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Sex differences in diet and foraging behaviour are common in sexually dimorphic
species, often driven by differences in the cost of locomotion or ability to exploit different
ecological niches. However, sex-specific foraging strategies also occur in monomorphic
or slightly dimorphic species where the drivers are poorly understood. Here, we study
sex differences in foraging of northern gannets (Morus bassanus), where females are
only slightly heavier than males. Using concurrently tracked gannets (298 full foraging
trips from 81 individuals) and fishing vessels across 5 years, we quantify individualbased vessel-associated putative foraging, and relate this to discard consumption.
We found a significant positive relationship between time spent in vessel-associated
foraging and discard consumption for both sexes. However, while females showed
greater proportions of vessel-associated foraging than males, discarded fish contributed
less to the diet of females in all years. These results contrast with previous suggestions
that female gannets interact with vessels less often than males, and are consistent with
competitive exclusion of females from trawler-associated discards. Our findings give
insight into sexual differences in foraging behaviour in the absence of dimorphism that
are necessary to predict their response to environmental and anthropogenic changes.
Keywords: diet, fisheries, northern gannets, stable isotopes, tracking data

INTRODUCTION
Understanding trophic decisions in marine predators is necessary to predict their response to
environmental and anthropogenic changes that alter prey availability and composition (Tait et al.,
2014; Hays et al., 2016). Yet, these decisions vary substantially across species (e.g., Church et al.,
2019) and sexes (e.g., Navarro et al., 2010). In general, sex-specific foraging strategies emerge in sizedimorphic species (e.g., Wearmouth and Sims, 2008; Gianuca et al., 2019). However, this variation
also occurs in monomorphic species (Peck and Congdon, 2006). A number of factors contribute to
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in fisheries policy. Gannets show a wide variety of individual
behaviours (Votier et al., 2010; Patrick et al., 2014; Bodey et al.,
2018), and some sexual, individual, and colony variation in
discard consumption has also been reported (Votier et al., 2013;
Clark et al., 2019, 2021; Le Bot et al., 2019). Female gannets are
slightly heavier than males, but there are no significant differences
in the length of the tarsus, bill, or wing between sexes, yet female
gannets are reported to undertake longer foraging trips, dive to
deeper depths, and consume fewer fisheries discards than males
(Stauss et al., 2012; Cleasby et al., 2015), although this varies
among years (Clark et al., 2021).
The combination of stable isotope analysis (SIA), GPS tracking
data and vessel monitoring system (VMS) data is of great use
for understanding the at-sea-behaviour of seabirds in response
to fishing activity (Votier et al., 2010; Bodey et al., 2014).
Simultaneous tracking of fishing vessels and seabirds, combined
with new approaches for identifying periods when animals are
actively following moving attractors (Pirotta et al., 2018), allow
us to move towards a finer decomposition of tracks, including
vessel attraction and vessel-associated foraging behaviour. Here,
we link gannet foraging behaviour inferred from tracking data
and diet estimated from SIA of blood samples, with concurrently
tracked fishing vessels to: (1) determine whether there is a positive
relationship between vessel-associated foraging and the amount
of discards consumed; and (2) quantify inter-annual and sexbased differences in discard use. Understanding seabird-vessel
interactions and any sex-based differences in foraging strategy
is important for predicting impacts on populations following
changes in fisheries policy and practices.

sex differences in foraging, including differing nutritional
requirements, parental care, sensitivity to offspring condition,
and differences in foraging efficiency (Kato et al., 2000; Gray and
Hamer, 2001; Lewis et al., 2002; Quillfeldt et al., 2004; Navarro
et al., 2010; Stauss et al., 2012; Tait et al., 2014). When intersexual
competition is present, competitive exclusion may arise and, in
some groups, this is overcome by the differentiation of trophic
niches between the sexes (Lewis et al., 2002; Peck and Congdon,
2006; Elliott et al., 2010).
Human activities can create opportunities for trophic and
spatial differentiation within wildlife populations (Ellis, 2015;
Robertson et al., 2015). In the marine environment, fisheries
discards are one of the major human activities shaping marine
species’ behaviour and conservation (Oro et al., 2013). Seabirds
are important consumers of fisheries waste, and arguably the beststudied marine scavengers (Hudson and Furness, 1989; Furness,
2003; Oro et al., 2013). Discards are an important food source
for many seabirds around the world (i.e., 52% of seabird species
exploit discards to different degrees) in the form of undersized
fish, offal or non-commercial species (Furness, 2003; Oro et al.,
2013). For example, in the North Sea, fisheries discards support
around three million seabirds (Sherley et al., 2020), enabling
access to prey species otherwise beyond the diving ability of many
species (Furness et al., 1988; Navarro et al., 2009). Changes in
discard availability affect several ecological processes and trophic
levels, and thus can have effects that propagate through the
whole ecosystem (Votier et al., 2004; Oro et al., 2013). For
scavenging seabirds, discard availability can alter their movement
patterns (Bartumeus et al., 2010; Bodey et al., 2014, 2018), as
well as population dynamics (Oro et al., 2004; Louzao et al.,
2006), community ecology (Votier et al., 2004; Almaraz and Oro,
2011; Wagner and Boersma, 2011), breeding biology (Oro et al.,
1996), and foraging behaviour (Navarro et al., 2010; Votier et al.,
2010). Recent reform of the European Union (EU) Common
Fisheries Policy include a landings obligation (or discard ban)
for all regulated species in EU waters (Article 15, EU Regulation
1380/2013). The intention is to enforce the landing of unwanted
catch, promoting economically and environmentally sustainable
fisheries (Bicknell et al., 2013). The policy was implemented
in a phased approach with full implementation across all fleets
in January 2019. At the ecosystem level, simulation studies
have predicted only limited or slight recovery of ecosystem
structure (Pennino et al., 2019), making its implementation
controversial due to socio-economic implications (Borges, 2015;
Villasante et al., 2016).
The northern gannet (Morus bassanus), hereafter gannet, is a
piscivorous predator that feeds on a wide range of fish including
both pelagic and benthopelagic species with high caloric content,
as well as demersal prey discarded by fishing boats (Montevecchi,
2007; Garthe et al., 2011; Votier et al., 2013). The consumption of
discards can potentially reduce adult body condition as a result
of increased foraging effort for less profitable food (Le Bot et al.,
2019), as well as reducing reproductive success (Grémillet et al.,
2008; Le Bot et al., 2019). As analytical techniques advance and
more data become available, there is a need to investigate how
species such as gannets interact with fisheries and exploit discards
in order to understand population-level responses to changes
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MATERIALS AND METHODS
All capture, tagging and sampling procedures underwent ethical
approval and were conducted under the relevant regional permits
issued by the British Trust for Ornithology (BTO), National Parks
and Wildlife Service (NPWS), and Health Products Regulatory
Authority (HPRA).

Gannet Capture and Handling
Gannets breeding on Great Saltee Island, Co. Wexford, Ireland
◦
◦
(52.10933 N, 6.62213 W) were caught using a metal crook or
snare fitted to a 10-m pole whilst attending 3–9 week-old chicks
in July 2010, 2011, 2017, 2018, and 2019. Birds were weighed
(±0.1 kg) and ringed with a BTO metal leg ring and uniquely
numbered plastic ring for identification, before being fitted with a
GPS logger. GPS devices [iGot-U GT-200 (2010-2011) or GT-120
(2017-2019), MobileAction , Taipei, Taiwan] were temporarily
attached to the tail feathers of breeding gannets using tape (Tesa
4651, Hamburg, Germany) in 2010 (n = 19), 2011 (n = 16), 2017
(n = 11), 2018 (n = 21), and 2019 (n = 14). Deployment weight
represented approximately 0.7% of average adult body weight
(range: 0.57–0.80%). The devices were set to record one position
every 2 min (2010–2011 data) or 3 min (2017–2019 data). GPSequipped birds were recaptured after 4–13 days, and location
data were downloaded using the manufacturer’s software. A small
volume (<2 ml) of blood was sampled from the tarsal vein for SIA
R

R
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standards were routinely calibrated against International
Atomic Energy Agency and National Institute of Standards
and Technology stable isotope reference materials. A two-way
ANOVA was used to detect the effect of year and sex on
stable isotope values.

using non-heparinised needles, syringes and Eppendorf tubes,
and 2–3 breast feathers were plucked for genetic sexing prior
to release. In 2010 and 2011, an additional blood sample was
taken during tag recovery to assess consistency. Handling time
was typically less than 10 min and all birds flew off strongly
following release, with no negative behavioural effects observed.
Work within the colony was conducted during day trips, with
time ashore generally limited to 11 am–3 pm.

Consistency in Stable Isotopes Values
In 2010 and 2011, samples for SIA were taken at GPS
deployment and at recovery of the tracking device. Paired t-tests
were conducted for individual gannets to determine whether
δ13 C and δ15 N differed within RBC between the first and
second measurement.
Consistency between RBC and plasma samples was also
assessed, as plasma samples were not available for all years.
In order to maximise sample size and use RBC in subsequent
analyses, we estimated the consistency in stable isotope analyses.
Specifically, we regressed stable isotope ratios in plasma as a
function of stable isotope ratios in RBCs. For δ13 C, in order
to tease apart the inshore/offshore, benthic/pelagic information
given by δ13 C from the trophic component, we used the residuals
of the relationship with δ15 N for the repeatability analysis.
Because the two values are repeated measurements of the same
individual, we also calculated the repeatability using the intraclass coefficient (ICC).

Predator and Prey Isotopic Sample
Collection
Gannet blood samples were separated, generally within 4–5 h,
into red blood cells (RBC) and plasma using a centrifuge
(10,000 rpm for 10 min), and stored frozen at −20◦ C until
laboratory analysis. We used RBC for subsequent analyses,
because plasma was not available for all years due to small sample
volumes taken from some individuals (see section “Consistency
in Stable Isotopes Values”). Lipids were removed using sequential
extractions with chloroform:methanol solution (2:1), because
high lipid concentration can skew isotopic values by decreasing
the 13 C content (DeNiro and Epstein, 1978; Bearhop et al., 2000).
Prey stable isotope values were obtained from a published
dataset of Celtic Sea fish samples collected during 2010 (Jennings
and Cogan, 2015). These samples did not undergo lipid
extraction, and, as such, samples with high lipid content may
affect the δ13 C values (Post et al., 2007; Skinner et al., 2016).
Samples with high lipid content (>5%) were thus identified by
a C:N ratio higher than 3.5, and δ13 C values were corrected
following the mathematical correction proposed by Logan et al.
(2008). A reduced prey dataset was used in the mixing models, as
recommended by Phillips et al. (2014), including only those prey
detected in the diet of Great Saltees gannets (Lewis et al., 2003)
with more than 3% of occurrence. These species consist of three
pelagic species (Atlantic herring Clupea harengus, European sprat
Sprattus sprattus, and Atlantic mackerel Scomber scombrus), one
benthopelagic species (Lesser sandeel Ammodytes marinus), two
species from the Gadidae family (Whiting Merlangius merlangus
and Norway Pout Trisopterus esmarkii) and four demersal
species (European plaice Pleuronectes platessa, European hake
Merluccius merluccius, Red gurnard Chelidonichthys cuculus, and
Dragonet Callionymus lyra).

Standard Ellipses Areas
Isotopic niche breadth, as a proxy of trophic niche breadth, and
isotopic niche overlap was evaluated through Bayesian standard
ellipses areas (SEAB ) based on multivariate ellipse-based metrics
(Jackson et al., 2011). SEAB is the area occupied by the “typical”
members (encompassing ca. 40% of the data) of a group and it
is robust to outliers (Jackson et al., 2011; Syväranta et al., 2013).
SEAB was calculated using 10,000 posterior draws to statistically
compare niche overlap between groups (sex and years). For
visualization, standard ellipses areas corrected for small samples
sizes (SEAc ) were computed. Analyses were performed with the
R package “SIBER” (Jackson et al., 2011).

Mass Balanced Bayesian Mixing Models
Mass-balanced Bayesian mixing models were fitted using the R
package “MixSIAR” (Stock and Semmens, 2016a). MixSIAR was
built as a unified framework that embraces all previous advances
in mixing models. It can include covariates (fixed and random
effects) explaining variability in mixture proportions, and
calculate relative support for multiple models via information
criteria (Stock et al., 2018). Sex and year were included in the
models as fixed covariates, and individual ID was included either
as a fixed or as a random variable (see Supplementary Table 1).
The multiplicative residual × process error structure was used in
all cases, except when bird ID was set as a fixed effect. In this latter
case, only a residual error structure was used, as recommended
by Stock and Semmens (2016b). All models were run on “long”
settings (chains = 3, length = 300 000, burn-in = 2,000,000,
thinning = 100). Gannet and fish SIA data were included as
raw input values, while diet-to-tissue discrimination factors
(DTDFs) were provided to the model as means and standard
deviations. No gannet-specific DTDFs are available, so here we

Stable Isotope Analysis
Gannet blood samples were dried at 60◦ C for 24 h and
homogenised using mortar and pestle. A subsample of
approximately 1 mg was weighed into a tin cup. SIA
was performed using a continuous-flow isotope ratio mass
spectrometry using a Costech ECS 4010 Elemental Analyser
linked to a Thermo Electron Delta Plus XP Mass Spectrometer
for 2010 and 2011 samples. 2017–2019 samples were analysed
at Elemtex (Stable Isotope and & Elemental Analysis Expertise)
in Cornwall, United Kingdom, using a Thermoquest EA1110
Elemental Analyser linked to a Sercon 2020 stable isotope
ratio mass spectrometer (IRMS) running in continuous flow
mode. Stable isotope ratios were expressed using a conventional
notation as δ values, defined as parts per thousand (h). Internal
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used a DTDF of 2.25 ± 0.61h for δ15 N and 0.24 ± 0.79h
for δ15 C, reflecting average values across studies of piscivorous
birds (Hobson and Clark, 1992; Thompson et al., 1999; Bearhop
et al., 2002; Forero et al., 2002; Cherel et al., 2005) and previously
used to estimate gannet diet through isotopic mixing models
(Stauss et al., 2012; Bodey et al., 2018; Le Bot et al., 2019). The
DTDF was applied equally to all prey sources. Model convergence
was assessed with the Gelman-Rubin diagnostic, which compares
estimates of variance between and within Markov chains, with
values <1.01 indicating convergence (Gelman et al., 2013). The
function compare_models from the “MixSIAR” package (Stock
and Semmens, 2016a) was used to compare the predictive
accuracy of the models constructed. This function uses the “loo”
package to compute leave-one-out cross-validation (LOO) for
different fitted models to assess the prediction accuracy of the
fitted Bayesian model (Vehtari et al., 2017). The relative support
for each model was calculated using LOO weights. As the focus
was on whether gannets were consuming fishery discards, we
grouped the reduced prey dataset into two different groups with
the function combine_sources of “MixSIAR” package (Stock and
Semmens, 2016a). This a posteriori aggregation strategy does not
require that the stable isotope values of the combined sources
be similar, so a question-driven aggregation is possible (Stock
et al., 2018). Here, we grouped dragonet, red gurnard, whiting,
European hake, European plaice, and Norway Pout as discard
sources and Atlantic herring, European sprat, Atlantic mackerel,
and Lesser sandeel as non-discard sources (Table 1). While
pelagic species including mackerel can be caught and discarded
in demersal fisheries, their overall contribution to discards is
relatively small (i.e., 1% for mackerel in demersal trawlers) and
very similar between trawlers and demersal seiners operating in
the area (Anon, 2011). Since the isotopic signature of a discarded
and naturally foraged mackerel and herring is the same, these
cannot be differentiated in mixing models, so we assumed that
any contribution from these pelagic species was from natural
foraging. Finally, the mixing model was evaluated by constructing
a MixPolygon using the script provided by Smith et al. (2013).
The routine calculates the probability that the proposed mixing
model can estimate source contributions to explain a consumer’s
isotopic signature, considering the distributions of the proposed
dietary sources and trophic enrichment factors. So, it quantifies if
consumers isotope values fall inside the mixing polygon (pointin-polygon assumption) considering the uncertainty associated.

TABLE 1 | Descriptive table of stable isotope data used in mixing models.
Mean δ13 C

SD δ13 C

Mean δ15 N

SD δ15 N

2010

35

−17.51

0.44

14.53

0.35

Female

19

−17.82

0.22

14.34

0.24

Male

16

−17.15

0.35

14.76

0.33

2011

36

−17.44

0.44

14.79

0.56

Female

21

−17.70

0.35

14.57

0.49

Male

15

−17.08

0.29

15.09

0.51

2017

18

−18.37

0.34

14.78

0.52

Female

9

−18.48

0.32

14.71

0.53

Male

9

−18.25

0.34

14.85

0.53

2018

27

−18.55

0.38

13.56

0.61

Female

13

−18.68

0.35

13.34

0.47

Male

14

−18.42

0.39

13.77

0.67

2019

19

−18.24

0.61

14.08

0.79

Female

12

−18.46

0.42

13.83

0.66

Male

7

−17.86

0.74

14.49

0.87

Callionymus spp.

55

−17.62

0.56

12.16

0.78

Chelidonichthys cuculus

35

−17.46

0.77

12.95

0.98

Pleuronectes platessa

24

−16.27

1.19

12.74

0.89

Merluccius merluccius

4

−17.74

0.24

13.36

0.29

Merlangius merlangus

62

−17.45

0.57

14.59

0.94

Trisopterus esmarkii

4

−16.80

0.31

14.78

0.65

Clupea harengus

25

−18.23

0.66

12.67

1.00

Scomber scombrus

38

−18.92

0.91

11.92

1.48

Sprattus sprattus

24

−19.00

0.93

12.13

0.41

Ammodytes spp.

4

−18.07

0.57

13.29

0.24

Northern gannets

Discards

Non-discards

SD, standard deviation.

Behavioural State Classification
Hidden Markov Models (HMM) are an effective method of
inferring putative behavioural states based on the features of
an animal’s movement (Michelot et al., 2016; Bennison et al.,
2018). Typically, seabird movements are classified into three
underlying states, defined by state-dependent distributions of
step length and turning angle between consecutive locations.
These statistical states are then interpreted as resting, transiting
and putative foraging; the latter represented by area restricted
search (ARS). For central-place foragers, this method has recently
been expanded to discern processes that may attract animals,
using an individual’s bearing and distance from the closest
attractor at each time step (Pirotta et al., 2018). Here, we utilised
the frequentist implementation of the method by Pirotta et al.
(2018) in the R package “momentuHMM” (McClintock and
Michelot, 2020). This original formulation results in six different
states, which correspond to transit or ARS behaviour either in
the outward phase of a trip, during the return to the colony
and while following an attractor (the nearest fishing vessel,
in this application). We added a 7th state to capture resting
behaviour on the surface (Supplementary Table 2). As in the
original formulation, we used a Weibull distribution for the step
lengths, a von Mises distribution for the bearing and a log-normal

GPS Data Processing
Only complete trips, defined here as GPS tracks that had
consecutive data of more than 10 GPS relocations and returned
to the colony without breaks of greater than twice the average tag
resolution, were used in the analyses (n = 298). GPS fixes that
occurred within 250 m of the colony were removed to exclude
colony-associated behaviours like rafting and bathing (McSorley
et al., 2003; Carter et al., 2016). While more than 85% of the
processed tracks collected by the GPS devices had consecutive
2- or 3-min relocation intervals, further analyses required data
at regular time intervals that was achieved through linear
interpolation via the “adehabitatLT” package (Calenge, 2006).
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the statistical significance of the repeatability is assessed using
likelihood ratio tests.

distribution for the distance to the nearest vessel. The transition
probabilities to vessel-associated states were affected by distance
to the nearest vessel. Because the probability of an individual
returning to the colony increases as the trip progresses, transition
probabilities to “colony” states were modelled as a function of
the proportion of time elapsed across each trip (Pirotta et al.,
2018; McClintock and Michelot, 2020). The model assumptions
discussed in Pirotta et al. (2018) were retained, although model
constraints differ slightly in the frequentist implementation (see
McClintock and Michelot, 2020 for details). The addition of the
“rest” state required only one further constraint to be added
to the approach outlined in McClintock and Michelot (2020).
Specifically, the scale of the Weibull distribution for step length
was set to be smallest while resting, in order to capture the very
small steps performed in this state.
The location (distance and bearing) of the nearest vessel
was obtained from VMS data. VMS data were collected at 2h resolution and linearly interpolated to the same temporal
resolution (2 or 3 min) as the seabird tracking data, and the
nearest fishing vessel coordinates were extracted for each of the
bird locations using SQL. While such interpolation can result
in deviation from the actual vessel track (Skaar et al., 2011;
Lambert et al., 2012), this uncertainty has been shown to have
no detectable effect on the conclusions drawn from the HMM
model at these scales (Pirotta et al., 2018). Initial values of the
parameters of the state-dependent distributions of step length
and bearing were chosen based on k-means clustering, while
the initial parameter values for the distributions of distance to
the nearest vessel were selected based on the histogram of the
observations, and on previous knowledge of the distance at which
gannets respond to vessels (approximately 11 km; Bodey et al.,
2014). The Viterbi algorithm was used to estimate the most likely
sequence of behavioural states across tracks based on the fitted
model. As foraging during the transit towards a vessel cannot
be ruled out, we explored if patterns remained consistent when
considering both vessel-associated behaviours (transit and ARS)
together. Finally, a multiple linear regression was used to estimate
the relationship between the proportion of vessel-associated ARS
behaviour and the discard proportions obtained through SIA,
using sex as a fixed effect.

RESULTS
Stable Isotope Analysis
No statistical differences were found either for δ15 N (t = −0.91,
df = 28, p-value = 0.37) or for δ13 C (t = 0.18, df = 28,
p-value = 0.86) between RBC samples taken at GPS deployment
and recovery (Supplementary Figure 1). In addition, we found
a positive relationship between δ15 N from plasma and δ15 N
from RBC (F 1 ,40 = 28.4, p-value < 0.001, R2 = 0.41). δ15 N
values presented repeatability between plasma and RBC (ICC:
r = 0.57, F 41 ,42 = 3.65, p < 0.001). For δ13 C, we used the residuals
of the relationship with δ15 N (RBC: F 1 ,40 = 28.51, R2 = 0.42,
p-value < 0.001; Plasma: F 1 ,40 = 24.5, R2 = 0.38, p-value < 0.001).
There was a positive relationship between δ13 C residual values
in plasma and RBC (F 1 ,40 = 3.92, p-value = 0.05, R2 = 0.09).
δ13 C residual values presented less repeatability between plasma
and RBC than δ15 N (ICC: r = 0.26, F 41 ,42 = 1.68, p = 0.05). See
Supplementary Figure 2.
Red blood cells samples were obtained from 135 individuals
during GPS deployment (74 females and 61 males) (Table 1).
Values of δ13 C ranged from −20.77 to −16.50h and values
of δ15 N from 11.89 to 16.58h, with males having significantly
higher δ13 C values compared to females (F 1 ,125 = 8.35,
p < 0.0012). There were also differences between years: 2011
and 2017 showed the highest mean values in δ15 N, while
for δ13 C 2010 and 2011 showed the highest mean values
(F 4 ,125 = 30.05, p < 0.001) (Table 1 and Figure 1). Isotopic
niche breadth (as represented by SEAB ) increased through the
study period and was higher for males than for females in all
years (Supplementary Table 3 and Figure 1). Generally, little to
medium overlap (i.e., 2.99–38.97%) occurred between the sexes
(see Supplementary Table 4 and Figure 1). Within years, overlap
between males and females was smaller in 2010 and 2011 (see
Supplementary Table 4).

Diet Reconstruction
All gannet isotopic data were inside the 95% mixing region
delimited by the mixing polygon of potential prey adjusted by
the DTDF, validating the mixing models fitted (Figure 2). Among
the seven models tested (see Supplementary Table 1), the best
model included Sex and Year as covariates (model weight: 100%).
According to the best model, the mean contribution of discarded
fish was higher for males than for females in all years considered.
In 2010 and 2011, discard consumption was higher than in the
rest of the years (Figure 3A).

Behavioural Repeatability
We assessed repeatability in foraging trip metrics to infer
the extent to which observations were consistent across an
individual’s trips. Unadjusted repeatability (R) scores in the
proportion of time spent in vessel-associated behaviours, trip
distance, and maximum distance from colony were calculated
using the R package “rptR” (Stoffel et al., 2017). Bird ID
was included as a random effect in repeatability models. The
addition of fixed effects of sex and year had no influence on the
repeatability scores, so these are not reported here. Repeatability
models were run using a Poisson error structure as they were not
normally distributed (Shapiro–Wilk test p-values of <0.05) and
show overdispersion that would not be accounted for in Gaussian
models. In “rptR,” repeatability results for Poisson models are
reported on the log link scale (Stoffel et al., 2017), uncertainty
is calculated via parametric bootstrapping (1000 times) and
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Movement Analysis and Hidden Markov
Models
We recorded 298 complete foraging trips from 81 individuals
(40 females and 41 males, Supplementary Figure 3). Females
carried out longer trips, travelled further distances and had
higher mean trip duration than males except in 2011 and 2017
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FIGURE 1 | Stable isotope ellipses in RBC samples corrected for small samples size (SEAc ) for 2010, 2011, 2017, 2018, and 2019. Isotopic niche breath [as
represented by Bayesian standard ellipses areas (SEAb )] are also provided in the last plot for each year and sex.

FIGURE 2 | MixPolygon results. (A) Gannets’ isotopic data (black dots) and the potential prey (white dots and bars; mean ± SD). The colour background displays
the probability that a consumer’s isotopic signature is explained by the proposed mixing model. Probability contours are printed every 10%. Prey species included
are detailed in Table 1. (B) Gannet data coloured by sex: orange, females; blue, males. Prey data numbered: 1, Trisopterus esmarkii; 2, Merlangius merlangus; 3,
Merluccius merluccius; 4, Ammodytes spp.; 5, Chelidonichthys cuculus; 6, Clupea harengus; 7, Pleuronectes platessa; 8, Sprattus sprattus; 9, Callionymus spp.;
10, Scomber scombrus.

the median proportion of ARS that was associated with vessels in
females was twice that of males. This finding remained consistent
when considering both vessel-associated behaviours (transit and
ARS) (see Supplementary Figure 4). Males were also less likely
to switch to vessel-associated foraging [probability = 0.124
(95% CI: 0.120–0.128)] than females [probability = 0.140 (95%
CI: 0.135–0.145)]. The state-dependent distributions of the

(Figure 3). ARS behaviour within the different phases of a trip
showed that approximately 50% of female ARS was associated
with vessels, except for 2018 where natural foraging was the
predominant ARS mode. Males had a more variable foraging
strategy across the years (Figure 2B) and, despite the higher
contribution of discards to the diet, showed less vessel-associated
ARS than females in all years except 2011. In 3 of the 5 years,
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FIGURE 3 | (A) Discard contribution to the diet of northern gannets in Saltee Island and (B) vessel-associated area-restricted search (ARS). Orange, females; blue,
males. Black horizontal line depicts the median value.

across all years of the study (Supplementary Figure 5).
There was a significant positive relationship between individual
discards consumption (i.e., mixing model output) and vesselassociated foraging (i.e., track analysis output) (R2 = 0.17,
p-value = 0.001) with a significant effect of sex (p-value < 0.001)
(Figure 4). Despite females engaging in more vessel-associated
putative foraging than males (Figure 3B), estimated discards
consumption was lower for females than males (Figure 5).

movement variables and associated parameter estimates, the
estimates of the transition probabilities between states, and
the residual diagnostic plots are reported in Supplementary
Figures 6–9 and Supplementary Tables 5, 6.
The repeatability analysis showed that for the individual
gannets for which repeat trips were recorded (n = 60; mean
trips/individual = 4.7 ± 2.8 SD), the proportion of time
spent in vessel-associated behaviours was consistent [R = 0.248,
CI = (0.028, 0.437), p = 0.02], as well as broader foraging trip
metrics, including total trip distance [R = 0.5, CI = (0.335,
0.612), p = 0.001] and maximum distance travelled from the
colony [R = 0.57, CI = (0.347, 0.613), p = 0.001].

DISCUSSION
We demonstrate a logical, but previously unreported positive
relationship between time spent in vessel-associated foraging
behaviour and discards consumption in a marine predator. The
presence of sexual differences in discards consumption noted
in this study is also consistent with other gannet colonies
(Stauss et al., 2012; Bodey et al., 2018). However, despite higher
discards consumption in males, females actually spent more
time in vessel-associated foraging than males. While we do not
know the actual mechanism for this mismatch between vessel
attendance and discards consumption, a number of hypotheses
may explain our results; (1) that females select higher proportions
of pelagic species within the discarded catch; (2) that sexes
may target different fishing gears as a consequence of foraging

Vessel-Associated Foraging and
Discards Consumption
Individual gannets associated with a range of vessels likely
to provide discards. A total of 42.4% of vessel-associated
foraging occurred around demersal trawlers, 32.5% around
demersal seines, and 10.3% around static nets/longlines. Females
attended proportionately more to demersal seine vessels (35%),
compared to males (19%), while males attended proportionately
more to demersal trawlers (females 39%, males 63%), X2 (4 ,
13044) = 781.4, p ≤ 0.001 (Supplementary Figure 5). Differences
in vessel associations were relatively consistent between sexes
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FIGURE 5 | Percentage of area-restricted search (ARS) associated with
vessels versus percentage of discard consumption from the same individual.
Orange, females; blue, males.

a greater contribution to chick provisioning (Montevecchi et al.,
1984) than males, and are likely to have a calcium (and other
nutrients) deficit from egg production, which may require them
to target different food, particularly micronutrients compared to
males (Tait et al., 2014). Data on discards in our study area shows
that the demersal seine vessels, attended proportionately more
by females, tend to discard low proportions of pelagic species,
and significantly less discards overall than trawlers (Anon, 2011).
Coupled with the knowledge that gannets are less selective in
their consumption of discards than other birds (Hudson and
Furness, 1988), it seems unlikely that females have greater access
to pelagic species when scavenging at demersal seine vessels.
Furthermore, while our results are consistent with previous
studies demonstrating that females undertake longer trips and
travel greater cumulative distance than males (Stauss et al., 2012;
Cleasby et al., 2015; Bodey et al., 2018; Le Bot et al., 2019), there
is considerable overlap in the foraging range of both sexes in all
5 years (Supplementary Figure 3), highlighting the importance
of multi-year studies (Clark et al., 2021).
Blood samples for SIA and the estimates of discards
consumption represent diet over a longer temporal scale than
the corresponding tracking data (weeks versus days). In addition,
samples were collected prior to the start of foraging trips.
However, we found no significant differences in carbon or
nitrogen values for those birds sampled at both deployment and
recovery of tracking devices (Supplementary Figure 1). Our
analyses also show a high level of individual consistency in diet
and foraging behaviour, suggesting that the relationship between
vessel-associated foraging and discards consumption is robust to
temporal mismatches at the scale studied. However, the temporal
mismatch between tracking and stable isotope data could result
in some birds with an isotopic signature consistent with discards
consumption but no vessel associations captured in the tracking
data. The estimated relationship between vessel attendance and

FIGURE 4 | Movement descriptors showing the: (A) longest trip (km), (B)
furthest distance travelled from the colony (km) and (C) mean trip distance
(km) per individual. Orange, females; blue, males. Black horizontal line depicts
the median value.

habitat preferences; (3) that isotopes and tracking data are not
directly comparable because they represent different temporal
windows; or (4) that males might be out-competing females at
vessels for discards.
The discrepancy between vessel attendance and discards
consumption in females may be the result of females selecting
a different component of discarded fish compared with males.
While such differences in diet or foraging strategies are typically
more apparent in highly sexually dimorphic species (Catry
et al., 2006), they also occur in monomorphic or only slightly
dimorphic species (e.g., Sims et al., 2001; Ruckstuhl and Neuhaus,
2006; Pinet et al., 2012). Gannets are only slightly sexually
dimorphic, with females being marginally heavier than males
(in our dataset, on average 170 g, or 5–6% of adult body
weight), and previous studies have found no significant difference
in length of the tarsus, bill, or wing of breeding gannets
(Stauss et al., 2012; Malvat et al., 2020). Female gannets also make
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holds when including vessel-associated transit behaviour, which
may indicate anticipation of discards availability. Finally, spatiotemporal variability in isotopic baselines that can affect prey
isotopic values has not been accounted for. If such baseline
variability exists, dietary differences between sexes within years
would remain unaffected, but comparisons across years could
be affected. Despite these assumptions and limitations, we are
confident that the relationship between vessel attendance and
discards consumption, as well as the observed sex differences in
this relationship, are robust.
While other studies have either detected no evidence for sexual
differences in spatio-temporal overlap with fisheries (Garthe
et al., 2007; Patrick et al., 2015; Clark et al., 2021) or greater
vessel-association in males than females (Votier et al., 2013), we
find females actually engaged in more vessel-associated foraging
behaviour than males. Breeding gannets have highly consistent
foraging departure bearings (Hamer et al., 2007) and foraging
routes (Votier et al., 2017) therefore the lower consistency
between trips in vessel attendance observed in this study may
suggest that vessels are encountered more opportunistically.
Fishing vessels are conspicuous visual cues, particularly when
attended by large numbers of seabirds and when associated
with the provision of discards. Tremblay et al. (2014) suggest
that foraging seabirds are not looking directly for prey, but
instead search for indicators of the presence of prey. They
found that seabird foraging movements were related to visual
stimuli, including other predators and fishing boats. If vessels
are being used as a foraging cue in a similar way to the
presence of other predators (Hoffman et al., 1981; Thiebault
et al., 2014), the resulting recruitment of other birds in the area
may result in a positive feedback loop, reducing the occurrence
of “natural” foraging away from vessels. Large aggregations
of seabirds at vessels create a highly competitive environment
with numerous aggressive interactions. Our results are more
consistent with either lower female success or competitive
exclusion of female gannets behind more profitable trawlers than
other hypotheses. However, further research should be carried
out to understand the causal mechanism for the mismatch
between vessel attendance and discards consumption, as well
as any individual or population level effects on bird health or
breeding success. Such sex differences in vessel attendance and
discards consumption is important for assessing populationlevel impacts (Gianuca et al., 2017), particularly in light of
reductions in discards through fisheries reforms. With this in
mind, our study also highlights interannual patterns in discards
consumption, and the first evidence of continued reliance
on discards following implementation of the EU Common
Fisheries Policy Landings Obligation. While discarding is not
completely banned under the Landing Obligation, one would
expect a reduction in discards availability, which may explain
the reduced reliance on discards between the 2010–2011 and
2017–2019 sampling periods. The limited sample of tracked
individuals in any year may have had contrasting foraging tactics,
but interannual differences in vessel attendance and discard
consumption may also suggest that gannets, like a range of other
seabirds, have a flexible foraging strategy reflecting changing
prey availability (Oro and Ruiz, 1997; Montevecchi et al., 2009;

discards consumption is therefore likely to reflect the overall
tendency of an individual on their feeding habits but should not
be used to make predictions of absolute discards consumption
based on the small window of available tracking data alone.
An alternative hypothesis for the sexual mismatch between
vessel attendance and discards consumption is competitive
exclusion of females by males at more discards-profitable
trawlers. Observations of discard scavenging seabirds have shown
gannets to be a highly aggressive competitor and successful
kleptoparasite of discarded fish (Garthe and Hüppop, 1994;
Garthe and Hüppop, 1998) at the top of clear species dominance
hierarchies (Wahl and Heinemann, 1979; Arcos et al., 2001). The
intersexual competition hypothesis suggests that the dominant
sex may forage more efficiently, displacing the other sex
spatially or into different niches (Elliott et al., 2010). This
has been found in several species (e.g., Peck and Congdon,
2006; Elliott et al., 2010; Biggerstaff et al., 2017; Galezo et al.,
2018). Nelson (1965) states that male gannets are particularly
aggressive and that females show “astonishingly high tolerance
of punishment from males.” Aggressiveness of male gannets has
previously been proposed as a putative driving force of female
displacement in northern gannet foraging distributions (Lewis
et al., 2002; Stauss et al., 2012), and longer trips and greater
distance travelled by females is also consistent with competitive
exclusion from trawlers to fisheries that are lower contributors
to total discards, such as demersal seines (Anon, 2011; see
Supplementary Table 7).
Identifying the mismatch between discard consumption
and vessel-associated foraging was only possible through the
use of complementary techniques. However, a number of
assumptions and limitations must be acknowledged. Identifying
vessel-associated behaviours is dependent on contemporaneous
tracking data of vessels and birds at appropriate spatiotemporal scales. While vessel tracking data were collected at
a coarser resolution than gannet tracking data, interpolation
of vessel tracks to the similar resolution of gannet data was
previously shown to not affect behavioural model outputs
(see supplementary material in Pirotta et al., 2018). A further
assumption is that we have tracking data from all vessels that
gannets are likely to interact with. VMS data were only available
for vessels >15 m length in 2010 and 2011, and >12 m in 2017–
2019. Cameras deployed on gannets show that they typically
associate with these larger vessels (Votier et al., 2013), so we are
confident that we are not substantially underestimating vesselassociated behaviours due to interactions at smaller vessels. In
addition, vessel-associated ARS may not indicate foraging on
discards specifically. While there is a good agreement between
ARS and prey capture attempts (Bennison et al., 2018), gannets
may simply be targeting the same locations as vessels to forage
on natural prey. However, the behavioural transition probabilities
suggest that vessel-associated foraging is for the purpose of
discards, as switching to ARS becomes increasingly more likely
with increasing proximity to vessels at very fine spatio-temporal
scales (Bodey et al., 2014). While the transition probabilities were
low, the marginally higher transition probabilities for females
tracked in this study suggest that they are more likely to engage
in foraging behaviour around vessels. The same relationship
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the VMS data. GA and EP developed the tracking modelling
framework. JG and GA performed the analysis. JG led the
writing of the manuscript with input from GA and MJ. All
authors contributed to subsequent revisions and approved the
final version.

Garthe et al., 2014). The increase in isotopic niche breadth
through the study period may also indicate an increased
consumption of prey with dissimilar isotopic composition over
time. This may be the result of more individuals becoming
more generalist, or a wider range of individual specialisms
sampled within the population (Bolnick et al., 2002). Flexibility
in the use of discards and natural prey among years could
potentially buffer fluctuating natural resource availability, and
make discards-utilising species more resilient to environmental
changes (Oro and Ruiz, 1997; Hamer et al., 2007; Grandgeorge
et al., 2008; Bicknell et al., 2013). Longer-term studies should
be undertaken to explore the effects of the reduction in this
subsidised feeding resource on body condition, reproductive
success and population trends.
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