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Incidental capture of seabirds in longline fishing gear is a central issue in the conservation
of many long-lived marine species. Despite growing evidence of climate-induced effects
on population trends of long-lived species, climate change remains generally overlooked
in most risk assessments of seabirds. Because variation in climate may interact with the
detrimental effects of bycatch, considering climate is of great importance, especially in
the context of ongoing global warming. This paper examines the combined effects of
bycatch and climate change on the persistence of one of the world’s rarest birds, the
Amsterdam Albatross Diomedea amsterdamensis, which has a single population in the
upland plateau of Amsterdam Island (Southeast Indian Ocean). Using continuous monitoring from 1983 onwards, we first estimated the relationship between climate and the
species’ demographic parameters. We then built a stochastic matrix population model to
estimate the population growth rate and the probability that the population declines
below the level recorded in 1983 of nine breeding pairs under different scenarios involving
the joint effects of additional mortality caused by longline fisheries and climate change.
The results suggest that the demography of the Amsterdam Albatross is influenced by
climate in both breeding and wintering grounds and that these relationships may to some
extent compensate for the impact of additive bycatch mortality. However, these compensatory effects would be negligible if the annual additional mortality exceeds around six
individuals per year, suggesting that the resumption of longline fishery in the foraging
range of the Amsterdam Albatross would rapidly put this species at risk of extinction.
Keywords: Diomedea amsterdamensis, fishing effort, Indian Ocean Dipole, multistate capturerecapture models, stochastic matrix models.

Growing concerns have been expressed about incidental take of long-lived non-targeted marine
vertebrates in global fisheries through bycatch
(Lewison et al. 2004a). With increases in fishing
effort resulting from declines in fish stocks (Myers
& Worm 2003), large marine vertebrates such as
marine mammals (Read et al. 2006), sea turtles
(Lewison et al. 2004b) and seabirds (Brothers et al.
1999) have all been hooked or entangled in fishing
gear deployed to catch valuable fish species.
Because of their long lifespan and a deferred reproduction resulting in a low maximal population
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growth rate (Saether & Bakke 2000), long-lived
species are particularly sensitive to the negative
impact of bycatch (Lewison et al. 2004a). Population-specific data and stochastic matrix models
have been used to investigate how interactions
with fisheries impact their population persistence
and to evaluate the efficiency of mitigation measures when bycatch was not sustainable (Crowder
et al. 1994, Caswell et al. 1998, Lewison &
Crowder 2003, Arnold et al. 2006, Goldsworthy &
Page 2007).
It has become increasingly clear that both local
(e.g. temperature, precipitation) and large-scale climatic phenomena [e.g. El Niño Southern Oscillation (SOI), North Atlantic Oscillation (NAO)]
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functional relationship between vital rates and climatic variability.
The Amsterdam Albatross Diomedea amsterdamensis is an excellent candidate for such an analysis. It is a large albatross (6–7 kg) endemic to
Amsterdam Island (3749¢S, 7732¢E; Fig. 1), an
isolated island in the Indian Ocean (Jouventin &
Roux 1983). This obligate biennial breeder
(Jouventin et al. 1989) returns to its breeding
grounds in late January, and lays one egg in late
February, which hatches in May, the chick usually
fledging from mid-January to early February of the
following year (Jouventin et al. 1989). After fledging, birds stay at sea for several years before returning to the breeding colony as non-breeders and
eventually recruiting into the breeding population.
Satellite tracking has shown that Amsterdam Albatrosses forage over a large zone around Amsterdam
Island when breeding (i.e. 50–95E ⁄ 30–42S,
Fig. 1, Waugh & Weimerskirch 2003) and that the
range of non-breeding birds during ‘sabbatical’
years (i.e. after the successful raising of a chick)
ranges from southeastern Africa to waters off
southwestern Australia (i.e. 20–120E ⁄ 29–43S;
Fig. 1). With an overall population size estimated
at fewer than 200 birds, including about 50 mature
individuals (Weimerskirch & Jouventin 1998), this
is one of the world’s rarest birds (Croxall & Gales
1998) and is listed as Critically Endangered
(BirdLife_International 2009). Weimerskirch et al.
(1997) have suggested that the incidental bycatch
due to the overlap between the Amsterdam
Albatross’s foraging zone (Fig. 1, Waugh &
Weimerskirch 2003) and the longline fisheries for
the Southern Bluefin Tuna Tunnus maccoyii during
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affect the productivity of terrestrial and oceanic
ecosystems (Stenseth et al. 2002). Several longterm studies have documented links between climate and breeding performance of long-lived
marine species, mediated probably through change
in food quality and ⁄ or availability (Barbraud &
Weimerskirch 2001, Forcada et al. 2005, Saba et al.
2007). Although adult survival of large-bodied
vertebrates may be buffered against environmental
variability (Pfister 1998, Gaillard & Yoccoz 2003),
recent studies have shown that climatic variation
can affect this key demographic rate, thereby
threatening the persistence of populations of these
long-lived species (Croxall et al. 2002, Jenouvrier
et al. 2005, Le Bohec et al. 2008, Rolland et al.
2008). Although projected climate change has thus
far received little attention in risk assessments of
long-lived populations threatened by accidental
bycatch, it is considered an important additional
threat for species already threatened by local and
global environmental changes (McCarty 2001).
The available evidence indicates that current global
warming will continue (and even accelerate) over
the next 50–100 years (IPCC 2008). Therefore, it
is critical to assess the impact of future climate
change on the viability of populations also threatened by interactions with fisheries. This is even
more critical for rare species that generally have
small and fragmented populations because extreme
climatic shifts could significantly reduce already
small populations and thereby increase extinction
risk. Risk assessments of the effect of future climate
change require detailed information on the demographic parameters of the species concerned
(Coulson et al. 2001) and knowledge of the
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Figure 1. Foraging areas of the Amsterdam Albatross in the Indian Ocean during breeding periods (dotted line) and during nonbreeding sabbatical years (dashed line, Waugh & Weimerskirch 2003). Amsterdam Island is represented by the grey triangle
(3750¢S, 7731¢E).
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the 1960s and 1970s (Tuck et al. 2003) could
explain the small number of adults when the species was first described in 1983. Although longline
fishing effort targeting the tuna has declined in
most of the foraging range of the Amsterdam
Albatross (Klaer & Polacheck 1997) and there is no
record of accidental take by commercial fishery,
this species remains sensitive to the resumption of
any longline fishery in its foraging range (Inchausti
& Weimerskirch 2001). Because fishing effort has
been extremely dynamic over space and time in
the subtropical Indian Ocean (Klaer & Polacheck
1997, Tuck et al. 2001), the re-establishment of
longline fisheries around Amsterdam Island constitutes a very realistic possibility and could increase
the level of threat faced by this species.
In this paper, we investigated the joint effect of
additional adult mortality due to incidental
bycatch and of climate change on the population
dynamics of the Amsterdam Albatross. Here, our
goal was to determine whether climate change is
likely to aggravate or to compensate for the detrimental effect of bycatch and to estimate the relative role of climate in the dynamics of the
Amsterdam Albatross. We used the opportunity of
a unique long-term monitoring programme to estimate the demographic parameters of the species
and investigate the relationships between demography and environmental covariates (i.e. fishery
effort and climatic indices). Relying on these relationships, we constructed a stochastic demographic
model that allowed us to investigate the joint
effects of continuing climate change and of the
removal of varying number of adults due to bycatch
in its foraging and wintering ranges and to estimate
the probability of decline of the Amsterdam
Albatross.
METHODS
Study area and data collection
The Amsterdam Albatross has been monitored
annually since 1983 when it was first identified as
a species (Fig. 2), and all individuals attending the
island have been individually marked. Starting in
early March in each year, the entire population has
been screened once a week for breeding pairs and
non-breeders. The identity of individuals already
marked has been recorded and new birds and
chicks marked with numbered stainless steel
and plastic colour bands. From April to January,
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Figure 2. Changes in the population size of Amsterdam
Albatross on Amsterdam Island from 1983 to 2007.

nests have been visually checked once a month to
determine breeding status of adults and their
breeding performance. From these records, three
breeding states were attributed: (i) breeders that
produced a fledging (hereafter successful breeders,
SB), (ii) breeders that lay an egg but failed to produce a fledging (failed breeders, FB) and (iii) adult
non-breeders (NB).
Estimation of demographic parameters
Survival and breeding probabilities

Demographic parameters were estimated with
multistate capture-recapture models (Brownie
et al. 1993). These models include three kinds of
parameters: the probability that a marked animal
in state r has survived from time i to i+1 (Sri ), the
conditional transition probability that an animal in
state r at time i is in state s at time i+1, given that
the animal survived until i+1 (wr!s
), and the probi
ability that an animal is captured at time i in state
r, given that it is alive and present at time i (pri ).
Adult survival rate and transition probabilities
between breeding states were estimated first in a
multistate capture-recapture model. Because the
Amsterdam Albatross is an obligate biennial
breeder, successful breeders skip the next breeding
season and are therefore unavailable for detection
on breeding grounds. We therefore selected a
model that considers two observable breeding
states (SB and FB) and one unobservable breeding
state (NB) (Kendall & Nichols 2002), the latter
having by definition a capture probability equal to
zero. We also assumed that there was no age or
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experience effect on vital rates amongst adults, and
assumed an equal adult survival rate regardless of
breeding state. Due to the small population size of
the species, we had to assume that the probability
of breeding transitions was constant over time.
Our starting model for the estimation of these two
parameters therefore included time-dependent survival probabilities, time- and state-dependent capture probabilities, and constant state-dependent
transition probabilities. Data consisted of all birds
marked from 1983 to 2006 and resighted or recaptured from 1984 to 2007.
Juvenile survival rate and recruitment probabilities were estimated with a second multistate
capture-recapture model considering two states:
juvenile birds (J) that remain unobservable until
recruiting into the breeding population, and birds
that have recruited into the breeding population
(B) (Pradel & Lebreton 1999). Separating the estimation of these two vital rates from adult and
breeding probabilities was necessary due to the
small size of the dataset. Recruitment into the
breeding population is irreversible and the transition probability between B and J was thus set to
zero (and its complement was set to one) and
recapture probabilities of juveniles were also set to
zero. Given that the observed age at first reproduction ranged from 7 to 17 years (mean = 9.39,
sd = 2.02; supplementary Fig. S1), recruitment
probability (wJ!B
) was estimated from age 7 to
i
17 years (where age 0 = fledging). Accordingly,
juvenile survival was estimated as the cumulate
survival probability over the age interval 0–7 years
(Reed et al. 2003). Our starting model included
time- and state-dependent survival rates, timedependent capture rates and constant state-dependent transition probabilities. This second analysis
considered only birds marked as chicks from 1983
to 1994 and recaptured from 1991 to 2007 to
ensure that all birds had recruited.
There are no formal goodness-of-fit (GOF) tests
available for multistate mark–recapture models
with unobservable states. However, one way of verifying whether our starting models reasonably fitted the data in the first multistate model was to
perform GOF tests for multistate models with the
two observables states (SB and FB) (Pradel et al.
2003) using the programme U-Care (Choquet
et al. 2003). We simplified each of the two starting
models to obtain two minimal models that were
used to investigate the effect of explanatory variables (fisheries and climate change) on each vital
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rate. Model selection, performed using the program
(Choquet et al. 2004), was based on
Akaike’s Information Criterion adjusted for small
sample size (AICc, Burnham & Anderson 2002),
and AIC weights (wi) were used to indicate the
strength of evidence among a set of candidate
models (Burnham & Anderson 2002).
We considered the selected models to explain
the yearly variations in adult and juvenile survival
probabilities in terms of environmental covariates.
We used ANODEV (Skalski et al. 1993) to estimate
the significance of each covariate in explaining the
temporal variation of the parameter of interest and
estimated the proportion of the total temporal variation of a vital rate explained by environmental
covariates using deviance ratios (Schemper 1990).
A sequential Bonferroni correction (Rice 1995,
Graham 2003) was used to adjust for the number
of candidate environmental covariates tested.
MSURGE

Environmental covariates
We considered a first set of covariates related to
longline fishery effort over the foraging and wintering areas of the Amsterdam Albatross. These areas
were delimited by data from 15 individuals that
were equipped with ARGOS satellite tags and five
individuals with geolocating devices between
1996 and 2007 (Waugh & Weimerskirch 2003,
Weimerskirch unpubl. data), and whose movements constitute the only available evidence of
habitat use for the species to date. We used the
total number of hooks deployed annually by tuna
longliners each year in the foraging area used
during breeding (i.e. 50–95E ⁄ 30–42S, hereafter
called ‘hooksB’) and in wintering grounds (i.e.
20–110E ⁄ 29–43S, hereafter called ‘hooksNB’;
Table 1) as a proxy of the fishing effort in each
area (Véran et al. 2007).
A second set of covariates included climatic
variables that could indirectly affect seabirds
through their effect on the primary production
and subsequently cascade through the food chain
to influence the abundance of food resources used
by top predators (Aebischer et al. 1990, Bertram
et al. 2001). We considered the sea surface temperature anomaly (‘SST ’; see Table 1) that is linked to
the vertical mixing of the water masses and that
controls the quality of the physico-chemical environment and ultimately pelagic primary production
(Wilson & Adamec 2002). Annual values of
SST were averaged over the foraging zone during
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Table 1. Environmental covariates used in the analyses of adult survival of Amsterdam Albatrosses at Amsterdam Island.
Notation

Meaning

hooks B Number of hooks in breeding zone (cf. Fig. 1)
hooks NB Number of hooks in sabbatical zone (cf. Fig. 1)
B
SSThatch
Mean sea surface temperature
(SST) in breeding zone
SSTyrNB Mean SST in sabbatical zone
DMI
Dipole Mode Index
SOID
Southern Indian Ocean Dipole

Time period
Annual
Annual
March to May

Source
CCSBTa and IOTCb
CCSBTa and IOTCb
http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/nmc/

Annual
http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/nmc
June to November http://www.jamstec.go.jp/frcgc/research/d1/iod/
December to March

a

Commission for the Conservation of Southern Bluefin Tuna; bIndian Ocean Tuna Commission.

B
incubation (‘SSThatch
’) and over the non-breeding
NB
zone during the current year (SSTyr
). Temporal
trends in SST during the studied period (i.e. 1983–
B
2006) were not significant (SSThatch
: r = 0.009,
NB
P = 0.389; SSTyr : r = 0.003, P = 0.575; Fig. 3a).
We also assessed the influence of large-scale climatic indices that reflect climate variability across
the Indian Ocean (Fig. 3b). We considered the
Subtropical Indian Ocean Dipole index (SIOD),
which measures the intensity of the east (90–
100E, 0–10S)–west (55–65E, 27–37S) dipole
in the SST anomalies (Behera & Yamagata 2001) in
the eastern subtropical Indian Ocean. Positive values of SIOD are associated with a warm SST
anomaly over the western subtropical Indian
Ocean and a cold SST anomaly over the eastern
subtropical Indian Ocean (Behera & Yamagata
2001). We also considered the dipole mode index
(DMI), which quantifies the tropical Indian Ocean
Dipole (IOD) and is known to be independent
from SIOD (Behera & Yamagata 2001). IOD is

(a)

related to wind stress, sea surface temperature and
precipitation anomalies over the Indian Ocean
(Saji et al. 1999). DMI is defined as the difference
in SST anomaly between the western (50–70E,
10N–10S) and eastern (90–110E, 0–10S) tropical Indian Ocean (Saji et al. 1999). Positive values
of DMI (see Table 1 for sources of data) are associated with a warm SST anomaly over the western
Indian Ocean and a cold SST anomaly over the
eastern tropical Indian Ocean (Saji et al. 1999).
Although measured in the northern Indian Ocean,
IOD also affects SST over foraging areas used by
the Amsterdam Albatross: negative DMI values are
associated with an increase of SST in the southern
Indian Ocean (i.e. < 35S, Saji et al. 1999). For
both indices, the sign of the index reverses when
SST anomalies swing over to the opposite phase.
Neither index increased during the studied period
(DMI: r = 0.009, P = 0.401; SIOD: r = 0.040,
P = 0.110; Fig. 3a). None of the climatic covariates
was correlated with each other (Table S1).

(b)

Figure 3. Sea surface temperature (annual: annual mean; hatch: mean during hatching period) from 1983 to 2006 (a), and Dipole
Mode Index (DMI) and Southern Indian Ocean Dipole (SIOD) from 1983 to 2006 (b).
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Population matrix model
Population growth rate, sensitivity analyses and
contribution

We formulated a matrix population model that
mixed age and stage classes and assumed equal survival probabilities for males and females (Arnold
et al. 2006). This pre-breeding census model
(Caswell 2001) consists of five juvenile age-classes,
one pre-breeding stage-class and three stage-classes
according to breeding status (Fig. S2). Model
parameters were the recruitment probability
wIm!B , adult survival rates (Sad ), transitions
between breeding states (wFB!SB , wFB!NB , wNB!SB
and wNB!FB ) and the breeding success of first-time
breeders (BSPB: proportion of eggs that fledged a
chick in first-time breeders). Fecundity was modelled as the product of breeding success for
successful breeders (by definition equal to one)
and the juvenile survival rate estimated from the
capture-recapture methods (S J ). We first focused
on a deterministic, time-independent and densityindependent model to calculate the population
growth rate, kmod, the stable age distribution, and
the sensitivities of the growth rate to variations in
changes in each demographic parameter (Caswell
2001). We then estimated the contribution of temporal variations of each demographic parameter h
to the variability of k using the first-order Taylor
expansion:
V ðkÞ ¼ sðhÞ2 varðhÞ

ð1Þ

where s(h) is the sensitivity of k to parameter h
(Caswell 2001).
Scenarios of additional mortality and climate changes

A stochastic matrix population model was used to
predict the population growth rate of the Amsterdam Albatross under various scenarios of fisheryinduced mortality and climate change. In this
model, demographic stochasticity was incorporated
by sampling the number of individuals in each agestage class from a binomial distribution (Akçakaya
1991). We partitioned the variance of the survival
estimates into sampling variance and process variance (Link & Nichols 1994). Environmental stochasticity (i.e. the random temporal variation of
each demographic rate) was included differently
depending on whether there was a statistically significant effect of the fishery and climatic covariates.
When a vital rate had no significant relationship
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with climatic covariates, its yearly values were
sampled from a beta distribution (Morris & Doak
2002) whose mean and variance were set equal to
those estimated from the minimal multistate
model selected. Whenever a relationship between
parameter h and k climatic covariates (k = 1, … n)
was detected, the value of parameter h at year i
was modelled as:
!
n
X
1
hi ¼ logit
aþ
bðkÞ  covðkÞi þ ei ð2Þ
k¼1

where a and b( k) respectively represent the intercept and slope of the relation between h and the
kth climatic covariate, the error term ei is the
residuals denoting the variation in logit(h) unexplained by climatic covariates and logit)1 is the
inverse logit function. When modelling the effect
of future changes in the climatic covariates, we
drew the ei from a Gaussian distribution whose
mean and standard deviation corresponded to
those of the residuals of the multistate model
including the climatic covariates. We assessed the
combined effects on population growth rate of an
additional adult mortality due to incidental capture
by longline fisheries (from 0 to 20 individuals per
year) and a change (from )2 to +2 units) in the
mean value of the climatic covariates over the next
50 years. Regarding climatic covariates, a change
of ± x units over the next 50 years corresponded
to a constant annual change of (x ⁄ 50)% per year.
For each combination of additional mortality (considering incremental steps of one individual) and
changes in climatic covariates (by step of ± 0.01
units), the matrix population model was analysed
by Monte Carlo simulations (2000 iterations per
combination) using package POPBIO (Stubben et al.
2007) implemented in program R (R_Development_
Core_Team 2007). Initial stage abundances were
set equal to the stable age distribution based on
the total number of breeders of 2007.
RESULTS
Breeding population size
The number of breeding birds observed on
Amsterdam Island has gradually increased since
the 1980s (Fig. 2), reaching a maximum of 31
breeding pairs in 2001. In 2007, 26 breeding pairs
were monitored, of which 14 were successful and
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12 failed. Based on the breeding birds observed
from 1983 to 2007, the observed population
growth rate (i.e. geometric mean of the ratio
Nt+1 ⁄ Nt) was equal to 1.049.
Breeding success
Breeding success of first-time breeders was lower
(0.481, se = 0.038) than breeding success of experienced breeders (0.639, se = 0.028). From 1983
to 2007, the mean annual breeding success was
0.610 (se = 0.026). Compared with the other
years, breeding success was rather low in 2000
(24.1%; n = 19 pairs) and 2001. Excluding these
2 years, breeding success was 0.653 (se = 0.026).
Adult survival rates and transition
probabilities between breeding states
Since 1983, 301 Amsterdam Albatrosses (57 adults
and 244 chicks) have been marked. The GOF test of
our general model did not detect any lack of fit
(v2157 = 177.97, P = 0.121). The model with constant survival, additive time- and state-dependent
capture probabilities and state-dependent transition
probabilities was the best supported (Model 7: Scst ws
pst+; AICc = 1970.32; Table S2a). This model was
over 2.5 times better supported than that having a
time-dependent and state-independent capture rate
(w7 ⁄ w8 = 2.606; Table S2a). In Model 7, adult survival rate was high (S = 0.971, se = 0.005; Table 2)
and mean capture probabilities were 0.744 and 0.910
for successful and failed breeders, respectively. Transition probabilities between breeding states are given

in Table 2. No temporal trend was detected in adult
survival rate (ANODEV: F1,22 = 1.511; P = 0.232).
We then assessed whether any of the six environmental covariates influenced the survival of adult
breeders (Table S2b–c; Models 9–14). Fishing effort
did not explain any significant part of the total variance in adult survival rate (Table S2b; Models
9–10). Among the five climatic covariates, only the
DMI was statistically significant after Bonferroni
correction (significant at the a-level 0.05 ⁄ 6 =
0.008; F1,22 = 11.829; P = 0.002), explaining 35%
of the total temporal variance in adult survival. We
observed a positive relationship between the DMI
and adult survival (slope = 2.834, se = 0.891), with
the latter being higher during positive IOD events
that indicate lower sea surface temperature anomalies in the south and southwestern Indian Ocean.
Juvenile survival rates and recruitment
probability
Model selection favoured a model with constant
juvenile survival rate, constant capture rate of
breeders and constant recruitment probability
(Model 5: Ss ws pcst; AICc = 693.93; Table S3a).
Juvenile survival rate was 0.672 (se = 0.057), in
other words an annual survival rate of 0.936 from
fledging to 7 years of age. Annual recruitment probability was estimated at 0.370 (se = 0.056) from
1990 to 2007. No temporal trend was detected in
juvenile survival rate (ANODEV: F1,8 = 0.753;
P = 0.411). None of the six environmental covariates explained a significant part of the total variance
in juvenile survival (Table S3b–c; Models 6–11).

Table 2. Demographic parameter mean value, sensitivity of population growth rate to change in demographic parameters and their
contribution to variance of the population growth rate for the Amsterdam Albatross from 1983 to 2007.
Parameter
Survival rate
Juvenile
Adult
Breeding transition
From failure to success
Remaining failure
From failure to non-breeder
From non-breeder to success
From non-breeder to failure
Remaining non-breeder
Recruitment probability
Breeding success

Mean value (se)

Sensitivity

SJ
S ad

0.672 (0.057)
0.971 (0.005)

0.306
0.734

0.0009
0.0013

wFBSB
wFBFB
wFBNB
wNBSB
wNBFB
wNBNB
wrecrut
BS

0.494 (0.033)
0.402 (0.041)
0.104 (0.033)
0.656 (0.024)
0.272 (0.026)
0.072 (0.025)
0.452 (0.025)
0.610 (0.020)

0.154
0.133
0.136
0.234
0.195
0.004
0.263
0.078

0.0002
0.0001
0.0001
0.0003
0.0001
< 0.0001
0.0008
0.0009
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Matrix population model
Population growth rate, sensitivity analyses and
contribution

The deterministic population matrix model
included the mean values of demographic parameters from 1983 to 2007 (Table 2). The population
growth rate kmod of this deterministic model was
estimated as 1.048. Using the proportional stable
stage distribution scaled by the number of breeding
pairs in 2007, the total population size in that year
was estimated at 167 individuals, of which 86 were
mature birds. Sensitivity analysis suggested that
changes in adult survival will have the greatest
effect on the population growth rate, followed by
changes in the juvenile survival rate. Recruitment
probability and transitions between breeding states
were intermediate (Table 2). Adult survival rate
made the largest contribution to variance of the
population growth rate (Table 2), followed by
juvenile survival, breeding success and recruitment
probability. Breeding transition probability had the
smallest contribution to kmod.
Scenarios of additional mortality and climate changes

As expected, given the positive relationship
between adult survival rate and DMI, the population growth rate predicted for the next 50 years
increased with increasing mean DMI. When additional bycatch mortality was set to zero, the population growth rate varied from 1.028 to 1.054
depending on the value of the climatic covariate
(Fig. 4). Considering an additional mortality of five
individuals per year, population growth rate
declined from 1.002 without any climate change
to 0.967 whenever the mean DMI decreased by )2
units over the next 50 years ()3.486%), whereas it
only increased to 1.007 if the mean DMI increased
by 2 units (+0.596%). Although this difference in
predicted population growth rate considering
extreme values of climate change was relatively
small, it was more striking when expressed
through probability of decline below the historical
level of 1983 (i.e. nine breeding pairs) within the
next 50 years. Indeed, this probability decreased
from 64% to 57% (i.e. )7%) if the mean DMI
increased from 0 to +2 units, whereas it increased
up to 96% when the mean DMI decreased from 0
to )2 units. Regardless of the magnitude of the
predicted change in the climatic covariates, population decline was predicted when bycatch mortality exceeded six adult individuals per year. With

Figure 4. Amsterdam Albatross population growth rate (upper
panel ) and decline probability (lower panel ) under different
scenarios of change in mean DMI and additional mortality.
Lines are isoclines of constant population growth rate (or
decline probability) for different parameter values. Decline
probability represents the probability that the Amsterdam Albatross population decreases below its historical level recorded in
1983 (i.e. nine breeding pairs).

this annual additional mortality, the probability
that the Amsterdam Albatross population will
decrease below the historical level reached in 1983
(i.e. nine breeding pairs) within the next 50 years
was greater than 75% (Fig. 4). Finally, the predicted positive effects of DMI on population
growth were cancelled for large values of bycatch
mortality so that the probability that the population declined below nine breeding pairs reached
100% when the additional mortality exceeded 12
individuals per year (Fig. 4).
DISCUSSION
With fewer than 10 breeding pairs when it was
described as a new species in 1983 (Jouventin &
Roux 1983), the population of Amsterdam
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Albatross still has one of the smallest populations
of all Procellariiformes (Brooke 2004) and it is one
of the rarest bird species worldwide. Since 1983,
the population has increased at an annual rate of
almost 5%. This positive population trend stands
in contrast to those of most albatross species,
which have suffered steady to steep declines over a
similar period (Croxall & Gales 1998). However,
comparable population growth rates have been
recorded for the few increasing populations of great
albatrosses, such the Gibson’s Albatross Diomedea
gibsoni on Auckland Island, New Zealand (Walker
& Elliot 1999), the Antipodean Wandering Albatross Diomedea antipodensis on Antipodes Island,
Antarctica, (Walker & Elliot 2005), and the Shorttailed Albatross Phoebastria albatrus on Torishima
Island, Japan (Zador et al. 2008). According to
our sensitivity analysis, adult survival has made
the highest contribution to the variance of the
Amsterdam Albatross population growth rate from
1983 to 2007. This suggests that oceanographic
conditions have been very favourable to Amsterdam Albatrosses during the past 24 years, and the
control of feral cattle on the island may have had a
positive effect (Micol & Jouventin 1995).
Impacts of climate on the demography
of the Amsterdam Albatross
In accordance with the ‘slow-fast continuum’
theory (Saether & Bakke 2000), we found that
adult survival rate was very high and its temporal
variation very low. Just as for the juvenile rate, the
estimated adult survival for the Amsterdam Albatross was the highest ever found for an albatross
(Cuthbert et al. 2004), and is likely to be the largest ever estimated for a long-lived vertebrate.
Although adult survival was expected to be buffered against environmental variations (Pfister
1998, Gaillard & Yoccoz 2003), we found that it
was significantly related to temporal variation in
climate. In particular, our analysis suggested a positive relationship between adult survival of the
Amsterdam Albatross and the Indian Ocean
Dipole (IOD). During dipole mode events, the surface wind field over the Indian Ocean experiences
large changes (Saji et al. 1999). Negative IOD
events are associated with a weakening of the wind
speed in the southern Indian Ocean (i.e. around
40S) that reduces vertical mixing of the water
masses and leads to increases in the SST (Saji et al.
1999, Meyers et al. 2007). Reduction in the verti-
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cal mixing layer and high SST are generally poor
growing conditions for zooplankton (Sarmiento
et al. 1998, Gregg et al. 2003). Pelagic systems
mostly have bottom-up regulation, so that the
effect of climate forcing on zooplankton would
cascade upwards through the food web (Aebischer
et al. 1990). Similar negative relationships between
SST and adult survival have been documented in
several seabird species in the Southern Ocean
(Barbraud & Weimerskirch 2003, Jenouvrier et al.
2005, Nevoux et al. 2007, Le Bohec et al. 2008).
Moreover, the weakening of prevailing winds during a negative IOD could induce higher energetic
costs of flight, with possible negative impact on
survival rate and breeding success because large
albatrosses generally use wind to reduce flight cost
(Weimerskirch et al. 2000).
Although we considered linear relationships
between climatic variables and demographic parameters, non-linear responses might be expected
(Mysterud et al. 2001). However, when testing the
effect of a quadratic relationship between adult survival and climatic covariates (i.e. DMI, SIOD and
SST), these non-linear terms did not explain a significantly greater part of variance compared with
linear ones (results not shown). Because a decline in
IOD would result in weaker winds in the southern
Indian Ocean (Meyers et al. 2007) and a decline in
primary production (Sarmiento et al. 1998) and of
biomass at higher trophic levels (Aebischer et al.
1990), fishing effort could be expected to remain
low and interactions between fisheries and seabirds
reduced when IOD was low. On the other hand,
positive IOD events would result in higher primary
production that could induce the resumption of
longline fishing in the southern part of the Amsterdam Albatross’s foraging range. However, these
predictions raise the complex issue of the time
invariance of links between a climatic index such as
the IOD and the local climatic conditions under
climate change. Only by considering a large set of
Global Circulation Models differing in their representation of climatic variability (AchutaRao &
Sperber 2006) can one hope to address this problem.
Impact of additional mortality on the
Amsterdam Albatross population
Fishery-induced mortality is likely to be the key
factor explaining the discrepancy in survival rates
between populations of similar species of great
albatrosses. Many populations of albatrosses are
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currently vulnerable to capture and drowning in
longline fishing gear set for tunas Thunnus maccoyii, Thunnus albacares and Thunnus obesus over a
very large area of the Southern Ocean (Tuck et al.
2001). However, using the number of hooks set
annually from 1983 to 2007 by the tuna longline
fishery operating in the entire Indian Ocean south
to 29S, we did not detect any effect of longline
fisheries either on juvenile or on adult survival rate,
despite the extensive overlap between foraging
zones exploited by foraging Amsterdam Albatrosses and fishing areas. This lack of relationship is
somewhat surprising given the magnitude and
extent of fishing effort for the Southern Bluefin
Tuna in the Indian Ocean. It is consistent with
high adult and juvenile survival rates and with the
absence of records of accidental captures of
Amsterdam Albatrosses (Brothers et al. 1999).
Nevertheless, because tuna fisheries are outside the
exclusive economic zone, they are not required to
declare bycatch or band recoveries.
Future population growth rate and
environmental changes
Our stochastic model predicts the expected
dynamics of the Amsterdam Albatross population
under several scenarios of environmental change,
specifically climate and additional fishing-induced
mortality. If environmental conditions remain similar to those experienced from 1983 to 2007 and
without any additional mortality due to fishery
bycatch, our model suggests that the population
size could increase 10-fold over the next 50 years.
However, both climate and fishing pressure are
likely to change in the near future. Although SST
is likely to increase from 0.5 to 1 C by 2100 in
the whole Indian Ocean (IPCC 2008), much less is
known about the future changes of large-scale
climatic patterns such as IOD, SIOD or SOI
(Suzuki et al. 2004, Saji et al. 2006, Leloup et al.
2008). Assuming that most coupled ocean–atmosphere Global Circulation Models used by IPCC
are successful in simulating the inter-annual variability of IOD, a trend in IOD from 2008 to 2058
is predicted to range from )0.832 to +1.924 (Saji
et al. 2006). Provided there is no additional bycatch mortality, the population growth rate can be
expected to remain close to its current value if
future IOD values remain within this range
(Fig. 4). Although adult survival, the parameter
that has the largest influence on population growth
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rate, was positively linked to IOD, climate change
is likely to compensate for small additional bycatch
mortality within this projected range of climate
change. Population growth rate is predicted to
decrease below unity whenever bycatch mortality
exceeds six individuals per year (Fig. 4). Given
that fishing efforts have been extremely dynamic
in the Southern Ocean recently (Klaer & Polacheck
1997, Tuck et al. 2003), waters around Amsterdam
Island might be searched again for tuna. The
resumption of longline fisheries is a very realistic
possibility and would represent a real threat to the
persistence of the Amsterdam Albatross given its
current small population size. We therefore stress
that preventative mitigating measures need to be
applied by all vessels targeting the Southern Bluefin Tuna and other tunas in the tropical Indian
Ocean, especially in the foraging range of this
species. These measures include appropriate treatment of waste and offal, streamer lines to prevent
birds from eating the baited hooks before they
sink, additional weighting on the line so that hooks
sink faster, and line setting at night or outside the
Albatross’s albatross breeding season (Croxall &
Nicol 2004). We would encourage the Indian
Ocean Tuna Commission (IOTC) to put in action
the resolutions adopted during the last two IOTC
sessions that are intended to promote the collection and reporting of bycatch data to increase the
amount of information available in the early future
(IOTC 2005).
We are particularly grateful to all the wintering fieldworkers involved in the long-term monitoring of
Amsterdam Albatrosses at Amsterdam Island. We thank
M. Nevoux and V. Rolland for stimulating discussions
about CR modelling, V. Delmas for guidance with SAS
statistical analyses, N. H. Saji and S. K. Behera for helpful discussions about the dipole of the Indian Ocean
and D. Besson for help in data management. This study
is a part of program REMIGE funded by the Agence
Nationale pour la Recherche (ANR Biodiversity 2005–
2011).
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Akçakaya, H.R. 1991. A method for simulating demographic
stochasticity. Ecol. Model. 54: 133–136.

ª 2009 The Authors
Journal compilation ª 2009 British Ornithologists’ Union

16

P. Rivalan et al.

Arnold, J.M., Brault, S. & Croxall, J.P. 2006. Albatross population in peril: a population trajectory for black-browed albatross at South Georgia. Ecol. Appl. 16: 419–432.
Barbraud, C. & Weimerskirch, H. 2001. Contrasting effects of
the extent of sea-ice on the breeding performance of an
Antarctic top predator, the Snow Petrel Pagodroma nivea.
J. Avian Biol. 32: 297–302.
Barbraud, C. & Weimerskirch, H. 2003. Climate and density
shape population dynamics of marine top predator. Proc.
Biol. Sci 270: 2111–2116.
Behera, S.K. & Yamagata, T. 2001. Subtropical SST dipole
events in the southern Indian Ocean. Geophys. Res. Lett.
28: 327–330.
Bertram, D.F., Mackas, D. & McKinnell, S. 2001. The seasonal cycle revisited: interannual variation and ecosystem
consequences. Prog. Oceanogr. 49: 283–307.
BirdLife_International. 2009. Species factsheet Diomedea
amsterdamensis. Cambridge: BirdLife International. Downloaded from http://www.birdlife.org/action/science/sites/
speciesfactsheet.html [accessed 1 August 2008].
Brooke, M. (ed.) 2004. Albatrosses and Petrels across the
world. Oxford: Oxford University Press.
Brothers, N.P., Cooper, J. & Løkkeborg, S. 1999.
The incidental catch of seabirds by longline fisheries:
worldwide review and technical guidelines for mitigation.
ftp: ⁄ ⁄ ftp.fao.org ⁄ docrep ⁄ fao ⁄ 005 ⁄ W9817E ⁄ W9817E00.pdf
[accessed 9 October 2009] FAO Fisheries Circular :
pp. 100. Rome: Food and Agriculture Organisation.
Brownie, C., Hines, J.E., Nichols, J.D., Pollock, K.H. &
Hestbeck, J.B. 1993. Capture-recapture studies for multistrata including non-Markovian transitions. Biometrics 49:
1173–1187.
Burnham, K.P. & Anderson, D.R. 2002. Model selection and
multimodel inference: a practical information-theoretic
approach. New York: Springer.
Caswell, H. (ed.) 2001. Matrix Population Models: Construction, Analysis, and Interpretation. Sunderland, MA: Sinauer
Associates.
Caswell, H., Brault, S., Read, A. & Smith, T. 1998. Harbor
porpoises and fisheries: an uncertainty of accidental mortality. Ecol. Appl. 8: 1226–1238.
Choquet, R., Reboulet, A.-M., Pradel, R., Gimenez, O. &
Lebreton, J.-D. 2003. U-Care user’s guide, Version 2.0.
Mimeographed document, CEFE ⁄ CNRS, Montpellier.
Choquet, R., Reboulet, A.M., Pradel, R., Gimenez, O. &
Lebreton, J.D. 2004. M-SURGE: new software specifically
designed for multistate recapture models. Anim. Biodivers.
Conserv. 27: 207–215.
Coulson, T., Mace, G.M., Hudson, E.J. & Possingham, H.
2001. The use and abuse of population viability analysis.
Trends Ecol. Evol. 16: 219–221.
Crowder, L.B., Crouse, D.T., Heppell, S.S. & Martin, T.H.
1994. Predicting the impact of turtle excluder devices on
loggerhead sea turtle populations. Ecol. Appl. 4: 437–445.
Croxall, J.P. & Gales, R. 1998. An assessment of the conservation status of albatrosses. In Robertson, G. & Gales, R.
(eds) Albatross Biology and Conservation: 46–65: Chipping
Norton, N.S.W.: Surrey Beatty and Sons.
Croxall, J.P. & Nicol, S. 2004. Management of Southern
Ocean fisheries: global forces and future sustainability. Ant.
Sci. 16: 569–584.

ª 2009 The Authors
Journal compilation ª 2009 British Ornithologists’ Union

Croxall, J.P., Trathan, P.N. & Murphy, E.J. 2002. Environmental change and Antarctic seabird populations. Science
297: 1510–1514.
Cuthbert, R., Sommer, E., Ryan, P., Cooper, J. & Hilton, J.
2004. Demography and conservation of the Tristan albatross Diomedea [exulans] dabbenena. Biol. Conserv. 117:
471–481.
Forcada, J., Trathan, P.N., Reid, K. & Murphy, E.J. 2005.
The effects of global climate variability in pup production of
Antarctic fur seals. Ecology 86: 2408–2417.
Gaillard, J.-M. & Yoccoz, N.G. 2003. Temporal variation in
survival of mammals: a case of environmental canalization?
Ecology 84: 3294–3306.
Goldsworthy, S.D. & Page, B. 2007. A risk-assessment
approach to evaluating the significance of seal bycatch in
two Australian fisheries. Biol. Conserv. 139: 269–285.
Graham, M.H. 2003. Confronting multicollinearity in ecological
multiple regression. Ecology 84: 2809–2815.
Gregg, W.W., Conkright, M.E., Ginoux, P., O’Reilly, J.E. &
Casey, N.W. 2003. Ocean primary production and climate:
Global decadal changes. Geophys. Res. Lett. 30: 1809.
Inchausti, P. & Weimerskirch, H. 2001. Risks of decline and
extinction of the endangered Amsterdam albatross and the
projected impact of long-line fisheries. Biol. Conserv. 100:
377–386.
IOTC. 2005. Report of the first session of the IOTC working
party on bycatch. Puket: IOTC – FAO.
IPCC. 2008. Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Geneva: IPCC.
Jenouvrier, S., Barbraud, C. & Weimerskirch, H. 2005.
Long-term contrasted responses to climate of two Antarctic
seabird species. Ecology 86: 2889–2903.
Jouventin, P. & Roux, J.-P. 1983. The discovery of a new
albatross. Nature 305: 181.
Jouventin, P., Martinez, J. & Roux, J.-P. 1989. Breeding biology and current status of the Amsterdam Island albatross
Diomedea amsterdamensis. Ibis 131: 171–182.
Kendall, W.L. & Nichols, J.D. 2002. Estimating statetransition probabilities for unobservable states using
capture-recapture ⁄ resighting data. Ecology 83: 3276–
3284.
Klaer, N. & Polacheck, T. 1997. By-catch of albatrosses and
other seabirds by Japanese longline fishing vessels in the
Australian fishing zone from April 1992 to March 1995. Emu
97: 150–167.
Le Bohec, C., Durant, J.M., Gauthier-Clerc, M., Stenseth,
N.C., Park, Y.-H., Pradel, R., Grémillet, D., Gendner,
J.-P. & Le Maho, Y. 2008. King penguin population threatened by Southern Ocean warming. Proc. Natl Acad. Sci.
USA 105: 2493–2497.
Leloup, J., Lengaigne, M. & Boulanger, J.P. 2008. Twentieth
century ENSO characteristics in the IPCC database. Clim.
Dynam. 30: 277–291.
Lewison, R.L. & Crowder, L.B. 2003. Estimating fishery
bycatch and effects on a vulnerable seabird population.
Ecol. Appl. 13: 743–753.
Lewison, R.L., Crowder, L.B., Read, A.J. & Freeman, S.A.
2004a. Understanding impacts of fisheries bycatch on marine megafauna. Trends Ecol. Evol. 19: 598–604.

Impact of fishery and climate on Amsterdam Albatross

Lewison, R.L., Freeman, S.A. & Crowder, L.B. 2004b. Quantifying the effects of fisheries on threatened species: the
impact of pelagic longlines on loggerhead and leatherback
sea turtles. Mol. Ecol. 7: 221–231.
Link, W.A. & Nichols, J.D. 1994. On the importance of sampling variance to investigations of temporal variation in animal population size. Oikos 69: 539–544.
McCarty, J.P. 2001. Ecological consequences of recent climate change. Cons. Biol. 15: 320–331.
Meyers, G., McIntosh, P., Pigot, L. & Pook, M. 2007. The
years of El Niño, La Niña, and interactions with the tropical
Indian Ocean. J. Clim. 20: 2872–2880.
Micol, T. & Jouventin, P. 1995. Restoration of Amsterdam
Island, South Indian Ocean, following control of feral cattle.
Biol. Conserv. 73: 199–206.
Morris, W.F. & Doak, D.F. (eds) 2002. Quantitative Conservation Biology. Sunderland, MA: Sinauer Associates Inc.
Myers, R.A. & Worm, B. 2003. Rapid worldwide depletion of
predatory fish communities. Nature 423: 280–283.
Mysterud, A., Stenseth, N.C., Yoccoz, N.G., Langvatn, R. &
Steinheim, G. 2001. Nonlinear effects of large-scale climatic variability on wild and domestic herbivores. Nature
410: 1096–1099.
Nevoux, M., Weimerskirch, H. & Barbraud, C. 2007. Environmental variation and experience-related differences in the
demography of the long-lived black-browed albatross.
J. Anim. Ecol. 76: 159–167.
Pfister, C.A. 1998. Patterns of variance in stage-structured
populations: evolutionary predictions and ecological implications. Proc. Natl Acad. Sci. USA 95: 213–218.
Pradel, R. & Lebreton, J.-D. 1999. Comparison of different
approaches to the study of local recruitment of breeders.
Bird Study 46S: 74–81.
Pradel, R., Wintrebert, C. & Gimenez, O. 2003. A proposal
for a goodness-of-fit test to the Arnason-Schwarz multisite
capture-recapture model. Biometrics 59: 43–53.
R_Development_Core_Team. 2007. R: A Language and Environment for Statistical Computing. Vienna: R Foundation for
Statistical Computing.
Read, A.J., Drinker, P. & Northridge, S. 2006. Bycatch of
marine mammals in U.S. and global fisheries. Conserv.
Biol. 20: 163–169.
Reed, E.C., Gauthier, G., Pradel, R. & Lebreton, J.-D. 2003.
Age and environmental conditions affect recruitment in
Greater Snow Geese. Ecology 84: 219–230.
Rice, J.A. (1995) Mathematical Statistics and Data Analysis.
Belmont, CA: Duxbury Press.
Rolland, V., Barbraud, C. & Weimerskirch, H. 2008. Combined effects of fisheries and climate on a migratory longlived marine predator. J. Appl. Ecol. 45: 4–13.
Saba, V.S., Santidrián-Tomillo, P., Reina, R.D., Spotila,
J.R., Musick, J.A., Evans, D.A. & Paladino, F.V. 2007.
The effect of the El Niño Southern Oscillation on the reproductive frequency of eastern Pacific leatherback turtles.
J. Appl. Ecol. 44: 395–404.
Saether, B.-E. & Bakke, O. 2000. Avian life history variation
and contribution of demographic traits to the population
growth rate. Ecology 81: 642–653.
Saji, N.H., Goswami, B.N., Vinayachandran, P.N. & Yamagata, T. 1999. A dipole mode in the tropical Indian Ocean.
Nature 401: 360–363.

17

Saji, N.H., Xie, S.-P. & Yamagata, T. 2006. Tropical Indian
Ocean variability in the IPCC twentieth-century climate simulations. J. Clim. 19: 4397–4417.
Sarmiento, J.L., Hughes, T.M.C., Stouffer, R.J. & Manabe,
S. 1998. Simulated response of the ocean carbon cycle to
anthropogenic climate warming. Nature 393: 245–249.
Schemper, M. 1990. The explained variation in proportional
hazards regression. Biometrika 77: 216–218.
Skalski, J.R., Hoffman, A. & Smith, S.G. 1993. Testing the
significance of individual- and cohort-level covariates in
animal survival studies. In Lebreton, J.-D. & North, P.M.
(eds) Marked Individuals in the Study of Bird Populations:
1–17. Basel: Birkäuser-Verlag.
Stenseth, N.C., Mysterud, A., Ottersen, G., Hurrel, J.W.,
Chan, K.S. & Lima, M. 2002. Ecological effects of climate
fluctuations. Science 297: 1292–1296.
Stubben, C., Milligan, B. & Nantel, P. 2007. popbio:
Construction and Analysis of Matrix Population Models.
Vienna: R Foundation for Statistical Computing.
Suzuki, R., Behera, S.K., Iizuka, S. & Yamagata, T. 2004.
Indian Ocean subtropical dipole simulated using a coupled general circulation model. J. Geophys. Res. 109:
C09001.
Tuck, G.N., Polacheck, T., Croxall, J.P. & Weimerskirch, H.
2001. Modelling the impact of fishery by-catches on albatross populations. J. Appl. Ecol. 38: 1182–1196.
Tuck, G.N., Polacheck, T. & Bulman, C.M. 2003. Spatiotemporal trends of longline fishing effort in the Southern
Ocean and implications for seabird bycatch. Biol. Conserv.
114: 1–27.
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SUPPORTING INFORMATION
Additional Supporting Information may be found
in the online version of this article:
Figure S1. Observed age at first reproduction in
Amsterdam Albatross from birds tagged as chicks
from 1983 to 1994.
Figure S2. Upper figure: Lifetime cycle graph for
the Amsterdam Albatross population. Circles and
boxes respectively represent age- and stage-classes.
Ji, juvenile of age i; PB, pre-breeding birds; SB,
successful breeders; FB, failure breeders; NB, nonbreeders; SJ, juvenile annual survival rate; Sad,
adult annual survival rate; wrec, annual recruitment
probability; wrs, transition from breeding state r to
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breeding state s; BSPB, 1 year breeding success.
Lower figure: Population projection matrix A is
multiplied by n(t), a vector describing the state of
the population at time t, to obtain the state of the
population at t+1.
Table S1. Partial correlation coefficients between
the five climatic covariates. None of the correlations was significant.
Table S2. Modelling variations in survival (S),
transition probabilities (w) and recapture rate (p)
of adult Amsterdam Albatrosses marked from
1983 to 2007 and recaptured from 1984.
Table S3. Modelling variations in immature
survival (S), transition (w) and recapture rates (p)
of Amsterdam Albatrosses tagged as chicks from
1983 to 1994 and recaptured from 1984 to 2007.
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for the content or functionality of any supporting
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(other than missing material) should be directed to
the corresponding author for the article.

