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INTRODUCTION

Despite the fact that marine ecosystems are inher-
ently variable and their biological components are
difficult to monitor, a synthesis of long-term trends in
the abundance, distribution and diversity of marine
life confirms that marine systems are under pressure

from both exploitation and climate change (Worm et
al. 2010). Ecological indicators can greatly assist with
the management of highly complex systems by pro-
viding easily understood signals that reflect the state
of the system and can provide early warning signals
of deeper environmental change (Piatt et al. 2007,
Durant et al. 2009).
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ABSTRACT: Marine systems are under pressure from both climate change and exploitation.
While many of these ecosystems are inherently variable and hard to monitor, seabirds can be used
as ecological indicators that provide early warning signals of deeper environmental change. The
Agulhas-Benguela marine ecosystem around southern Africa has exhibited long-term changes in
sea surface temperature, and the distribution of pelagic fish in this system has shifted. The Cape
gannet Morus capensis is a seabird endemic as a breeding species to the Agulhas-Benguela eco-
system. Cape gannets breed at just 6 locations and are listed by the IUCN as Vulnerable. Knowl-
edge of the survival and movements of a species is important for understanding of factors influenc-
ing its conservation. A random effects multistate capture−recapture model was used to estimate
the annual survival probabilities and movement between colonies for adult birds at the 3 South
African colonies of the species. The effects on survival of environmental and fisheries-related
covariates were explored. Survival over the 20 yr period did not exhibit any long-term trend at the
2 southern colonies (Malgas and Bird Islands) but decreased at Lambert’s Bay between 1996 and
2007. At all 3 colonies, adult birds showed a high degree of site fidelity. It may be that for Cape
gannets, the primary effects of climate and fishing are on recruitment rather than on survival. The
continued use of sub-optimal conditions by the west coast colonies has been referred to as an ‘eco-
logical trap’ and necessitates the introduction of spatial considerations into fisheries management.
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The Benguela upwelling ecosystem off south-west-
ern Africa is 1 of 4 major eastern boundary currents
in the world’s oceans and is a highly productive eco-
system which supports both sardine Sardinops sagax
and anchovy Engraulis encrasicolus as the main for-
age fish species for several predators (Crawford
2007, Gremillet et al. 2008a). The Agulhas Current
flows from the Mozambique Channel around the
eastern and southern part of South Africa (Fig. 1).
Both the Agulhas Current ecosystem and the south-
ern Benguela ecosystem have exhibited long-term
changes in sea surface temperature, with a cooling in
the southern Benguela and a warming of the Agulhas
Current over the past 2 decades (Roy et al. 2007,
Rouault et al. 2009, 2010).

Seabirds and other predators at the top of the food
chain are especially vulnerable to ecosystem pertur-
bations and are often used as indicators for the state
of oceanic ecosystems (Piatt et al. 2007, Durant et al.
2009, Rolland et al. 2010). In particular, predators
that forage on a small number of key fish species
should be better indicators for the state of the system
than more generalist predators that can adapt their
diet to suit what marine resources are available
(Durant et al. 2009). The Convention for the Conser-
vation of Antarctic Marine Living Resources has
advocated the use of seabird parameters as ecologi-
cal indicators, and some penguins are among species
used as indicators for the Southern Ocean (Croxall et
al. 1999, Durant et al. 2009).

The Cape gannet Morus capensis is a long-lived
seabird, endemic as a breeding species to the
Benguela and western Agulhas ecosystems, and its

preferred food is sardine and anchovy when these
fish are available (Berruti et al. 1993, Adams &
Klages 1999). The Cape gannet is thus a candidate
species to be used as a sentinel of change in the
region of its breeding distribution. Furthermore,
Cape gannets are listed as Vulnerable (IUCN 2012)
because they breed at just 6 locations off the coast of
Namibia and South Africa and have shown a long-
term decrease in numbers. Hence, there is also inter-
est in the conservation of Cape gannets in their own
right (Lewis et al. 2006, Crawford 2007, Pichegru et
al. 2007, Crawford et al. 2008b). Fig. 1 shows the
location of the 3 South African colonies of this spe-
cies, namely Lambert’s Bay, Malgas Island and Bird
Island.

Over the past few decades there has been a clear
shift in the breeding distribution of Cape gannets,
with a decrease in numbers at the Namibian
colonies, an increase at the Bird Island colony off the
South African south coast and a decrease towards the
end of our study at the 2 colonies off the South
African west coast (Fig. 2; Crawford 2007, Crawford
et al. 2008b). Similar distributional shifts to the south
and east off southern Africa have been observed in
several other seabird species (bank cormorant Pha-
lacrocorax neglectus, crowned cormorant P. corona-
tus, Hartlaub’s gull Larus hartlaubii, kelp gull L.
dominicanus and swift tern Thalasseus bergii), and
while local factors have played a part, the common
pattern to the change in distributions during the
same broad time span suggests a large-scale envi-
ronmental influence (Crawford et al. 2008b).

In addition to the spatial shift in the breeding distri-
butions of several seabirds, there have been shifts to
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Fig. 1. Southern Africa, showing the location of the 3 gannet
Morus capensis colonies, the Benguela and Agulhas currents,
and the regions used to aggregate location-specific fish catch
data: Lambert’s Bay: 32.5° S, 18.18° E; Malgas Island: 33.03° S, 

17.55° E; Bird Island: 33.50° S, 26.17° E

Fig. 2. Morus capensis. Trends in the number of breeding
Cape gannets from 1990 to 2009 (in thousands). Modified

from Crawford et al. (2007)
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the south and east in the distributions of spawning
sardine and anchovy and of rock lobster Jasus
lalandii (van der Lingen et al. 2005, Fairweather et al.
2006, Roy et al. 2007, Cockcroft et al. 2008, Coetzee
et al. 2008a). These shifts have resulted in spatial
mismatches between the breeding localities and prey
of seabirds off South Africa’s Western Cape.

Several studies have examined the role of climate
on population dynamics. The most common climatic
variables used include a large-scale index of oceanic
conditions (such as the Southern Oscillation Index,
SOI, or the North Atlantic Oscillation, NAO), more
localised measures such as sea surface temperature
(SST) and some measure of prey availability (Fred-
eriksen et al. 2004, Sandvik et al. 2005, Rolland et al.
2010).

Industrial fisheries can affect seabirds both directly
and indirectly (Ormerod 2003, Frederiksen et al.
2004, Gremillet & Boulinier 2009), where the primary
indirect effect is believed to operate through a reduc-
tion of the availability of prey (Frederiksen et al.
2004, Crawford et al. 2007, Gremillet & Boulinier
2009). Commercial purse-seine fisheries for sardine
and anchovy started off Namibia and South Africa
after World War II (van der Lingen et al. 2005, Fair-
weather et al. 2006, Crawford 2007), and they poten-
tially affect Cape gannets by competing for the same
food resources.

Marine food webs are affected by both bottom-up
and top-down processes whereby climate tends to
work through the former and fishing can have an
important top-down effect (Cury et al. 2000). The
combination of these 2 factors can have severe con-
sequences on seabird populations, yet it is often diffi-
cult to disentangle their effects (Frederiksen et al.
2004, Rolland et al. 2008, Gremillet & Boulinier 2009,
Rolland et al. 2010). It is believed that the spatial shift
in the distribution of sardine and anchovy in the
southern Benguela system was caused by such a
combination of factors (Gremillet et al. 2008a,
Gremillet & Boulinier 2009) and could indicate an
ecological regime shift that is likely to have signifi-
cant consequences for the local marine ecosystem
(Gremillet et al. 2008a).

The change in the abundance of prey can have a
substantial, rapid effect on predators like the Cape
gannet, whose mobility is limited while rearing
young and who display strong site fidelity tendencies
(Crawford 2007, Crawford et al. 2008a, Durant et al.
2009). A change in prey availability may influence
the decision to breed and can play a major role in
breeding success, can affect survival and can influ-
ence inter-colony movements (Crawford & Dyer

1995, Crawford et al. 2008a, 2011). Consequently, the
change in the distribution of sardine and anchovy is
thought to be largely responsible for the changes
observed in the gannet colonies. However, the con-
tribution of local demographic rates and movement
between colonies is unclear (Lewis et al. 2006, Craw-
ford 2007, Pichegru et al. 2007). Understanding the
exchange of individuals among colonies of seabirds
as well as spatial shifts in their breeding populations
is one of the major objectives of seabird ecology
(Gremillet & Boulinier 2009).

The objectives of this research were firstly to obtain
estimates for adult survival and of movement be -
tween colonies of adult Cape gannets over a 20 yr
period (1989 to 2009), and secondly to examine envi-
ronmental and fisheries related covariates in order to
understand potential factors driving the gannet pop-
ulation dynamics. These results also help inform
what is happening with the broader marine system
off southern Africa.

MATERIALS AND METHODS

Field methods

The data consist of 30 333 captures (including
11 434 recaptures) of 18 898 ringed adult gannets be -
tween 1989 and 2009 from gannet colonies off the
west coast (5132 at Lambert’s Bay and 6534 at Malgas
Bay) and south coast (6907 at Bird Island) of South
Africa, as well as data on 187 dead recoveries for the
same time period. There were 276 birds that were
seen at more than 1 colony. At all 3 colonies, banding
of nestling and adult gannets took place in late sum-
mer towards the end of the breeding season. For this
analysis, birds banded as nestlings were only in-
cluded at first recapture as adults, and birds originally
banded before 1989 were included from their first re-
capture during the period considered here. Recap-
tures of banded birds took place throughout the year
but mainly during the September to March breeding
period, when birds congregate at colonies (Staverees
et al. 2008). Birds were caught using a hook on the
end of a pole, as described by Berruti et al. (1993).

Statistical analyses

Program MARK ver. 6.0 (White & Burnham 1999)
was used to fit open population capture−recapture
models (Lebreton et al. 1992) in order to estimate
adult survival for the Cape gannet. These models
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account for both survival and detection probability
(detection is also referred to as recapture) since a
bird may survive but not be detected during the sam-
ling process (see supplement for a glossary of statisti-
cal terms). Two key underlying assumptions of cap-
ture−recapture models are that all individuals in a
group have equal survival and detection probabili-
ties. However, in this context it is likely that these
assumptions are violated because of the following.
(1) Birds breeding on the edges of the colony were
more likely to be captured because most searches for
banded birds were made around the edges of co lo -
nies, since it is disruptive to venture into the middle
of the colonies, and birds tend to nest in the same
place from year to year (Klages 1994); consequently,
a trap-dependent effect was expected whereby a
bird caught during the previous year was more likely
to be caught again than one that was not caught in
the previous year. (2) During the sampling occasion,
transient individuals tend to be present, i.e. non-res-
ident birds that are unlikely to be found in that loca-
tion in the future. Ignoring the presence of such tran-
sients can lead to negative bias in survival estimates.

Initially, the Cormack-Jolly-Seber (CJS) model was
used on the recapture data only, with time-varying
parameters for survival and recapture. Program
U-Care (Choquet et al. 2009) was used to assess the
goodness-of-fit of this general model to each colony
separately (referred to as single-state models). All
colonies produced strong signals for both a transient
effect and a trap-dependent effect. Consequently, an
additive transient effect (Pradel et al. 1997) was in-
cluded as well as individual covariates that indicated
whether an individual was captured during the previ-
ous year. Goodness-of-fit of this modified model was
then assessed using the median-ĉ procedure in pro-
gram MARK, and there were no remaining signs of
over dispersion (estimates ranged from 1.05 to 1.1).
The recovery data were then incorporated and a
model with time-varying parameters for both survival
and recapture (with constant recovery and fidelity)
was fitted, using the parameterisation suggested by
Burnham (1993). Including recovery data into the
analysis allows both the recovery rate and a fidelity
parameter to be estimated, in addition to survival and
recapture rates. The fidelity parameter represents the
likelihood of an individual remaining in the colony
and hence allows the estimation of ‘true’ mortality
rather than ‘apparent’ mortality. At this stage, the
model included all colonies in a multistate model,
where the states represent the islands at which breed-
ing occurs and the transition probabilities between
the states represent movement between islands.

A number of years in the time series had very little
information, i.e. very few recaptures. This resulted in
parameter estimates for those years occurring at the
boundary (usually 1) and often with a standard error
of 0. Consequently, a model with random effects was
used so that the years with sparse data could ‘borrow’
information from other years (Francis & Saurola
2009). The Markov Chain Monte Carlo (MCMC) pro-
cedure within MARK was used to fit this random-
effects model. The default MARK parameter settings
were used: 4000 ‘tuning’ samples, 1000 ‘burn-in’
samples and 10 000 samples to store. The model was
parameterised so that the random effects repre-
sented yearly random deviations around the mean
for both survival and recapture probabilities for each
colony. We further estimated the correlation (ρ) in
survival among colonies to examine how synchro-
nous fluctuations in survival were over time. Uninfor-
mative priors were specified for all parameters with
the exception of the means for the survival and
recapture hyperdistributions. These hyperdistribu-
tions were given a mean of 0 and a very small vari-
ance (0.001) in order to ensure that the random
effects estimated yearly deviations around the mean.
The variances were given the default priors, namely
that 1/σ2 followed a gamma distribution with alpha =
0.0001 and beta = 0.0001, and ρ followed a uniform
distribution between −1 and 1. It took 30 d to run a
single chain on an Intel Core 2 Duo PC with 2 GB of
RAM, and hence multiple chains were not run. Con-
vergence statistics for multiple chains could there-
fore not be used, but trace plots were examined and
did not suggest convergence problems. Furthermore,
the parameter estimates from the multistate model
were similar to those from the single-state fixed
effects models, which suggests that the MCMC esti-
mates are stable.

The effects of various covariates were explored by
fitting single-state models to each island. An analysis
of deviance approach (Skalski et al. 1993) was used
to assess the impact of the covariates by calculating
the proportion of year to year variance that was
explained by a particular covariate. These covariate
models were therefore fixed effects models with the
full parameterisation including year-specific esti-
mates for all years.

Environmental covariates

In this study, the following variables were selected
to investigate the role of the environment on survival
rates: the Southern Oscillation Index (SOI), sea sur -
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face temperature (SST) and the combined biomass of
sardine and anchovy (Biomass) recorded during an -
nual surveys of these species conducted in November.

An analysis of SST in the marine environment
around South Africa from 1982 to 2009 found that the
primary signal for environmental change was in the
winter months, with cooling on the west coast, south
coast and in the Port Elizabeth region, and warming
for the Agulhas system to the south (Rouault et al.
2010). Consequently, the monthly data for both SOI
and SST were aggregated over the winter months
(April to August). Survival of adult Cape gannets is
likely to be influenced by processes that happen dur-
ing both breeding (summer) and non-breeding (win-
ter) periods. In summer, breeding birds need to feed
chicks. In winter, for example, storms may result in
periods of several days when fish may be difficult to
locate.

Being a large-scale factor, the values used for SOI
were common to all islands, whereas the more
localised SST factor was calculated by aggregating
domain-specific areas for the west coast, the south
coast and the Port Elizabeth region (for further
details see Rouault et al. 2010).

The estimated spawner biomasses for sardine and
anchovy, obtained from hydro-acoustic surveys
(Coetzee et al. 2008b), were combined because these
fish species have generally contributed the bulk of
the food of Cape gannets (Hockey et al. 2005). This
variable (Biomass) had a spatial element, as it was
formed for the west coast by using values for biomass
west of Cape Agulhas, and for the south coast by
using values for biomass east of Cape Agulhas. The
proportion of the overall biomass of sardine and
anchovy found east of Cape Agulhas (% Biomass)
was used as a covariate on the movement parame-
ters. The aim was to explore whether the movement
of birds between colonies tracked the movement of
pelagic fish.

Fishing covariates

Our analysis explored the effect on adult survival
of annual catch and the time in months that it took
the industry to achieve 50% of the annual quota
(50% Time).

Catch data for both sardine and anchovy were
provided per year and per pelagic fishing block
(PFB) by the Department of Agriculture, Forestry &
Fisheries. Information on the foraging range of gan-
nets from each colony (Pichegru et al. 2009) was
used to guide which PFBs to include in the aggrega-

tion of location-specific covariates for different
colonies (Fig. 1). The data for sardine and anchovy,
the 2 preferred prey species, were combined to give
a location-specific indication of the combined
annual catch. Even though the gannets’ feeding
range varies within and among years (Mullers &
Navarro 2010), we think that the chosen PFBs are a
good representation of the main foraging areas of
breeding birds. Since fish densities on the west
coast are spatially correlated, this assumption is
unlikely to affect our results.

Fishing quotas for sardine and anchovy in South
Africa are based on 2 surveys: biomass estimates are
obtained in November and used to set the initial
 quotas for the following year; recruitment surveys
take place in May and are used to adjust the quotas
upwards if better than expected recruitment is
observed. The surveys estimate fish biomass with an
inevitable amount of uncertainty, and quotas may
therefore be too high or too low in relation to the true
fish abundance in a given year. The speed at which
the industry reaches its allowed quota (and whether
the quota is reached at all) depends on various fac-
tors, including bad weather that hampers fishing and
mechanical problems with the boats. However, it
may also reflect fish availability, e.g. fish may be far
removed from factories, and the degree to which fish
biomass may have been over- or underestimated. We
hypothesised that gannet survival is lower in years
when the fishery struggles to fill its quota.

A covariate that represents how easy (or difficult)
it was for the industry to fill its quota (for sardine
and anchovy combined) in a particular year was
therefore created by using the month by which 50%
of the quota was achieved. As the full quota was
often not reached over the course of our study, we
chose the time taken to reach 50% of the quota,
which produced sufficient variability for the years in
question.

Diet

Sardine is the preferred prey species of Cape gan-
nets (Adams & Klages 1999) and the presence of
lipid-rich fish prey (including sardine) in the diet has
been shown to be associated with improved chick
growth (Mullers et al. 2009). The percentage of sar-
dine in the diet was examined in the covariate mod-
els. At Lambert’s Bay and Malgas Island, diet sam-
ples were collected monthly; at Bird Island, most
samples were collected during the gannet breeding
season. Adults returning to the islands were caught
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using a hook attached to a pole and inverted over a
bucket, when they often regurgitated their last meal
(Berruti et al. 1993). They were then released. If birds
did not regurgitate food within about 1 min, they
were also released.

RESULTS

Survival and movement

Annual estimates of survival, and 95% credible
intervals, obtained from the multistate model which
accounts for movement between colonies, are shown
in Fig. 3.

At Lambert’s Bay, the survival estimates for recent
years have large credible intervals due to a scarcity
of data for those years. The entire colony aban-
doned the island in the 2005/06 breeding season
after being severely disturbed by Cape fur seals
Arctocephalus pusillus pusillus, which resulted in
reduced field work there around this time (Craw-
ford et al. 2007). Average survival was highest for
Bird Island (0.90 ± 0.004 [SE]), slightly lower for
Malgas (0.88 ± 0.009) and lowest for Lambert’s Bay
(0.83 ± 0.009). Survival tended to be positively cor-
related across colonies (ρ ranged from 0.35 to 0.42),
but the correlation coefficients were estimated poorly,
and all of them had credible intervals that included
0. Survival showed no long-term trend at Malgas
and Bird Islands, although it decreased substan-
tially at Malgas Island in 1996. Survival decreased
at Lambert’s Bay be tween 1996 and 2007, before
recovering again in 2008 and 2009. However, as
mentioned above, the credible intervals for esti-
mates at Lambert’s Bay for 2008 and 2009 indicate
a large degree of uncertainty. The process variance
in survival was estimated at 0.489 ± 0.145 for Lam-
bert’s Bay, 0.467 ± 0.112 for Malgas Island and
0.287 ± 0.117 for Bird Island.

There was little movement of adult gannets be -
tween the colonies, particularly to and from Bird
Island (Table 1). The greatest amount of movement
was between the 2 west coast colonies, Lambert’s
Bay and Malgas Island. Years with relatively high
proportions of biomass east of Cape Agulhas were
associated with lower movement between these 2
colonies, whereas movement from the 2 west coast
colonies to Bird Island on the south coast was not sig-
nificantly related to the location of fish biomass.
However, movement from Bird Island to Malgas
Island was negatively related to the location of fish
biomass, with fewer birds moving west when most
fish were located in the east.

Recapture and recovery

Recapture rates were on average highest for
Lambert’s Bay (0.25 ± 0.03), intermediate for Mal-
gas Island (0.20 ± 0.02) and lowest for Bird Island
(0.06 ± 0.01). Recovery rates were constant in the
model and ranged from 0.01 ± 0.002 for Lambert’s
Bay, through 0.02 ± 0.002 for Bird Island to 0.004 ±
0.001 for Malgas Island. The full results from the
multistate model are shown in Table S1 in the sup-
plement at www.int-res.com/articles/suppl / m461
p245_supp.pdf.
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Fig. 3. Morus capensis. Survival estimates of Cape gannets
with 95% Bayesian credible intervals from the multi-state
model for adult resident gannets from 1990 to 2009. See
Table S1 in the supplement at www.int-res.com/ articles/ 
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Covariate models

Possible causes of variation in survival at each
colony were explored using single-state models with
covariates. Table 2 summarises the results of the
analysis of deviance from the covariate models, and
Tables S2 and S3 in the supplement summarise the β
estimates from the covariate models and the model
selection details including Akaike weights, de -
viances and delta Akaike information criteria (AICs).
Note that there was no support for anything other

than the fully time-dependent model on all colonies.
This does not mean that the covariates are unimpor-
tant, as with large sample sizes and high temporal
variance, AIC tends to favour the fully time-depen-
dent model (Link 1999). We therefore concentrate on
analyses of deviance next to estimate what propor-
tion of the temporal variance is explained by the
covariates.

The percent sardine in the gannets’ diet did not
explain much of the variation in survival for the west
coast colonies, but it explained almost 18% for Bird

Island. Interestingly, the β coefficients for diet
were negative for all 3 islands, suggesting that
an increase in the proportion of sardine eaten is
associated with lower survival. This counter-
intuitive result is addressed further in the ‘Dis-
cussion’.

A higher winter SST around Lambert’s Bay
was associated with higher survival and ex -
plained over 41% of the variation in survival at
that colony. SST only explained 9% of the varia-
tion at Malgas Island and 7% at Bird Island, but
the direction of these effects was also positive.
The large scale SOI variable explained around
12% of the variation at Lambert’s Bay but only a
small fraction at the other 2 colonies. The influ-
ence of biomass on variation in survival was
weak for all islands.

The longer it took the industry to reach 50% of
the annual quota, the worse survival was for
adult gannets on all 3 islands. This covariate
explained only 4% of the variation in survival at
Malgas, but explained more (11%) at Bird Island
and 33% at Lambert’s Bay. Similarly, annual
catch explained just 5% of the variation in
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Movement Mean SE % Biomass β SD

ψ(Lam-Malgas) 0.018 0.0013 −2.304 0.615 (−3.49: −1.08)
ψ(Lam-BI) 0.002 0.0001 −1.954 1.439 (−4.82: 0.80)
ψ(Malgas-Lam) 0.007 0.0006 −2.716 0.878 (−4.65: −0.95)
ψ(Malgas-BI) 0.002 0.0002 −2.548 1.407 (−5.37: 0.12)
ψ(BI-Lam) 0.001 <0.00010 −0.370 0.733 (−2.87: 2.32)
ψ(BI-Malgas) 0.001 <0.00010 −2.545 0.733 (−5.34: −0.01)

Table 1. Morus capensis. Estimates of adult movements from 1989
to 2009 among the 3 Cape gannet colonies in South Africa and
their relationship to the location of fish biomass (% Biomass).
Movement was modelled as the probability of transitioning
between colonies. For example, the mean ψ(Lam-Malgas) of 0.018
means that on average there is a 1.8% probability of an individual
bird moving from Lambert’s Bay to Malgas island at the end of a
particular year. The mean ψs are the means of the time-depen-
dent movement parameters. The β coefficient is the partial
regression coefficient for the effect of the location of fish biomass
(i.e. the proportion of sardine and anchovy biomass east of Agul-
has) on movement. Note that the β estimate is on the logit scale
and therefore it is difficult to interpret the absolute value of the
estimate, although a positive coefficient increases the probability
of movement and vice versa. SD is the standard deviation of the
partial regression coefficient among years with the 95% credible 

interval in brackets. Lam: Lambert’s Bay, BI: Bird Island

Model Lambert’s Bay Malgas Island Bird Island
Deviance % Explained Deviance % Explained Deviance % Explained

Full time dependence 23297.82 100 28191.22 100 16304.87 100
Constant over time 23421.49 0 28351.24 0 16374.90 0

% Sardine in diet
Diet 23413.36 6.6 28344.90 4.0 16362.46 17.8

Environmental covariates on adult gannet survival
SST(W) 23370.15 41.5 28336.84 9.0 16369.70 7.4
SOI(W) 23406.1 12.4 28343.24 5.0 16372.95 2.8
Biomass 23414.37 5.8 28343.44 4.9 16373.23 2.4

Fisheries covariates on adult gannet survival
Time to 50% 23380.92 32.8 28344.4 4.3 16366.96 11.3
Annual catch 23396.56 20.2 28343.98 4.5 16365.27 13.8

Table 2. Morus capensis. Results from the analysis of deviance that calculates the percentage of variance in survival explained
by the different covariates on the 3 South African Cape gannet colonies from 1989 to 2009. SST(W): sea surface temperature
aggregated over the winter months for the appropriate area; SOI(W): Southern Oscillation Index averaged over the winter 

months; Time to 50%: time in months that it took the industry to achieve at least 50% of the quota
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annual survival at Malgas Island, 14% at Bird Island
and 20% at Lambert’s Bay. Interestingly, the direc-
tion of the effect of annual catch was positive (albeit
small) for the west coast colonies but negative for
Bird Island.

DISCUSSION

We examined the survival and movements of adult
Cape gannets at their 3 South African colonies,
which currently comprise 90% of the global popula-
tion of this species (Crawford et al. 2007). Between
1990 and 2009, adult survival fluctuated around
0.90 yr−1 at Bird Island, 0.88 yr−1 at Malgas Island and
averaged 0.83 yr−1 at Lambert’s Bay. These estimates
correspond well with previously published survival
estimates for the species at Lambert’s Bay and Mal-
gas Island (Altwegg et al. 2008). It is interesting that
the mean survival was lowest at the northernmost
colony, Lambert’s Bay. This is attributable to a de -
creased survival at this colony between 1996 and
2007 (Fig. 3), a period that coincides with  south-
eastward displacements of most spawning sardine
and anchovy from the west coast of South Africa to
the south coast (Roy et al. 2007, Coetzee et al. 2008a).
These displacements would have placed forage fish
increasingly distant from gannets at Lambert’s Bay in
the austral summer, the main breeding period, and
may have reduced survival. Survival decreased
markedly at both Lambert’s Bay and Malgas Island in
1996, when the abundance of anchovy off South
Africa plummeted to its lowest recorded level. Fur-
thermore, at Lambert’s Bay the island is joined to the
mainland, which has allowed access to it by main-
land predators (Cape Nature, Department of Envi-
ronmental Affairs South Africa, unpublished records).
The colony is also visited by many tourists, although
they are unlikely to influence survival.

The estimated movement rates of adults among
colonies were low, especially between the 2 west
coast colonies and that on the south coast. However,
recapture effort at Bird Island in the south was low
after the mid-1990s, at the time that stocks of prey
fish shifted south and east and movements of birds
to the east might have been anticipated. Further-
more, once breeding, adult Cape gannets are faith-
ful to nest sites (Klages 1994). Hence, not much
movement of adult birds between colonies would
be expected. It is more likely that immature and
pre-breeding adults would move to other colonies
and so it is possible that some immigration of juve-
niles has contributed to the observed growth of the

colony at Bird Island, although there is insufficient
information to examine this possibility. It is inter-
esting that little movement of birds between the 2
west coast colonies was detected when most fish
had an eastern location, possibly suggesting that
immigration to colonies is minimal when food is
scarce nearby.

Adult survival is a crucial parameter in the popu-
lation dynamics of long-lived species such as Cape
gannets and is believed to be canalized against cli-
matic variation (Gaillard & Yoccoz 2003), i.e. it is
expected to be the demographic parameter least
affected by climate (Sandvik et al. 2005, Gremillet
& Boulinier 2009, Rolland et al. 2010). While
various studies have found a stronger link between
climate and breeding success rather than survival,
associations between seabird survival and climate
have been reported (Frederiksen et al. 2004,
Velarde et al. 2004, Sandvik et al. 2005, Rolland et
al. 2008). In most cases, SST seems to explain vari-
ation in survival better than large-scale indicators
like SOI or NAO.

The lack of a consistent association between the
SOI and survival in this study is therefore expected
and mirrors similar findings reported elsewhere
(Frederiksen et al. 2004, Rolland et al. 2008, 2010).
It is also not surprising that SST does not consis-
tently explain survival when one considers the spa-
tial mismatch between pelagic fish and zooplankton
that has been recently reported in the Benguela
system, and the fact that SST is primarily a proxy
for primary productivity whereas top predators
feed several trophic levels up the food chain
(Gremillet et al. 2008a, Gremillet & Boulinier 2009,
Boyce et al. 2010).

The fact that SST around the west coast managed
to explain over 40% of the variation in survival on
Lambert’s Bay is interesting. Gremillet et al. (2008a)
noted that the at-sea distributions of Cape gannets
off South Africa’s west coast were related to areas of
low SST and high primary productivity, but not to the
distributions of anchovy which at the time were pre-
dominately on the south coast of South Africa. How-
ever, in most years, anchovy and sardine contribute
the bulk of the diet of gannets at Lambert’s Bay
(Berruti et al. 1993, Crawford et al. 2011). The posi-
tive effect of SST on survival suggests that long-term
cooling in the Benguela during winter could be detri-
mental to the Lambert’s Bay colony, although the
mechanism for this is unclear. It seems more likely
that summer displacement of prey away from the
colony influenced the decrease in survival of adult
gannets at Lambert’s Bay. A similar effect of SST on
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Cape gannets at Malgas Island was not evident;
Cape gannets at Malgas Island have a more diverse
diet than those at Lambert’s Bay, feeding to a greater
extent on the oceanic saury Scomberesox saurus and
hakes Merluccius spp. that are discarded by fish-
eries.

The annual catch variable is meant to represent the
effect of competition for prey by the purse-seine fish-
ery and the gannets. However, the annual quota is
based on an estimate of fish abundance so that
higher catches should be taken in years where there
are more fish. Consequently, if the estimates of fish
abundance are accurate, there should not be much of
an effect of fish catch on the gannets. Therefore, a
negative effect could indicate a quota that is set too
high and results in the removal of too much prey from
the ocean with detrimental consequences for the
birds.

The contrasting results between the west and the
south coast are interesting. It is possible that the pos-
itive effect of annual catch seen off the west coast is a
reflection of higher fish availability on the west coast
benefiting both fishers and gannets, whereas the
negative effect on the south coast indicates a real
impact of the fishery on sardine available to the gan-
nets. Around 2005, anchovy and sardine were scarce
along the west coast, resulting in lower catches, and
a decreased contribution to the diet of gannets, of
both species (Gremillet et al. 2008a). After 2000, the
contribution of sardine to the diet of Cape gannets at
Bird Island on the south coast increased markedly
and there was also a substantial increase in the catch
of sardine in the region (Crawford et al. 2009). How-
ever, most sardine and anchovy remained a consider-
able distance to the west of Bird Island (Shabangu
et al. 2011).

The interpretation of the negative effect of the 50%
time variable is not straightforward due to the fact
that several factors can potentially affect the fishing
industry’s ability to fill the quota. It seems though
that in years when it was difficult for the fishery to
catch the allocated quotas, it was also difficult for
Cape gannets to find prey, probably with detrimental
consequences to their survival. Furthermore, gannets
should experience less competition for their pre-
ferred prey species at the start of their breeding sea-
son in years when the quota is achieved relatively
early on (Gremillet et al. 2010). The link between
quota fulfilment and survival of adult Cape gannets
merits further investigation.

The diet covariate had its greatest influence on
adult survival at Bird Island. However, there and on
the west coast, increased proportions of sardine in

the diet were associated with decreased survival.
This is a counter-intuitive result that may be spuri-
ous, or it may indicate that alternative food that
‘buffers’ occasions when sardines are not available to
gannets, e.g. they are too deep in the water column
or too far from the breeding colonies or when gannets
are unable to find sardines, is beneficial.

It may be that for Cape gannets, the primary effects
of climate and fishing are on recruitment rather than
adult survival, which has not shown large fluctua-
tions. Hence, the breeding and juvenile survival
components could be the primary drivers of recently
observed changes in numbers at South Africa’s gan-
net colonies, even though a recent study showed that
breeding success was actually higher in a declining
Namibian colony than at Malgas Island (Mullers &
Navarro 2010). The eastward shift in pelagic fish
resulted in birds at Malgas Island feeding substan-
tially on fishery wastes, whereas gannets at the
increasing Bird Island colony fed mainly on natural
prey, which could be another factor explaining the
decline in the west coast colonies and the increase at
the south coast colony (Pichegru et al. 2007, Mullers
et al. 2009). This hypothesis seems plausible when
considering that population growth is driven by food
availability during the breeding season (Lewis et al.
2006) and that a dietary shift often has negative con-
sequences for seabird breeding success (Gremillet &
Boulinier 2009). In fact, the continued use of sub -
optimal conditions by the west coast colonies has
been referred to as an ‘ecological trap’ (Gremillet &
Boulinier 2009). The decreased survival of Cape gan-
nets at Lambert’s Bay over a 10 yr period suggests
that survival may be influencing trends at some gan-
net colonies. It is also possible that the recent high
survival rates at Bird Island are partially attributable
to the availability of high-quality food to birds at that
colony throughout the year.

Recent intensive predation of Cape gannet fledg-
lings by Cape fur seals has also reduced gannet
 production on the west coast (Makhado et al. 2006).
Furthermore, most of the fish factories in South
Africa are located near gannet colonies in the West-
ern Cape, and fishers attempt to make catches as
close to the factories as possible despite the reduction
in food availability in the west (van der Lingen et al.
2005, Fairweather et al. 2006, Crawford et al. 2008a,
Gremillet et al. 2008a,b), thereby further depleting
densities of forage fish in the vicinity of Cape gannet
colonies off South Africa’s west coast. For this reason,
there is a need to introduce spatial considerations
into fisheries management (van der Lingen et al.
2005, Crawford et al. 2008a).
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