported mainly for the larger, more 
easily observable albatrosses (Croxall et al. 1990, weimerskirch 
1992, Robertson 1993). This delay between first return and 
breeding is likely to be related to the species’ position along 
the slow-to-fast demographic continuum (Sæther and bakke 
2000), with delays longer for the slower (larger) albatrosses. 
Estimates for these species are therefore unlikely to be similar 
to those for the Sooty Shearwater. Instead we assume that the 
average 2.9-year delay between AfR and Afb observed for 
the Short-tailed Shearwater (bradley et al. 1999) also applies 
to the Sooty Shearwater. Short-tailed Shearwaters average 
~550 g, whereas the average weight of an adult Sooty Shearwa-
ter we recorded on The Snares was 850 g (SE = 8 g, n = 400). 
The only other estimate for a species with similar demography  
(jenouvrier et al. 2003) is a delay of 3.0 years between AfR 

fIgURE 5. Estimated maximum population growth rate (rmax) versus detection probability, with ϕA
(opt)

 = 0.91 and the expected mean ob-
served AfR as an estimate of μAfR, for a study of duration t years (t = 10, 15, 20) and cohorts of equal size. The dotted line shows the estimate 
of  rmax corresponding to the true distribution for AfR, which is taken to be the estimated AfR distribution for Taiaroa head (true mean 
AfR = 4.7).
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and Afb in the Southern fulmar (Fulmarus glacialoides; 
~1000 g, AfR = 8, SD = 3; Afb = 11, SD = 4). Using the Short-
tailed Shearwater’s average delay and the mean of our two site-
specific estimates for mean AfR leads to an estimate of mean 
AFB of 7.7 years in the Sooty Shearwater.

It is likely that AfR and Afb are determined by a mix 
of fixed physiological and behavioral maturation constraints 
and more labile environmental influences like feeding condi-
tions and site-specific influences on breeding like the avail-
ability of mates or nest sites. lifetime reproductive fitness is 
probably subject to strong selective pressures (Stearns 1976) 
that balance the benefits of breeding early (as soon as it is safe 
and likely to be successful) against the risk of breeding too 
early (reduced survival of adults or chicks, or impaired future 
reproductive success). The Procellariiformes have a “pros-
pecting” stage in which prebreeders move around potential 
breeding sites and when density-dependent effects such as 
availability of breeding space and mates could hasten or delay 
onset of breeding, or change rates of immigration or emigra-
tion from natal colonies (warham 1996, Moller et al. 2009a). 
This suggests a need to allow for variation in this delay in a 
population model, as well as a need for further estimates of 
this delay and research into what determines it. 

ESTIMATES Of jUVENIlE SURVIVAl

Our estimates of the probability of the Sooty Shearwater’s an-
nual survival in the first two years of life were 0.54 for Taiaroa 
head and 0.41 for The Snares, both lower than that of 0.71 
for the Short-tailed Shearwater (multiplying the probability 
of reappearance from fledging to year 1 and the probability of 
reappearance from year 1 to year 2, in table 2 of hunter et al. 
2000). Survival of juveniles being lower on The Snares than 
at Taiaroa head is consistent with our expectation that juve-
nile demographic parameters are more site-specific and labile 
than those for adults. The size and condition of the fledglings 
affects their probability of return to their natal colony (Sagar 
and horning 1997), presumably by determining the prob-
ability of successful migration of juveniles to the Northern 
hemisphere immediately after fledging. Chicks’ body condi-
tion varies considerably between colonies, and even between 
parts of colonies (bragg et al. 2007). Also the “apparent” 
survival rate of juveniles is partly determined by probability 
of juveniles’ returning to the natal colony where they were 
banded (emigrants to other colonies will be counted as dead), 
and that in turn is probably affected by site-specific factors 
like availability of mates and nests. In contrast, adults remain 
at the same site once they begin breeding there, so variation 
in transience and immigration/emigration do not add local 
variation to rates of adults’ apparent survival. Also, adults 
move over a huge area to exploit patches rich in food, where 
density-dependent competition is very unlikely (Shaffer et 
al. 2009), and adult seabirds conserve their own survival by 
quickly abandoning chicks if deteriorating ecological condi-
tions risk their long-term reproductive fitness (warham 1996, 

Efford and Edge 2006). It is the vital rates in early life (sur-
vival of eggs, chicks, and juveniles, immigration and emigra-
tion of pre-breeders) that may be the most density-dependent; 
these therefore have the greatest potential to trigger compen-
satory changes to ameliorate the effects of harvest and by-
catch (Moller 2006).

Note that if survival of juveniles is estimated empirically, 
by the proportion of chicks observed to return to the colony, 
for example, imperfect detectability will lead to underesti-
mation of this parameter, in addition to the overestimation of 
Afb. If a population growth rate is estimated with a demo-
graphic model that involves juvenile survival and Afb, bias 
in the estimates of these parameters might lead to substantial 
underestimation of the growth rate. The method by which we 
estimated the maximum population growth rate (Eqs. 5 and 
6) does not require an estimate of juvenile survival, as use of 
allometric relationships means it is based solely on estimation 
of Afb and adult survival (Niel and lebreton 2005).

IMPlICATIONS fOR SOOTy ShEARwATER 

MANAgEMENT

The Sooty Shearwater is culturally important and listed as 
“near threatened” because of recent population declines 
(Scott et al. 2008, Clucas 2011, Clucas et al. 2012), despite 
numbering in the millions (warham and wilson 1982, 
Miskelly et al. 2001, Newman et al. 2009b). Until this study, 
the only published estimate of the Sooty Shearwater’s Afb 
was 6 years at whero Island (Richdale 1963). Preliminary 
models of the population used the Afb of 6 years from 
whero (hamilton and Moller 1995) or substituted 7.1 years, 
the estimate for the Short-tailed Shearwater from fisher Is-
land (hunter and Caswell 2005), whereas we estimate it to be 
7.7 years. Uncertainty analyses show that age at first breed-
ing has a large effect on shearwaters’ rate of population 
growth (hamilton and Moller 1995, hunter et al. 2000), so 
the population-viability models for the Sooty Shearwater will 
have greatly overestimated the population’s resilience to ma-
rine catastrophes (hamilton and Moller 1995), and predicted  
effects of harvest pressure (hunter and Caswell 2005) will 
have been slightly underestimated. 

Delayed breeding makes the Sooty Shearwater population 
relatively slow to respond to management. Models imply that 
around a third of the population decline since the mid-1970s was 
driven by mortality due to large-scale drift-net fishing in the 
northern Pacific Ocean (bragg et al. 2007, Moller et al. 2010). Ces-
sation of drift netting in 1991 may have triggered a sharp improve-
ment in survival of both juveniles and adults, but estimates of the 
size of this release are very uncertain (Uhlmann et al. 2005). Our 
study suggests that it was 8 or 9 years before most of the refreshed 
cohort of young saved from risk of drowning in drift nets in mid-
1991 began breeding in 1999–2000. A further surge in chick pro-
duction would have been expected in 2007–2008 once most of 
the offspring of the first refreshed cohort reached breeding age. 
An indirect test of whether drift-net fishing drove a substantive 
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part of the Sooty Shearwater’s decline will therefore be whether 
there was an upswing in the number of chicks produced in the 
late 1990s, and especially whether a geometric upswing in chick 
numbers occurred around the mid to late 2000s, when the sec-
ond generation of drift-net survivors entered the breeding pop-
ulation. Similarly the removal of introduced rats and the weka 
(Gallirallus australis), predators of Sooty Shearwater eggs and 
chicks, from some breeding colonies in 2006 (McClelland et al. 
2011) should not trigger pulses of added recruitment until around 
2015 and 2023. In view of the delayed breeding and large an-
nual fluctuations in the Sooty Shearwater caused by large-scale  
climate variation (lyver et al. 1999, bragg et al. 2007, Moller et al. 
2010), another 15–20 years of monitoring will be required before 
conservation managers and Rakiura Māori tītī harvesters can 
confidently conclude whether or not elimination of fisheries by-
catch and removal of introduced predators has been sufficient to 
reverse decades of population decline. 

ThE NEED fOR A gENERIC DEMOgRAPhIC MODEl 

fOR ThE PROCEllARIIfORMES

In view of the potential bias in estimates of AfR and Afb 
discussed above, it is not clear whether the unexplained varia-
tion that has arisen in previous attempts to generate predictive 
relationships between body size and demographic parameters 
in the Procellariiformes (warham 1996, weimerskirch 2002) 
derives mainly from methodological difficulties or genuine 
variability in ecological and physiological constraints and con-
ditions. Analyses accounting for phylogenetic inertia in such 
datasets often result in elevated variation around allometric 
relationships. Scaling key parameters such as AfR or Afb 
against an estimate of generation time (Niel and lebreton 2005, 
Dillingham and fletcher 2008) may allow for development of 
a generic population model for the Procellariiformes, based on 
a meta-analysis of studies of very different species, families, 
sizes, and breeding systems (annual and biennial breeders, for 
example). In this way a larger number individual studies may 
be combined to predict gaps for species requiring management. 
A similar approach has been used for mammals both by barlow 
and boveng (1991) and Caswell et al. (1998). 

Predictive models to guide conservation and sustain-
able harvest would be particularly valuable for the Procellari-
iformes (Moller 1996, Robertson and gales 1998) because 
their slow population turnover makes estimation of population 
parameters for populations and species especially problematic. 
Despite a large amount of banding and 14 years of exhaustive 
and expensive field work, our estimates of a subset of early-
stage population parameters for the Sooty Shearwater remain 
approximate. had a robust generalized model been available, 
we could have been more confident of preliminary estimates 
garnered from the congeneric Short-tailed Shearwater. we 
could then have concentrated more of our effort on estima-
tion of adult survival, which elasticity analyses identified as 
the most important determinant of sustainable levels of Sooty 

Shearwater (hunter et al. 2000), as well as determination of 
putative density-dependent effects that might determine har-
vest compensation (Moller et al. 2009a).

A generalized demographic model standardized by gen-
eration time and predicted from allometrics and phylogeny 
must first be built from the few detailed long-term population 
studies available and critical examination of biases of the type 
explored in our study. If such a model successfully predicted 
outcomes for those well-studied species, even for just some of 
their population parameters, it may allow preliminary mod-
eling for guiding management of little-studied species. This 
would be especially helpful for recovery of threatened sea-
birds for which conservation decisions must be made imme-
diately and long before precise parameter estimates become 
available. In the meantime, conservation managers can be 
encouraged by the potential for overestimation of age at first 
breeding and underestimation of juvenile survival in many 
past studies, as some demographic models may have under-
estimated the rate of population increase and the consequent 
resilience of many Procellariiformes to increasingly serious 
conservation threats. 

ACKNOwlEDgMENTS

Many excellent field assistants, too many to mention individually, 
have assisted with the banding of Sooty Shearwaters for this study. 
New Zealand’s Department of Conservation has supported the 
study with permits for banding and access to The Snares. Sandra 
Mcgrouther and Perry Reid have generously allowed continuing 
access to the Taiaroa head colony. The study was conducted under the 
ethics approval of Rakiura Māori and the University of Otago Ethics 
Committee. we thank Suzanne bassett, ben Knight, and jessica lach 
for help with preparing the manuscript and two anonymous reviewers 
for their thorough critique. The study was funded mainly by a Public 
good Science fund grant from the foundation for Research Science 
and Technology (since 1996), with additional support throughout from 
the University of Otago, New Zealand Aluminium Smelters ltd., the 
Pacific Development and Conservation Trust, and South-west heli-
copters ltd. Members of the Rakiura Tītī Islands Administering body 
have contributed many hours of voluntary direction and advice over 
the past 12 years on behalf of all Rakiura Māori.

lITERATURE CITED

BarloW, J., anD P. Boveng. 1991. Modeling age-specific mortal-
ity for marine mammal populations. Marine Mammal Science 
7:50–65.

Begon, M., J. l. harPer, anD c. r. toWnsenD. 1990. Ecology: indi-
viduals, populations and communities, 2nd ed. blackwell Scien-
tific, boston.

BraDley, J. s., B. M. gunn, i. J. skira, c. e. Meathrel, anD r. D. 
Wooller. 1999. Age-dependent prospecting and recruitment to 
a breeding colony of Short-tailed Shearwaters Puffinus tenuiros-
tris. Ibis 141:277–285.

BraDley, J. s., anD r. D. Wooller. 1989. Philopatry and age of 
first-breeding in long-lived birds. Acta Congressus Internationa-
lis Ornithologici 20:1657–1665.

Bragg, c., r. clucas, D. Fletcher, s. Mckechnie, h. Moller,  
J. neWMan, anD D. scott. 2007. Sustainability of Tītī harvesting 



AgE AT fIRST RETURN Of SOOTy ShEARwATERS  475

by Rakiura Māori. A report to Rakiura Māori for community 
peer review. University of Otago, Dunedin, New Zealand.

BurnhaM, k. P., anD D. r. anDerson. 2002. Model selection 
and multimodel inference: a practical information-theoretic 
approach, 2nd ed. Springer, New york.

casWell, h., s. Brault, a. J. reaD, anD t. D. sMith. 1998. harbor 
porpoise and fisheries: an uncertainty analysis of incidental mor-
tality. Ecological Applications 8:1226–1238.

choquet, r., J.-D. leBreton, o. giMenez, a,-M. reBoulet, anD 
r. PraDel. 2009. U-CARE: Utilities for performing goodness of 
fit tests and manipulating CApture–REcapture data. Ecography 
32:1071–1074.

cloBert, J., J.-D. leBreton, D. allaine, anD J. M. gaillarD. 1994. 
The estimation of age-specific breeding probabilities from recap-
tures or resightings of marked animals. II. longitudinal models. 
biometrics 50:375–387.

clucas, r. 2011. long-term population trends of Sooty Shearwater 
(Puffinus griseus) populations revealed by harvest success. Eco-
logical Applications 21:130–1326.

clucas, r., D. J. Fletcher, anD h. Moller. 2008. Estimates of 
adult survival rate for three Sooty Shearwater (Puffinus griseus) 
colonies in New Zealand. Emu 108:237–250.

clucas, r., h. Moller, c. Bragg, c., D. Fletcher, D., P. o’B. 
lyver, anD J. neWMan. 2012. Rakiura Maori muttonbirding 
diaries: monitoring trends in tītī (Puffinus griseus) abundance 
in New Zealand. New Zealand journal of Zoology 39:155–177.

cooke, F., anD c. M. Francis. 1993. Challenges in the analysis of 
recruitment and spatial organization of populations, p. 295–308. 
In j.-D. lebreton and P. M. North [eDs.], Marked individuals in the 
study of bird populations. birkhauser Verlag, basel, Switzerland.

croxall, J. P., P. rothery, s. P. c. Pickering, anD P. a. Prince. 
1990. Reproductive performance, recruitment and survival of 
wandering Albatrosses Diomedea exulans at bird Island, South 
georgia. journal of Animal Ecology 59:775–796.

DillinghaM, P. W., anD D. Fletcher. 2008. Estimating the abil-
ity of birds to sustain additional human-caused mortalities using 
a simple decision rule and allometric relationships. biological 
Conservation. 141:1783–1792.

Duncan, n., anD P. Monaghan. 1977. Infidelity to the natal colony 
by breeding herring gulls. Ringing and Migration 1:166–172.

eFForD, M. g., anD k.-a. eDge. 2006. Can artificial brood reduc-
tion assist the conservation of yellow-eyed Penguins (Megadyptes 
antipodes)? Animal Conservation 1:263–271

gaillarD, J.-M., n. g. yoccoz, J.-D. leBreton, c. BonenFant, 
s. DevillarD, a. loison, D. Pontier, anD D. allaine. 2005. 
generation time: a reliable metric to measure life-history variation 
among mammalian populations. American Naturalist 166:119–123.

greenWooD, P. J., anD P. h. harvey. 1982. The natal and breeding 
dispersal of birds. Annual Review of Ecology and Systematics 
13:1–21.

haMilton, s. a., anD h. Moller. 1995. Can PVA models using 
computer packages offer useful conservation advice? Sooty 
Shearwaters in New Zealand as a case study. biological Conser-
vation 73:107–117.

hunter, c. M., anD h. casWell. 2005. Selective harvest of Sooty 
Shearwater chicks: effects on population dynamics and sustain-
ability. journal of Animal Ecology 74:589–600.

hunter, c. M., h. Moller, anD D. Fletcher. 2000. Parameter 
uncertainty and sensitivity analyses of a population model: set-
ting research priorities for shearwaters. Ecological Modeling 
134:299–323.

Jenouvrier, s., c. BarBrauD, anD h. WeiMerskirch. 2003. Effects 
of climate variability on the temporal population dynamics of 
Southern fulmars. journal of Animal Ecology 72:576–587.

kenDall, W. l., J. D. nichols, anD J. e. hines. 1997. Estimating 
temporary emigration using capture–recapture data with Pol-
lock’s robust design. Ecology 78:563–578.

kenDall, W. l., J. e. hines, anD J. D. nichols. 2003. Adjusting 
multistate capture–recapture models for misclassification bias: 
manatee breeding proportions. Ecology 84:1058–1066.

kitson, J. k., anD h. Moller. 2008. looking after your ground: 
resource management practice by Rakiura Māori tītī harvest-
ers. Papers and Proceedings of the Royal Society of Tasmania 
142:161–176.

leBreton, J.-D., k. P. BurnhaM, J. cloBert, J., anD D. r. 
anDerson. 1992. Modeling survival and testing biological 
hypotheses using marked animals: a unified approach with case 
studies. Ecological Monographs 62:67–118.

leBreton, J.-D., g. heMery, J. cloBert, J., anD h. coquillart. 
1990. The estimation of age-specific breeding probabilities from 
recaptures or resightings in vertebrate populations. I. Transversal 
models. biometrics 46:609–622.

link, W. a., anD r. J. Barker. 2005. Modeling association among 
demographic parameters in analysis of open population capture–
recapture data. biometrics 61:46–54.

lyver, P., h. Moller, anD c. thoMPson. 1999. Changes in Sooty 
Shearwater (Puffinus griseus) chick production and harvest pre-
cede ENSO events. Marine Ecology Progress Series 188:237–248. 

McclellanD P. J., r. coote M. troW, P. hutchins h. n. nevins  
J. aDaMs, J. neWMan, anD h. Moller. 2011. The Rakiura resto-
ration project: community action to eradicate Rattus rattus and 
Rattus exulans for ecological restoration and cultural wellbeing, 
p. 451–454. In C. R. Veitch, M. N. Clout, and D. R. Towns [eDs.], 
Island invasives: eradication and management. International 
Union for Conservation of Nature, gland, Switzerland.

Miskelly, c. M., P. M. sagar, a. J. D. tennyson, anD r. P. sco-
FielD. 2001. birds of the Snares Islands, New Zealand. Notornis 
48:1–40.

Moller, h. 1996. Customary use of indigenous wildlife—towards 
a bicultural approach to conserving New Zealand’s biodiversity, 
p. 89–125. In b. Mcfagen and P. Simpson [eDs.], biodiversity. 
Department of Conservation, wellington, New Zealand.

Moller, h. 2006. Are current harvest rates sustainable? Acta 
Zoologica Sinica 52 (Supplement):649–652.

Moller, h., D. Fletcher, P. n. Johnson, B. Bell, D. Flack, 
c. Bragg, D. scott, J. neWMan, s. Mckechnie, s., anD P. o’B. 
lyver. 2009a. Changes in Sooty Shearwater (Puffinus griseus) 
abundance and harvesting on the Rakiura tītī islands. New Zea-
land journal of Zoology 36:325–341.

Moller h., D. Fletcher, J. neWMan, r. clucas, c. Bragg, 
s. Mckechnie, P. o’B. lyver, D. scott, anD t. DoWns. 2010. 
will the tītī remain plentiful enough for the mokopuna? A sustain-
ability assessment of the Rakiura Māori tītī harvests, p. 192–200. 
In R. Taonui, h. Kahi, C. Deeming, K. Kururangi, g. Cooper, 
l. Ratahi, M. Royal, R. Taonui, M. haenga, and j. bray [eDs.], Ngā 
Kete a Rēhua Inaugural Māori Research Symposium Te waipou-
namu 2008. Aotahi, School of Māori and Indigenous Studies, Uni-
versity of Canterbury, Christchurch, New Zealand.

Moller, h., P. o’B. lyver, c. Bragg, J. neWMan, r. clucas, 
D. Fletcher, J. kitson, s. Mckechnie, D. scott, anD rakiura 
tītī islanDs aDMinistering BoDy. 2009b. guidelines for cross-
cultural Participatory Action Research partnerships: a case study 
of a customary seabird harvest in New Zealand. New Zealand 
journal of Zoology 36: 211–241.

neWMan, J., D. Fletcher, h. Moller, g. harPer, c. Bragg, 
D. scott, anD s. Mckechnie. 2009a. Improved estimates of 
breeding success for a burrow nesting petrel, the Sooty Shearwa-
ter (Puffinus griseus). wildlife Research 36:159–168.



476 DAVID flETChER et al.

neWMan, J., D. scott, c. Bragg, s. Mckechnie, h. Moller, anD 
D. Fletcher. 2009b. Estimating regional population size and 
annual harvest intensity of the Sooty Shearwater in New Zea-
land. New Zealand journal of Zoology 36:307–323. 

nichols, J. D., J. a. sPenDeloW, anD J. e. hines. 1990. Capture– 
recapture estimation of prebreeding survival rate for birds exhibit-
ing delayed maturation. journal of field Ornithology 61:347– 354.

niel, c., anD J.-D. leBreton. 2005. Using demographic invariant 
to detect overharvested bird populations from incomplete data. 
Conservation biology 19:826–835.

Pollock, k. h. 1982. A capture–recapture design robust to unequal 
probability of capture. journal of wildlife Management 46:752–757.

PraDel, r. 1993. flexibility in survival analysis from recapture 
data: handling trap-dependence, p. 29–37. In j.-D. lebreton and 
P.M. North [eDs.], Marked individuals in the study of bird popu-
lations. birkhauser, basel, Switzerland.

PraDel, r., o. giMenez, anD J.-D. leBreton. 2005. Principles and 
interest of gOf tests for multistate capture–recapture models. 
Animal biodiversity and Conservation 28:189–204.

PraDel, r., J. e. hines, J.-D. leBreton, anD J.D. nichols. 1997. 
Capture–recapture survival models taking account of transients. 
biometrics 53:60–72.

PraDel, r., anD J.-D. leBreton. 1999. Comparison of different 
approaches to study the local recruitment of breeders. bird Study 
46 (supplement):74–81.

richDale, l. e. 1963. biology of the Sooty Shearwater Puffinus gri-
seus. Proceedings of the Zoological Society of london 141:1–117.

roBertson, c. J. r. 1993. Survival and longevity of the Northern 
Royal Albatross Diomedea epomophora sanfordi at Taiaroa 
head 1937–93. Emu 93:269–276.

roBertson, g., anD r. gales [eDs,]. 1998. Albatross biology and 
conservation. Surrey beatty and Sons, Chipping Norton, New 
South wales.

sagar, P., anD D. horning. 1997. Mass-related survival of fledgling 
Sooty Shearwaters Puffinus griseus at The Snares, New Zealand. 
Ibis 140:329–339.

sæther, B.-e., anD Ø. Bakke. 2000. Avian life history variation and 
contribution of demographic traits to the population growth rate. 
Ecology 81:642–653.

schWarz, c. J., anD a. n. arnason. 2000. Estimation of age-
specific breeding probabilities from capture–recapture data. bio-
metrics 56:59–64.

scott, D., P. scoFielD, c. hunter, anD D. Fletcher. 2008. Decline 
of Sooty Shearwaters, Puffinus griseus, on the Snares, New Zea-
land. Papers and Proceedings of the Royal Society of Tasmania 
142:185–196.

shaFFer, s. a., y. treMBlay, h. WeiMerskirch, D. scott, 
D. thoMPson, P. sagar, h. Moller, g. a. taylor, B. a. Block, 
anD D. P. costa. 2006. Migratory shearwaters integrate oce-
anic resources across the Pacific Ocean in an endless summer. 
Proceedings of the National Academy of Sciences USA 103: 
12799–12802.

shaFFer, s. a., h. WeiMerskirch, D. scott, D. PinauD, D. r. 
thoMPson, P. M. sagar, h. Moller, g. a. taylor, D. g. Foley, 
y. treMBlay, anD D. P. costa. 2009. Spatio-temporal habitat use 
of breeding Sooty Shearwaters (Pufinus griseus). Marine Ecol-
ogy Progress Series 391:209–220.

sPenDeloW, J. a., J. D. nichols, J. e. hines, J.-D. leBreton, anD 
r. PraDel. 2002. Modelling postfledging survival and age-spe-
cific breeding probabilities in species with delayed maturity: a 
case study of Roseate Terns at falkner Island, Connecticut. jour-
nal of Applied Statistics 29:385–405.

stearns, s.c. 1976. life history tactics: a review of the ideas. Quar-
terly Review of biology 51:3–47.

stevens, M .J. 2006. Kāi Tahu me te hopu Tītī ki Rakiura: an excep-
tion to the “colonial rule”? journal of Pacific history 41:273–291.

taiePa, t., P. lyver, P. horsley, J. Davis, M. Bragg, anD 
h. Moller. 1997. Co-management of New Zealand’s Conserva-
tion Estate by Māori and Pākehā: a review. Environmental Con-
servation 24:236–250.

uhlMann, s., D. Fletcher, anD h. Moller. 2005. Estimating inci-
dental takes of shearwaters in driftnet fisheries: lessons for the 
conservation of seabirds. biological Conservation 123:151–163.

WarhaM, J. 1996. The behaviour population biology and physiology 
of the petrels. Academic Press, london.

WarhaM, J., anD g. Wilson. 1982. The size of the Sooty Shear-
water population at the Snares Islands, New Zealand. Notornis 
29:23–30.

WeiMerskirch, h. 1992. Reproductive effort in long-lived birds: 
age-specific patterns of condition reproduction and survival in 
the wandering Albatross. Oikos 64:464–473.

WeiMerskirch, h. 2002. Seabird demography and its relationship to 
the marine environment, p. 115–135. In E.A. Schreiber and j. burger 
[eDs.], biology of marine birds. CRC Press, boca Raton, fl.

White, g. c., anD k. P. BurnhaM. 1999. Program Mark: survival 
estimation from populations of marked animals. bird Study 46 
(Supplement):120–138.

WilliaMs, g.c. 1966. Natural selection, the costs of reproduc-
tion, and a refinement of lack’s principle. American Naturalist 
100:687–690.

Wilson, e. 1979. Tïtï heritage—the story of the Muttonbird Islands. 
Craig Printing, Invercargill, New Zealand.


