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Email: kate.matthews@nina.no 1. Marine ecosystems are experiencing growing pressure from multiple threats
Funding information caused by human activities, with far-reaching consequences for marine food
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webs. Determining the effects of multiple stressors is complex, in part, as they
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can affect different aspects of biological organisation (behaviour, individual traits

Handling Editor: Elise Zipkin and demographic rates). Determining the combined effects of stressors, through
different biological pathways, is key to predict the consequences for the viability
of populations threatened by global change.

2. Due to their position in the food chain, top predators such as seabirds are consid-
ered more sensitive to environmental changes. Climate change is affecting the prey
resources available for seabirds, through bottom-up effects, while organic pollut-
ants can bioaccumulate in food chains with the greatest impacts on top predators.
However, knowledge of their combined effects on population dynamics is scarce.

3. Using a path analysis, we quantify the effects of climate change and pollution on
the survival of adult great black-backed gulls, both directly and through effects of
individuals' body mass.

4. Warmer ocean temperatures in gulls' winter foraging areas in the North Sea were
correlated with higher survival, potentially explained by shifts in prey availability
associated with global climate change. We also found support for indirect nega-
tive effects of organochlorines, highly toxic pollutants to seabirds, on survival,
which acted, in part, through a negative effect on body mass.

5. The results from this path analysis highlight how, even for such long-lived spe-
cies where variance in survival tends to be limited, two stressors still have had a
marked influence on adult survival and illustrate the potential of path models to

improve predictions of population variability under multiple stressors.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Natural populations are facing increasing pressure from anthropo-
genic stressors (Jackson et al., 2021; Simmons et al., 2021). A key
challenge in ecology is measuring the effect of multiple stressors,
which can act through alternative pathways (e.g. via various life-
history traits). Multiple stressors can interact in complex ways,
combining to have a negative total impact that is greater (or less)
than the sum of their independent effects (Darling & Coté, 2008).
Understanding their combined effects and the mechanisms behind
them is crucial to assess the overall consequences of global change
and accurately predict populations' viability. Our knowledge of the
mechanisms behind multiple stressor effects is limited because anal-
yses and experiments often only consider effects of a single stressor,
which can lead to underestimation or overestimation of the risk to
biodiversity (Simmons et al., 2021).

Assessing causal pathways between variables, for example
between environmental stressors and a population's demographic
rates, requires experimental manipulations, which are often not
feasible in natural populations and so we tend to rely on obser-
vational data. Path analysis is a multivariate regression technique
to formalise and confront hypothesised scenarios using obser-
vational data (Shipley, 1997). Path models are traditionally used
to test causal relationships, which can be direct or indirect, be-
tween multiple variables, and such models have been widely em-
ployed in ecological studies (Pugesek et al., 2003; Shipley, 2016).
The model reflects a hypothesised causal structure for which we
can estimate the effects of variables, through direct and indirect
paths, given this structure. Capture-mark-recapture or resight-
ing (CMR) models provide a general and flexible framework for
survival estimation (among other parameters) in the face of im-
perfect detection. For long-lived species, the survival of mature
adults is the most influential demographic rate driving population
growth (Gaillard et al., 1998). While CMR models are widely used
to estimate the effects of time- and individual-varying factors on
demographic parameters (Pollock, 2002), they generally do not
consider multiple effect pathways. Recently, path analyses have
been implemented in CMR models (Cubaynes et al., 2012; Gibson
et al., 2023; Gimenez et al., 2012), with great—but still largely
unharnessed—potential in studies of multiple stressor effects on
population dynamics. Furthermore, Bayesian approaches to path
models allow for the propagation of the uncertainty among the
estimated relationships between variables in the proposed causal
structure and allow for missing data (Fan et al., 2016).

Marine ecosystems are experiencing intense and growing pres-
sure from human activities (OSPAR, 2009). Overfishing, climate
change and the presence of organic pollutants have irreversibly

altered the structure and stability of marine food webs (Halpern
etal.,2008; Maxwell etal.,2013). Top predators are particularly sen-
sitive to such anthropogenic impacts as a result of trophic accumu-
lation of pollutants as well as their life history characteristics such
as long lifespans and delayed maturation (Heithaus et al., 2008).
The population dynamics of marine predators are largely driven
by changes lower in the food chain, making them more vulnerable
to shifts in food resources (Frederiksen et al., 2006). In long-lived
species, the survival of mature adults is expected to be canalised
against temporal variation, compared to recruitment, because
a populations' growth rate is highly sensitive to changes in adult
survival (Gaillard et al., 1998). Seabirds are top marine predators.
They are also considered the world's most threatened bird group
and many populations are undergoing strong declines (Croxall
et al., 2012). There are numerous well-documented threats to sea-
birds including pollution, climate change, bycatch and overfishing
(Cury et al., 2011; Dias et al., 2019).

Climate change is having widespread, detrimental conse-
quences for seabirds (Grémillet & Boulinier, 2009; Sydeman
et al,, 2012) largely through changes in the availability of prey re-
sources (Frederiksen et al., 2006; Reiertsen et al., 2014). However,
phenomena such as increased extreme weather events also di-
rectly affect survival rates (Guéry et al., 2019). Changes in the
abundance and distribution of prey resources are caused by warm-
ing ocean temperatures and associated changes in oceanographic
conditions (Perry et al., 2005). Seabirds are considered especially
at risk from the effects of climate change as most are migratory.
Migratory species experience different environmental conditions
at discrete sites, making them less able to predict changes in con-
ditions. This applies to species spending at least part of the year in
the Arctic, where ocean warming is occurring at a faster rate than
the global average (Rantanen et al., 2022).

While pollution is considered an important threat to seabirds,
our understanding of its impact on population dynamics is lim-
ited, particularly in the context of multiple stressors (but see e.g.
Bardsen & Bustnes, 2022; Bustnes et al., 2015). The most damaging
pollutants to wildlife, and top predators in particular, are those that
persist and bioaccumulate. For instance, methylmercury, a potent
neurotoxin which bioaccumulates in marine food chains, has been
found at extremely high concentrations in predatory fish (Schartup
et al., 2019). Persistent organic pollutants (POPs) can negatively af-
fect seabirds, where individuals with higher levels of POPs can have
increased parasite loads (Sagerup et al., 2000) and reduced individual
condition (Bustnes et al., 2002). This, in turn, has negative implica-
tions for their reproduction (Bustnes et al., 2003), survival (Erikstad
et al., 2013; Goutte et al., 2015) and population viability (Bustnes
et al., 2003). Subarctic and arctic marine ecosystems currently have
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relatively high levels of several long transported persistent POPs
(Burkow & Kallenborn, 2000), and even low levels of POPs can have
ecological consequences, especially under poor environmental con-
ditions (Bustnes et al., 2015; Goutte et al., 2015). Organochlorines
(OCs) are chemical pesticides and are distributed globally with toxic,
biomagnifying effects on wildlife (Jones & De Voogt, 1999). OCs are
considered to have the most detrimental effects on marine top pred-
ators of all POPs (Bustnes, Erikstad, et al., 2008; Bustnes, Fauchald,
et al., 2008, Murphy et al., 2018). Although they are no longer in
use, these compounds are still contaminating terrestrial and aquatic
environments worldwide (Buccini, 2003). Some pollutants, such as
OCs, are released into the blood when fats are metabolised and re-
distributed into vital organs (Bustnes et al., 2012), meaning an indi-
viduals' physiological state can affect circulating levels of pollutants
and thereby mediate effects on survival or reproduction (Bustnes
et al., 2015; Henriksen et al., 1998). Consequently, other stressors,
for example climate change, may exacerbate the negative impacts
of pollution by affecting individuals' condition. Conversely, contam-
inant exposure can also alter individual responses to environmen-
tal conditions, via the regulation of stress hormones (e.g. Nordstad
et al., 2012). Such mechanisms may be particularly relevant for
Arctic breeding seabird species that store large fat reserves prior to
the breeding season (Henriksen et al., 1998).

There is a need to study the combined effects of multiple stress-
ors on populations' demographic rates to predict the consequences
for their viability. Studies applying path models (e.g. confirmatory
path analysis or structural equation models) in a multiple stressor
context illustrate their promise, across taxa and environmental
pressures (e.g. Layton-Matthews et al., 2020; Selonen et al., 2021,
Texeira et al., 2012), although examples of their application to sur-
vival responses to multiple stressors remain limited (but see Gibson
et al., 2023; Gimenez et al., 2012). Despite the requirement for
individual-based, longitudinal data to fit such models, CMR-path
models present a holistic approach to study multiple stressors ef-
fects on survival, which is of particular importance for the popula-
tion dynamics of long-lived species. They also account for imperfect
detection, a recognised issue in many studies (Gimenez et al., 2008).
Here, we used a path model to integrate CMR data from a long-lived
marine top predator (great black-backed [GBB] gulls, Larus marinus),
with known individual contaminant (OC) levels and climate data from
their non-breeding areas, to disentangle their effects on survival.
We tested for direct effects of ocean warming and both direct and
indirect (via individual condition) effects of OC contamination on

adult survival rates.

2 | MATERIALS AND METHODS
2.1 | Study system and species
Great black-backed (henceforth ‘GBB’) gulls are coastal species

with a recorded lifespan of 10-23years and typically become
breeding adults at 4-5years old. GBB gulls are top predators
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and their diet consists mainly of marine invertebrates and fish, as
well as other seabirds' eggs and chicks during the breeding sea-
son (Furness & Barrett, 1985). Seabirds deposit a portion of con-
taminants in their eggs (Verboven et al., 2009). Therefore, gulls
feeding on eggs are at even greater risk of accumulating heavy
pollutant loads (Bustnes et al., 2000). The study was carried out at
an Arctic seabird breeding colony, Horngya (70°23’N, 31°09'E), in
the southern Barents Sea.

2.2 | Population size

To estimate the change in the numbers of breeding pairs, we used
annual counts of monitored plots. Three plots were counted each
year from 2008 to 2017, except for 2009 when no data were col-
lected. We fitted a state-space model to these data (Besbeas
et al., 2002; De Valpine & Hastings, 2002), which is defined by a
state process (true population sizes) and an observation process (ob-
servation of the true population sizes). Counts, y,, were assumed to
have a Poisson distribution conditional upon the true abundance N,,
so thaty, ~ Pois(N,). We modelled the latent variable N, at year t+1
as Niyq ~ NiAy, where 4, is the population growth rate from year t to
t+1. The state-space model was fitted to counts and implemented
in a Bayesian framework using Markov chain Monte Carlo (MCMC)
simulations to estimate posterior distributions of model parameters.
Three chains of length 200,000 were run, where the first 50,000
was discarded as burn-in.

2.3 | Biometric and pollutant data

Breeding adults were caught using nest traps during the incuba-
tion period (May-June) in 2001 and 2002. Once caught, birds were
weighed, and the head and bill length were measured. GBB gulls
were sexed using measurements of head and bill length as they
are size dimorphic (see Bustnes, Fauchald, et al., 2008 for details).
Individuals' body mass (weight) was used as a measure of individual
quality. The activities of capturing, handling and tagging the birds
were performed through SEAPOP (Norwegian Research Council
Grant #192.141, https://seapop.no/en/) and SEATRACK (https://
seapop.no/en/seatrack/) programmes and all applicable and/or in-
stitutional guidelines and necessary approvals for the sampling of
birds were followed and obtained. The County governor of Finnmark
approved and provided a special permit to conduct fieldwork in
Horngya and Reingya Nature Reserve (ref 2020/3215).

Blood concentrations of several OCs were measured in 158 in-
dividuals during field campaigns in 2001 and 2002. Approximately
10mL of blood was drawn from the brachial vein. Levels of OCs
were analysed at the Environmental Toxicology Laboratory at the
Norwegian School of Veterinary Science (see Bustnes, Fauchald,
et al., 2008). Samples were analysed for hexachlorobenzene (HCB),
p,p’-dichlorodiphenyldichloroethylene (DEE), oxychlordane and the
total polychlorinated biphenyl (PCB) congeners. Blood concentration
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(ng/g wet weight) was used as a measure of an individual's relative
OC level. Other studies suggest a relatively high stability of OC
blood concentrations in incubating gulls under stable conditions,
indicating that blood concentration is a reliable measurement of
an individual's relative OC burden (Bustnes et al., 2001, 2005). For
analysis, data of OC concentrations had a left-skewed distribution
and so were log transformed to approximate a normal distribution
(Supporting Information S1, Figure S1). Each OC variable was then
normalised (mean equal to 0 and standard deviation [SD] equal to 1)
within year (separately for values from 2001 and 2002) to account
for differences in the timing of capture and background levels of
contaminants between years. The first principal component (PC1)
from a principal component analysis (PCA) was used to represent
individuals' overall contamination level (Supporting Information S1,
Figure S2). The PCA was applied to the log-transformed and scaled
values of the measured compounds (HCB, DDE, summed PCBs and
oxychlordane). The first axis of the PCA (PC1) explained 88% of the
total variance in OC concentrations (see Supporting Information S1,
Figure S2). No additional permits were required for sampling of
blood for contaminants in 2001 and 2002.

2.4 | Non-breeding season distribution

We estimated gulls' core foraging areas during the non-breeding

season using geolocation data from 2012-2015 (Figure 1). Ten

adult birds were equipped with miniature year-round, light-based
tracking devices (geolocators) attached to a plastic leg ring. Light
data from the geolocators were processed using the BASTrak soft-
ware package (British Antarctic Survey, Fox, 2010) and positions
were calculated using a threshold method (Lisovski et al., 2020).
Raw positions were filtered with distance, speed, loess fil-
ters and unreliable positions around the equinoxes, between 7
September-19 October and 24 February-5 April, were excluded.
Utilisation distributions (10%, 30%, 50% and 70%) were estimated
as kernel density distributions using the “kernelUD” function in
the “adehabitatHR” package (Calenge, 2006). Based on the geolo-
cation data, individuals also forage close to the breeding colony at
Horngya during spring prior to breeding (Figure 1). After breed-
ing, they travel to the North Sea around the east coast of the UK
and most remain there during the winter. During late winter, indi-
viduals migrate back to the southern Barents Sea area (Figure 1).
Permits to handle and tag seabirds with geolocators were given
by the Norwegian Food Safety Authority (FOTS ID 23259) and li-
cences and permits to capture and ring birds were given by the

Norwegian Environment Agency (ref 2018/607).

2.5 | Climate data

We selected climate variables reflecting non-breeding season condi-

tions that may affect survival rates, which were available at different
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spatial scales; North Atlantic Oscillation (NAO), Atlantic Water (AW)
inflow, land temperature, sea surface temperature (SST) and mean
sea level pressure (MSLP).

North Atlantic Oscillation and AW inflow were available as
monthly values. The NAO index reflects large-scale weather pat-
terns and specifically cyclone activity in the North Atlantic and is
widely used as a proxy for indirect effects of climate conditions on
seabirds via changes in prey distributions and abundances (Stenseth
et al., 2003). Annual, monthly values of NAO index are openly avail-
able from www.cpc.ncep.noaa.gov. In the Barents Sea, ocean con-
ditions are largely determined by fluctuations in the inflow of warm
and saline AW (Ingvaldsen et al., 2004; Loeng, 1991), again affecting
seabirds through changes in prey availability (Barrett et al., 2017).
Cyclones, in part, modulate the influx of AW, and so this can be re-
lated to NAO (Heukamp et al., 2023). Data of AW inflow were avail-
able at a monthly scale from the Norwegian Meteorological Institute
(https://api.met.no/product/ THREDDS). NAO and AW inflow were
aggregated for two periods: winter (November-February) and spring
(March-April).

Land temperature (airT), SST and MSLP were available as grid-
ded data and were extracted from within seabirds' seasonal foraging
ranges (Supporting Information S2, Figure S3) and were available
from the European Centre for Medium-Range Weather Forecasts
(ECMWEF) Re-Analysis Interim Project (‘ERA-Interim’). ERA-Interim
is a gridded model dataset at a resolution of 0.70° or approximately
79km based on data assimilation of meteorological station data
and satellite data, among others (Dee et al., 2011; Mesquita et al.,
2015). Values of MSLP, SST and airT were extracted from areas re-
flecting the utilisation distributions, for the relevant seasonal peri-
ods (Supporting Information S2, Figure S3). Annual covariates were
aggregated to four periods: Autumn (September-October, Aut),
early Winter (November-December, Ewin), late Winter (January-
February, Lwin) and Spring (March-April, Spr), for the years 2001-
2017. Values were extracted from the North Sea region for Autumn,
early Winter and late Winter (NNS/SNS, Figure S3). For spring, val-
ues were extracted from around the breeding colony at Horngya
(HRN, Figure S3). See Supporting Information S2, Figure S4 for plots
of the annual time series.

2.6 | Model selection

We used individual-level capture-mark-resight (CMR) data collected
between 2001 and 2017. Only mark-recapture data from individuals
with known levels of OCs (N=158) that were caught and sampled
in either 2001 or 2002 were included in the analysis. During first
capture, birds were marked with a unique numbered metal ring and
individually coded colour ring for future resighting, which is possible
with a telescope or binoculars. Each year, visual searches were made
for marked birds, predominantly at the same colony where initial
capture and ring-marking took place.

All CMR analysis were based on a Cormack-Jolly-Seber (CJS)
model framework (Lebreton et al., 1992). For model selection,
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apparent survival and re-sighting rates were estimated using MARK
via the program RMark (Laake, 2013) run in R (version 4.2.2, R Core
Team, 2023). The goodness of fit (GOF) of this model to the data
was assessed using UCARE (Choquet et al., 2009). One of the GOF
test components indicated a significant deviation from the model
assumptions: Test 2.CT showed trap-dependence (dependence of
resighting rates across years, ;(2:40.86, df=10, p<0.001). We cor-
rected for this by including a trap-dependence effect in the resight-
ing model, where resighting rates of individuals the year after first
capture are estimated separately from those that were not resighted
the previous year. Correcting for this effect sufficiently improved
the model fit (y=12.30, df=10, p=0.27).

We first obtained the best structure for a model without co-
variates (Supporting Information S3, Table S1). Given the large
number of climate variables, candidate models of survival were
then fitted including climate variables. Model selection was based
on Akaike's information criterion corrected for small sample size
(AIC_; Anderson & Burnham, 2002). A maximum of two covari-
ates per model was set and variables with a correlation of 0.4 or
higher were not included in the same model, which is a relatively
restrictive threshold to avoid potentially incorrect model selection
(Dormann et al., 2013). Models with lower AIC_ are preferred; if
models differed by <2 AIC_ units, they were regarded as equally
well supported (unless they differ in the number or parameters,
in which case the most parsimonious model within this set was
favoured). We report the difference (AAIC ) between the AIC_ of
each covariate model and the null model and also the proportion
of variance explained (R?) by that covariate model, which was cal-
culated as

Deviance(covariate model) — Deviance(null model)
Deviance(time — dependent model) — Deviance(null model)’

Since some of the climate covariates displayed temporal trends,
models that had a lower AIC_ than the intercept model were tested
in a de-trended version as well, to ensure effects were not spurious
(see Supporting Information S3, Table S2). In this case, covariates
were linearly detrended using the ‘detrend’ function in the R pack-
age ‘pracma’ (Borchers, 2019).

To determine the best model of body mass, we fitted the
individual-level body mass data using a linear model, assuming body
masses were normally distributed. We formulated candidate mod-
els with terms including only an intercept, OC level, sex (female/
male) and a model with an interaction between OC level and sex.
As oxychlordane is considered an especially toxic OC compound
(Bustnes, 2006), we tested for both effects of oxychlordane levels
alone and PC1 of all measured compounds. Model fits were also
compared using the AIC_described above.

2.7 | Path model

The path model was fitted to individual capture histories and im-
plemented in a Bayesian framework using MCMC simulations to
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estimate posterior distributions of model parameters, following the
methodology outlined in Gimenez et al. (2012). The path model esti-
mates survival (tl)i‘t) and resighting probabilities (pm), which included
a year and a trap dependence (TD) effect. The probability of resight-
ing on the logit scale for individual i in year t, can be expressed as:

logit(p;¢) ~ &, X TD;; + £,y

The temporal residual term, €, Was assumed to be normally dis-
tributed with a zero mean and variance equal to og. We developed a
CMR model for GBB gulls, with a direct effect of climate conditions
(time varying) and both a direct and indirect effect of OC contam-
inant levels (individually varying) on adult survival, with body mass
(individually varying) as a mediating variable. Body mass was nor-
malised so that the overall mean was zero and the SD of the data was
one. Total contaminant level (PC1) was fitted as an individual-level
covariate (OC,). The probability of survival on the logit scale for in-
dividual i and year t was modelled as a function of body mass (BM,),
climate variable(s) from the best fitting model (clim,) and OC levels

(i.e. a direct effect of individual contaminant level):
logit(®;;) ~ aq + 1 xBM; +p, xclim, + 3 xOC;.

ps refer to the regression coefficients. Body mass (BM,) was in-
cluded as both a predictor variable (of adult survival) and a response
variable. When fitted as a response, BM was assumed to be normally
distributed with a variance equal to UéM with weakly uninformative
priors. The linear model for body mass (BM,) against contaminant

level and sex (sexi) can be written as:
BM; ~ a5+ 4 X OC; + f5 X sex;.

The product of g, and f3, captures the indirect effect of individual
level contamination on survival rates, accounting for annual varia-
tion in climate conditions and sex differences in body mass. An inter-
action effect between OC and sex was not included given the results
from the model selection, which are shown in Table 2.

Following Gelman et al. (2008), we used weakly informa-
tive default priors for parameters to aid convergence (Supporting
Information S4, Table S3). Normal distributions were specified for
the intercepts and Cauchy priors for the regression coefficients (5),

as recommended for standardised data (Gelman et al., 2008). Normal

distributions were specified with variance terms with uniform priors.
Three chains were run of length 200,000, where the first 50,000
was discarded as burn-in. Both the state-space model of counts and
the path model were implemented in JAGS (Plummer, 2003), via the
program JAGSUI, version 1.5.2 (Kellner, 2015) and implemented in
R version 4.2.2 (R Core Team, 2023). Convergence was assessed by
ensuring R values for each parameter were less than 1.1 (Brooks &
Gelman, 1998). Parameter estimates are reported as means with
95% credible intervals and probabilities of posterior distributions
being greater or less than zero (note posterior probabilities are
rounded to two decimal places).

3 | RESULTS

3.1 | Population size trend

Mean numbers of breeding pairs from monitored plots of GBB gulls
on Horngya were estimated to be 26 pairs [2.5% CRI: 18, 97.5% CRI:
36] in 2008 to 10 pairs [6, 17] in 2017 and showed a decline over
this period (Figure 2a), where the mean population growth rate was
0.94[0.73, 1.30].

3.2 | Adult survival model selection

The best fitting model of adult survival without climate covariates, in-
cluded a negative linear trend over time (Supporting Information S3,
Table S1). Annual estimates of survival (fixed year effect) are shown
in Figure 2b. Based on this model, mean survival was 0.81 [0.78,
0.84] and the temporal trend was -0.09 [-0.15, -0.03] on the logit
scale (see Supporting Information S3, Figure S5 for predicted sur-
vival probabilities for the trend model and recapture probabilities).
The next best model of survival, which was within 2 AIC_ units,
also included an effect of sex, where females had higher survival
than males (Table S1) however, the first model was the most parsi-
monious. The best fitting model of resighting probability included
a year-specific and trap-dependence effect. The mean recapture
probability was 0.45 [0.23, 0.68] and the TD effect was 2.03 [1.37,

(a) (b)1.0

40+

- Count

e & Estimate 0.8
% 301 _ FIGURE 2 (a) Estimated numbers of
£ 2 breeding pairs from monitored plots from
% % 06 2008 to 2017, estimated using a state-
5 201 § space model (see Section 2). Black points
é < are mean estimates with 95% credible
3 intervals shown as grey shading and blue

10 0.4 points are observed counts. (b) Estimate

annual mean survival for the years
° 2002-2017 (year reflects t+ 1) using the
2008 2010 2012 2014 2016 2005 2010 2015 survival model fitted with an intercept and
Year Year random year effect.
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2.69] on the logit scale, indicating that birds caught the previous
year were more likely to be caught the following year, that is ‘trap
happiness’.

The best fitting model of survival with climate covariates included
positive effects of SST in late winter in the North Sea (SST 0.29
[0.00, 0.59]) and mean sea-level pressure in spring around Horngya
(MSLP__, 0.33 [-0.03, 0.69]), where these covariates together ex-
plained 48% of the variance in survival. However, a model with
only SST| ., (slope=0.45 [0.14, 0.76]) was within 2 AIC_ units and
explained 35% of the annual variation in survival rates alone. This

Lwin?

spr’

model was therefore considered the most parsimonious as it had one
fewer parameter. All of the described covariate models were a better
fit than the baseline model of survival with a temporal trend and the

intercept model (Table 1).

3.3 | Body mass model selection

The best-fitting model of body mass included additive effects of
PC1 and sex but not an interaction effect between them (Table 2).
Mean levels of OCs in breeding individuals were 3.611ng/g wet
weight (SD=3.06) for HCBs, 14.03ng/g (13.28) for DDEs, 76.95ng/g
(88.09) for summed PCBs and 2.18ng/g (3.13) for oxychlordane. A
higher PC1 value (the first axis of the PCA where OC variables were

log-transformed and scaled) was correlated with a lower body mass

TABLE 1 Candidate models of climate

Journal of Animal Ecology E :-E;'EEJ”

(-0.13 [95% confidence intervals: -0.17, -0.08]). Body mass was
also higher for males than females on average (male-female con-
trast=1.80 [1.64, 1.97]).

3.4 | Pathmodel

Based on the model selection results, a path analysis CMR model
body
mass and individual OC level (PC1) (Figure 3a). Posterior distribu-

was fitted where adult survival was regressed against SST .,
tions are shown in Figure 3b. Based on the path model, estimated
mean adult survival was 0.80 [95% credible intervals: 0.77, 0.83].
Adult survival was positively correlated with body mass (Figure 3a)
although 95% credible intervals overlapped zero and the posterior
probability, Pr(g, >0), was 0.78. Survival also increased with late win-
ter SST (Pr(s,>0)=0.99) (Figure 3b). The direct effect of OC levels
on survival was negative (Pr($,<0)=0.94). In the same model, body
mass was also fitted as response variable with OC level and sex as
predictor variables. Individual body mass was lower at higher levels
of OCs, where Pr(f,<0) was 1.00 (Figures 3c and 4c). Body mass
was also higher overall for males than females (Pr(f;>0) was 1.00,
Figures 3c and 4c).

While the direct effect of OC levels on survival (4,) was -0.08
[-0.18, 0.02], the product of the regression coefficients g, and 4,
reflecting the indirect effect via body mass, was -0.01 [-0.04, 0.01].

effects on adult survival. Survival model df AIC, AAIC, Weight R?
0.29SST,;,+0.33MSLP_ . 18 1150.62 0.00 0.43 0.48
0.45SST in 17 1151.75 1.13 0.25 0.35
O.44MSLPSpr 17 1152.95 2.34 0.14 0.30
-0.09trend 18 1154.33 3.72 0.07 0.33
airTg, i, 17 1156.83 6.21 0.02 -
NAO,,;, 18 115711 6.49 0.02 =
year 27 1157.20 6.59 0.02 -
MSLP. i 18 1157.88 7.26 0.01 =
SST,¢ 18 1158.60 7.99 0.01 -
SST,,, 18 1159.79 9.17 0.00 =
airT i 19 1160.97 10.36 0.00 -
S 18 1161.58 10.97 0.00 =
airTSpr 18 1161.85 11.23 0.00 -
AW, 19 1161.92 11.31 0.00 =
- 18 1162.64 12.03 0.00 -
AW, i 19 1162.90 12.28 0.00 =
MSLP, 19 1164.05 13.44 0.00 -
airT, 19 1164.39 13.77 0.00 =
NAO,, 19 1164.43 13.82 0.00 -
MSLP, i 19 1164.62 14.00 0.00 =

Note: For all models, the recapture model included year and trap dependence effects. Slope
estimates are included for the “c” the top models.

Abbreviations: AIC_, Akaike's information criterion corrected; AW, Atlantic Water; MSLP, mean sea
level pressure; NAO, North Atlantic Oscillation; SST, sea surface temperature.
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TABLE 2 Candidate models of covariate effects on body mass.
OCI[PC1] Sex OC[PC1]:sex Oxychlordane Oxychlordane:sex df AIC, AAIC, Weight R?
-0.13 1.81 4 236.63 0.00 0.74 0.75
=013 1.81 -0.0006 5 238.76 213 0.26 0.75
1.78 -0.23 4 248.66 12.03 0.00 0.73
1.74 -0.26 0.08 5 250.27 13.65 0.00 0.73
1.67 3 264.18 27.55 0.00 0.70
2 451.46 214.83 0.00 =
0.08 3 452.85 216.22 0.00 0.01
0.01 2 453.50 216.87 0.00 0.01

Notes: Candidate models included sex (female/male, where the slope effect is for females), OC level and an interaction between the two terms. OC
levels were represented in two ways; either as oxychlordane alone (the most toxic compound) or as the first principal component (OC[PC1]) of all
compounds after log transformation.

Abbreviations: AIC_, Akaike's information criterion corrected; OC, organochlorine.

FIGURE 3 (a) Effects [credible

Organochlorine level Female/Male intervals] of organochlorine levels (OC)

OC,- SeX; and sex on body mass and of OC levels,
winter sea surface temperature (SST ;)
and body mass on adult survival. Posterior
distributions of estimated regression
f‘:‘ -0.08 [—01 8, 002] L“";L -0.13 [—017,—008] 5 1.80 [1 64, 197] parameters from the path model

representing the effect of (b) body mass
(p,, green), SST (p,, red) and OC levels (f,,
yellow) on survival rates and (c) OC levels
(f,, yellow) and sex (slope for males=f,

Climate Body mass grey) on body mass.
SSTwin BM;
0.32[0.07,0.56] 0.07 [-0.11,0.25]
Adult survival
D,
Adult survival Body mass
8- 25
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> 15- D B1.sm
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,. \ Baoc
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An increase of 1 SD in PC1 (1 SD=1.87), which reflects variation and oxychlordane) from the overall mean 24.19 ng/g wet weight to
in OC levels, would increase blood concentrations of contami- 78.31ng/g. Given the effect size of 5, and f,, this would reduce sur-
nants (averaged across measure components HCBs, DDEs, PCBs vival by 0.003, that is a 0.37% decline in survival through reduced
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body condition. While a 1 SD increase in PC1 would reduce survival
by 2.48% through the direct pathway (f;). Overall, this indicates a
negative effect of pollution, in part, through a reduction in body
mass and that survival was higher under favourable conditions (high
SST), acknowledging parameter uncertainties (Figure 4d).

4 | DISCUSSION

Anthropogenic pressure on oceans is increasing. Despite this, quan-
tifying and predicting effects of isolated stressors on marine popula-
tions remains the norm. However, recent studies using path models
to determine multiple stressor effects have illustrated their potential
in disentangling multiple effect pathways (e.g. Selonen et al., 2021).
Path models quantify the relative impact of stressors, through dif-
ferent biological pathways, and to what extent they explain declines
in populations' demographic rates and abundances. For long-lived
species, survival of mature adults is a key demographic rate in driv-

ing population growth. In ecology, the use of path models to study

Journal of Animal Ecology E Eg-ﬂ@;w

effects of multiple stressors on survival remains limited (but see
Cubaynes et al., 2012; Gimenez et al., 2012; and more recently
Gibson et al., 2023). By combining classical CMR modelling with
path analysis in a Bayesian framework, we estimated the relative ef-
fects of two key widespread threats, climate change and pollution,
on the survival of a long-lived marine top predator, through differ-
ent biological pathways, while accounting for imperfect detection.
Although such models can be fitted as separate, single regressions in
more classical frequentist frameworks, Bayesian hierarchical models
present a holistic approach, allowing for more complete error propa-
gation (Maunder & Punt, 2013). Quantifying the relative importance
of stressors, in the presence of uncertainty, is particularly relevant
for threatened populations such as this gull population, where both
adult survival rates and numbers of breeding pairs have declined over
the study period. While warmer ocean temperatures in the North
Sea appeared to increase gull survival rates, pollution reduced sur-
vival rates via direct and indirect pathways (i.e. individual condition).

Identifying the seasonal environmental drivers of population dy-

namics is imperative and especially for declining populations such
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FIGURE 4 Model predictions (mean and 95% confidence intervals) for adult survival as a function of (a) body mass and (b) late winter
sea surface temperature (SST) in the North Sea (SST|,,. ) and (c) organochlorine (OC) level and for (d) body mass as a function of OC level
for females (yellow) and males (grey). (e) The indirect effect of organochlorine levels on adult survival, via a negative effect of OC on mass
(B, xp,), where survival was predicted at the 25th and 75th quantile of observed SSTs. Scaled values are shown for all variables except

STy (b):
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as this population of Arctic-breeding gulls. Similarly, adult survival, a
key process driving population trends in long-lived species (Saether
& Bakke, 2000), has also declined over the study period. However,
given that we modelled apparent survival rates, we cannot confirm
whether declines are due to mortality or permanent emigration.

Demographic consequences of anthropogenic stressors can
be direct (e.g. mortality caused by extreme weather or bycatch by
fishing vessels) or indirect, reducing an individual's condition and
thereby their future survival or reproductive potential. In Cassin's
auklets (Ptychoramphus aleuticus), the availability and quality of food
resources affected breeding adults' body mass in spring and thereby
their subsequent fledging success (Johns et al., 2018). POPs can di-
rectly cause mortality in seabirds (e.g. Bustnes et al., 2003; Erikstad
et al., 2013; Goutte et al., 2015). Alternatively, POPs can reduce
individuals' condition (Bustnes et al., 2002, 2003, 2015; Bustnes,
Erikstad, et al., 2008; Nordstad et al., 2012) by increasing levels
of stress hormones (Nordstad et al., 2012) and disease (Sagerup
et al., 2000; Sonne et al., 2020), which in turn can reduce survival
and reproductive rates (Bustnes et al., 2002, 2003, 2015; Bustnes,
Fauchald, et al., 2008; Nordstad et al., 2012). Here, higher OC levels
were negatively correlated both directly with survival rates and in-
directly via individuals' body mass. This is supported by studies from
other gull populations, where OCs have been shown to reduce indi-
vidual condition (Bustnes et al., 2003; Helberg et al., 2005), as well
as delay laying dates and reduce clutch sizes (Helberg et al., 2005).
In other colonies, especially in the high Arctic, far higher levels of
OCs have been recorded (Steffen et al., 2006). Despite relatively low
levels of pollutants at our study site in the low Arctic, there was a
strong negative association between levels of OCs and body mass
(proxy for individual condition) and a direct, negative correlation
with survival rates. It is important to note that our study was an
observational analysis and so we cannot infer causal links between
variables. Although we modelled body mass as a function of blood
levels of contaminants, the causal link may be the reverse: individuals
experiencing mass loss due to high stress from poor environmental
conditions are known to release contaminants into the bloodstream
as they burn fat reserves (discussed above). However, we do not
have annual measurements of body mass, rather one measurement
per individual meaning that, in this case, body mass may reflect in-
dividual quality rather than within- or between-season variation in
condition. Either way, it is plausible that individuals of low quality or
condition—caused by, or else evidenced by, high contamination—are
more susceptible to adverse climatic conditions than individuals of
higher quality or condition, leading to a cumulative effect of differ-
ent pressures on survival.

Body mass measured during the breeding season was pos-
itively correlated with survival. Despite having only one mass
measure per individual, this path analysis provides quantitative
evidence of an indirect pathway from individual OC levels to
survival. In long-lived species, fluctuations in reproductive rates
and survival of younger age classes in response to environmen-
tal conditions are often greater than in adult survival (Gaillard &
Yoccoz, 2003; McKnight et al., 2018). In line with this, several

studies have found evidence of negative effects on OC levels on
seabird breeding success, even at relatively low contamination lev-
els (Bustnes et al., 2015; Bustnes, Erikstad, et al., 2008; Bustnes,
Fauchald, et al., 2008; Helberg et al., 2005), while evidence of pol-
lutant effects on survival is more limited. At high Arctic Bjgrngya,
OC compounds in glaucous gulls have been recorded at far higher
levels than those measured at Horngya (concentrations measure
at Bjegrngya in ng/g HCB=11.3, oxychlordane=16.7, DDE=61.2
and PCBs=288.9, Bustnes et al., 2003) and OC contamination
had a stronger negative effect on survival rates than in our study
(Bustnes et al., 2003; Erikstad et al., 2013). Thus, the small indirect
effect of OC levels on survival through body mass points to addi-
tional pathways for example effects on fecundity that may explain
the stronger direct effect, alternatively, this may be related to hav-
ing only one sampling occasion per individual. Nevertheless, even
a small change in survival has the potential to affect population
viability given its importance in driving population trends, particu-
larly when considered in the context of other stressors associated
with human activities.

A large proportion of this gull population migrates to the North
Sea during the autumn and remains there until spring. The North
Sea represents an important area for many seabirds and other
migratory birds (Dunnet et al., 1990). Adult gulls' survival was im-
proved under warmer ocean temperatures during late winter in the
North Sea. The Northeastern Atlantic has been strongly affected
by climate change in recent decades, with associated shifts in the
abundance and distribution of many species across the marine food
web (Barton et al., 2016; Lenoir et al., 2011). Distributional shifts
associated with climate change have been recorded at lower trophic
levels, which have, in turn, affected the abundance of prey for sea-
birds (Frederiksen et al., 2013). The consequences appear greatest
for more specialised, piscivorous species (Sydeman et al., 2021). In
contrast, larger gull species are generalists in their prey selection
(Harris, 1965; Kubetzki & Garthe, 2003) and can feed on terrestrial
food sources (Gyimesi et al., 2016) as well as the eggs and young of
other seabirds (Harris, 1965). Studies of GBB gulls indicate that their
diet predominantly consists of fish and marine invertebrates, crabs
in particular (Rome & Ellis, 2004; Steenweg et al., 2011). Swimming
crabs (such as Liocarcinus spp.) were also shown to be a major dietary
component for lesser black-backed gulls in the southeast North
Sea (Schwemmer & Garthe, 2005). Warming ocean temperatures
in the North Sea have been associated with increased abundances
of swimming crabs and subsequent increases in the breeding suc-
cess of lesser black-backed gulls (Luczak et al., 2012; Schwemmer
etal., 2013). Although anecdotal, such changes in the coastal feeding
ecology provide a feasible mechanism for the positive relationship
between annual fluctuations in GBB gull survival and winter ocean
temperatures in the North Sea.

The best-fitting—albeit not most parsimonious—model of ap-
parent survival also included a positive effect of MSLP in spring,
around the breeding colony in the southern Barents Sea, higher
MSLP reflects a greater frequency of high-pressure systems in
the area. High sea level pressure creates clear skies and blocks
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the passage of storms, while low pressure systems reflect storm-
ier weather. Stormy conditions may increase energetic costs as-
sociated with foraging behaviours and can even prevent feeding
for extend periods, potentially resulting in starvation (Guéry
et al., 2019).

The North Sea is projected to warm by 2.4°C (range 1.2-4.6°C
under IPCC AR6 SSP1-2.6 and SSP5-8.5 scenarios) by 2100 (Good
et al., 2019; Kennedy et al., 2019), compared to the average SST
for 1991-2020. Given that there was no significant temporal trend
in late winter SST over our study period, the positive relationship
between survival and SST may only hold true under observed
conditions. Additionally, extreme events such as winter storms
(Acker et al., 2021; Frederiksen et al., 2008) and marine heatwaves
(Semmouri et al., 2023), which may increase in frequency with cli-
mate change (Cornes et al., 2023), could play an increasingly import-
ant role in driving gull population dynamics. Thus, changes in SST
from 2002 to 2017 may have represented a temporary increase in
prey resources (e.g. swimming crabs) for gulls but we cannot know
the consequences of future increases in ocean temperatures. Thanks
to international legislation, background levels of organic pollutants
such as OCs are predicted to decline, hopefully limiting their nega-
tive impacts on top predators like seabirds.

As we found positive effects of ocean temperatures over the
study period and as data of pollution and individuals' body masses
were only available from a single year (per individual spanning
2years), we cannot confirm the cause of the negative trends in
survival rates and breeding numbers observed in this population,
although the combined negative effect of OC levels via direct
and indirect pathways was considerable. Nevertheless, this gull
population and others along the coast of Norway are undergoing
rapid declines and should be of extreme concern in terms of the
long-term viability and risk of extinction. The North Sea is also
under pressure from other human activities (e.g. commercial fish-
ing, offshore wind farms, oil and gas production and shipping),
all known to be important threats to seabirds, particularly during
the non-breeding season. Furthermore, here, we focused on core
non-breeding areas however, individuals from this population
also utilise other areas that are affected by for example climate
change, fishing competition to differing degrees, which can also
impact their survival and population trend. While ocean warming
is one potential threat, there are several others which may explain
the observed declines in adult survival and breeding population
sizes. This emphasises the need for monitoring data that captures
changes in anthropogenic pressures and wildlife populations, at a
sufficient temporal and spatial resolution and the wider adoption
of path models to provide predictions of future population viabil-
ity under ecosystem change.
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