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we revealed two discrete foraging strategies, these being 
inshore (coastal) and offshore (outer Patagonian Shelf). 
The majority of adult female SSL (72 % or n = 21 of 29 
SSL) foraged offshore. Adult female SSL that foraged off-
shore travelled further (92 ± 20 vs. 10 ± 4 km) and dived 
deeper (75 ± 23 vs. 21 ± 8 m) when compared to those 
that foraged inshore. Stable isotope analysis revealed 
long-term fidelity (years) to these discrete foraging habi-
tats. In addition, we found further specialization within 
the offshore group, with adult female SSL separated into 
two clusters on the basis of benthic or mixed (benthic and 
pelagic) dive behavior (benthic dive proportion was 76 ± 9 
vs. 51 ± 8 %, respectively). We suggest that foraging spe-
cialization in depleted populations such as SSL breeding at 
the Falkland Islands, are influenced by foraging site fidel-
ity, and could be independent of intraspecific competition. 
Finally, the behavioral differences we describe are cru-
cial to understanding population-level dynamics, impedi-
ments to population recovery, and threats to population 
persistence.

Keywords Dietary specialization · Habitat selection · 
Hidden Markov models · South American sea lions · State-
space models

Introduction

Changes in marine predator abundance can have profound 
and unexpected consequences for ecosystem structure, 
functioning, and resilience (Baum and Worm 2009; Estes 
et al. 2011). Predicting the ecological consequences of 
these changes underpins ecosystem management, but first 
requires an understanding of a species’ diet and foraging 
behavior (Estes et al. 1998; Springer et al. 2003; Trites 

Abstract Despite global declines in the abundance of 
marine predators, knowledge of foraging ecology, nec-
essary to predict the ecological consequences of large 
changes in marine predator abundance, remains enigmatic 
for many species. Given that populations suffering severe 
declines are of conservation concern, we examined the for-
aging ecology of southern sea lions (SSL) (Otaria flave-
scens)—one of the least studied otariids (fur seal and sea 
lions)—which have declined by over 90 % at the Falkland 
Islands since the 1930s. Using a combination of biolog-
ging devices and stable isotope analysis of vibrissae, we 
redress major gaps in the knowledge of SSL ecology and 
quantify patterns of individual specialization. Specifically, 
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et al. 2007). Given that individuals within populations often 
differ substantially in resource use, the complexity of diet 
and foraging behavior (and our understanding of the eco-
logical role of marine predators) will vary depending on 
whether foraging ecology can be explained at a species ver-
sus individual level (Heithaus et al. 2008; Newsome 2009; 
Matich et al. 2011; Araújo et al. 2011).

Recent empirical studies highlight that intraspecific 
competition increases individual specialization (Svanbäck 
and Bolnick 2007; Araújo et al. 2011). Hence, individual 
specialization may be expected to occur more frequently 
in upper trophic level marine predators that are regulated 
by bottom–up processes and resource competition, when 
compared to species of a lower trophic status regulated 
by top–down processes and physical disturbance (Estes 
et al. 2003). In particular, individual differences in diet 
and foraging behavior are expected to arise within central 
place foraging, income breeding marine predators (e.g., 
seabirds, fur seals and sea lions) that must compete for 
resources within a limited area (implying strong intraspe-
cific competition). Accordingly, to elucidate the foraging 
ecology of central place foraging marine predators, an 
individual level approach is often necessary (Chilvers and 
Wilkinson 2009; Baylis and Nichols 2009; Kernaléguen 
et al. 2012; Ratcliffe et al. 2013). However, the cryptic 
nature of feeding in highly mobile marine animals means 
that available data often lacks the resolution required to 
disentangle diet and foraging behavior to the individual 
level. Consequently, the foraging ecology of some spe-
cies that have undergone dramatic population changes, 
and represent key components of the marine food-web, 
remains enigmatic.

For example, southern sea lions (SSL) (Otaria flavescens) 
are one of the least studied otariids (fur seal and sea lions) 
and have experienced dramatic population declines in the 
South Atlantic (Franco-Trecu et al. 2014). One of the largest 
declines has occurred at the Falkland Islands, where the pop-
ulation plummeted from 371,500 SSL in the 1930s to just 
30,000 SSL in the 1960s (reviewed in Baylis et al. 2015a). 
Despite the dramatic decline and failure to recover, our 
understanding of foraging ecology at the Falkland Islands 
is based on four SSL (only one of which was successfully 
tracked at sea), and a limited number of scats collected in 
1992 (Thompson et al. 1998). Results from this seminal 
study indicate that SSL are principally benthic-foraging, 
generalist predators (Thompson et al. 1998). However, the 
paucity of available data are unlikely to accurately represent 
the foraging behavior and trophic ecology of SSL or enable 
impediments to population recovery to be elucidated. For 
instance, it is widely recognised that behavior and diet in 
several sea lion species, including SSL breeding in Argen-
tina, is profoundly influenced at the individual level by sex 
and ontogenetic niche shifts (Drago et al. 2009; Weise et al. 

2010; Jeglinski et al. 2013). In addition, individual differ-
ences in foraging behavior and diet within comparable sex 
and age classes can also be profound (Campagna et al. 2001; 
Villegas-Amtmann et al. 2008; Baylis et al. 2009; Chilvers 
and Wilkinson 2009; Lowther et al. 2011), but has received 
considerably less attention despite the potential to provide 
crucial insights into ecological, morphological and behavio-
ral diversification within populations.

Here, we focus on adult female SSL because of their 
importance in determining population dynamics, and 
quantify the degree of individual specialization in forag-
ing behavior and diet. Specifically, we combine data from 
biologging devices [a short-term measure of specialization 
(weeks to months)], with vibrissae stable isotope values, to 
infer temporal consistency of individual specialization over 
a longer period of time (years).

Materials and methods

SSL capture and device deployment

Adult female SSL observed suckling a pup were selected at 
random for device deployment. All adult female SSL were 
chemically restrained using tiletamine-zolazepam (Zoletil; 
Virbac, France; 3.0 mg/kg), remotely administered using 
1.5 ml darts (Pneu dart) and a CO2-powered tranquiliser 
gun (Dan Inject JM Standard) (Baylis et al. 2015a). Where 
necessary, adult female SSL were masked and anaesthesia 
induced or maintained using isoflurane delivered via a port-
able gas anaesthetic machine (VOC Rota Flush; Medical 
Developments International, Australia).

In 2011 (February–April), we equipped 10 adult female 
SSL with Platform Transmitter Terminal (PTT) tags of 
ARGOS location quality (Sirtrack PTT 101) at the two 
largest Falkland Islands sea lion breeding colonies (Fig. 1). 
These sites were Big Shag Island (colony size = 328 pups; 
51.39°S, 58.35°W) and Kelp Island (260 pups; 58.5°S, 
58.19°W) (Baylis et al. 2015b). In 2013 and 2014 (Feb-
ruary–March), adult female SSL were equipped with an 
archival Fastloc® Global Positioning System (GPS) tag 
(Sirtrack Fastloc 1), a Time Depth Recorder tag (TDR) 
(Mk9 Wildlife computers) and a VHF transmitter to facili-
tate tag recovery. In 2013 (February–March), we deployed 
10 GPS tags at Big Shag Island and one PTT tag at Turn 
Island (51 pups; 52.12°S, 58.92°W), while in 2014 (Feb-
ruary–March) 10 GPS tags were deployed at Big Shag 
Island only (Appendix 1, Table S1). Tags were glued to 
adult female SSL using a two-part epoxy (Devcon 5-min-
ute® epoxy). PTT tags were not recovered (fell off during 
moult), whereas adult female SSL with GPS tags were 
recaptured for data recovery after one or two foraging trips 
(Appendix 1, Table S1).
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Location and dive data analysis

PTT tags were programmed to transmit every 45 s when 
at the surface. We removed erroneous locations from our 
Least Squares ARGOS locations, using the ‘speedfilter’ 
function in the R package ‘trip’ and a maximum speed of 
3 m·s−1 (Rodríguez et al. 2013). The speed-filtered data 
were then processed using a continuous-time correlated 
random walk model implemented within the R Package 
‘CRAWL’, which incorporates ARGOS location errors for 
each of the six location classes (3, 2, 1, 0, A, B) (John-
son et al. 2008). Finally, we predicted locations at equally 
spaced points in time along the ’best-fit’ track (hourly and 
across periods when location fixes failed).

GPS tags were programmed to acquire a position every 
5 min. GPS positions were decoded using the DAP proces-
sor (Wildlife Computers, Redmond, WA, USA) and filtered 
for erroneous locations using a maximum speed of 3 m·s−1 
(as above). We also fitted a continuous-time correlated 
random walk model to the GPS positions to account for 
measurement error and irregular, sometimes sparse location 
fixes that would otherwise have necessitated unrealistic 

assumptions about linear movement between locations. 
The model integrated TDR wet/dry times to define the start 
and end of foraging trips and was also implemented using 
the R Package ‘CRAWL’ (Johnson et al. 2008). For adult 
female SSL that foraged offshore (see section “Inshore/off-
shore foraging and individual specialization (location and 
dive data)”), both GPS and PTT tag data were used to cal-
culate foraging trip metrics (distance and duration), based 
on predicted locations. In contrast, foraging trip metrics for 
adult female SSL that foraged inshore were based on only 
adult female SSL which carried GPS/TDR tags because 
the location error associated with PTT tags, combined with 
short foraging trip distances, made defining a foraging trip 
problematic.

TDR tags sampled depth every 1 s, had a resolution 
of 0.5 m and an accuracy of ±1 %. Dives <5 m in depth 
and <5 s in duration were excluded when calculating div-
ing metrics (Riet-Sapriza et al. 2013; Kuhn and Costa 
2014). Dive summary statistics were calculated using the 
R package ‘diveMove’. For each individual, we calculated 
the mean ± SD of dive depth, duration, bottom time, post-
dive duration and whether the dive occurred during the 

Fig. 1  Adult female southern sea lions (Otaria flavescens) breeding 
at the Falkland Islands foraged either inshore (coastal) or offshore 
(outer Patagonian Shelf), as depicted by the 90 % (yellow) and 50 % 
(orange) utilization distributions. A Big Shag Island [n = 19 offshore 

(14 GPS and 5 PTT tags, including PTT 103751), n = 5 inshore (4 
GPS tags and PTT 103751)], B Kelp Island (n = 1 offshore, n = 2 
inshore, PTT only), C Turn Island (n = 1 inshore, PTT only). See 
also Appendix 1, Table S1 (colour figure online)
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day (between sunrise and sunset) or night (the latter cal-
culated in the R package ‘maptools’). We also calculated 
several indices to characterize benthic diving behavior. The 
first, commonly referred to as the intra-depth zone (IDZ), 
was calculated as the depth ± 10 % of the maximum depth 
reached during the preceding dive (Tremblay and Cherel 
2000). This metric assumes that benthic divers dive seri-
ally to the same depth zone (i.e., the sea floor). Finally, we 
extracted bathymetry (GEBCO_14 30 arc second dataset) 
for each dive location using ArcMap (ArcGIS, Redlands, 
CA, USA). The mean proximity of dives to the sea floor 
was calculated as the ratio of dive depth divided by bathy-
metric depth. To account for spatial measurement error in 
both location and bathymetric data, SSL were classified as 
benthic diving when this ratio was ≥0.80 (Jeglinski et al. 
2013). If a bathymetry value was 0, it was treated as a miss-
ing value and not included in the classification of benthic 
dives. We did not calculate a benthic dive ratio for SSL that 
foraged inshore (see below) due to the spatial error asso-
ciated with both near shore bathymetry and location data, 
that resulted in a mismatch between dive depth and the 
available bathymetry.

Inshore/offshore foraging and individual specialization 
(location and dive data)

Preliminary data exploration revealed that adult female 
SSL foraged in either inshore (coastal) or offshore waters 
(outer Patagonian Shelf). To characterize these distinct 
foraging strategies, we extracted utilization distribution 
probabilities (kernel analysis), where the smoothing param-
eters (h) for the kernel analyses were calculated using the 
ad hoc method (Worton 1989) within the R package ‘ade-
habitatHR’. We used bathymetry as a habitat grid to avoid 
utilization distribution probabilities spanning over land, 
and weighted kernels based on the number of SSL within 
each grid cell. To assess differences in foraging trip met-
rics and diving metrics between adult female SSL that for-
aged inshore versus offshore, we ran linear mixed models 
(LME) (R package ‘nlme’) to account for multiple foraging 
trips recorded from some individuals, using foraging loca-
tion (inshore/offshore) as a factor. There were no signifi-
cant differences between dive variables and year; hence, we 
did not include year in the final model. Where appropriate, 
we log-transformed variables to fit model assumptions of 
constant variance and normal distribution. Model assump-
tions were checked by plotting residuals and via quantile–
quantile plots.

We were also interested in whether individual speciali-
zation could be detected within the offshore group (sample 
size of the inshore group limited meaningful analysis). To 
identify whether different foraging strategies existed within 
the offshore group, we initially ran a principal components 

analysis (PCA) using the mean and SD of diving metrics 
(per individual), as a pre-processing step to reduce the 
number of variables, before running a Hierarchical Clus-
ter Analysis (HCA) (Appendix 1, Table S2). Specifically, 
five principal components accounted for 89 % of the vari-
ance, and these were used to generate a dissimilarity matrix 
based on Euclidean distance (Appendix 1, Table S2). An 
agglomerative cluster analysis was then executed using 
Ward linkage in the R package ‘Vegan’. The optimal num-
ber of clusters was selected using Bayesian Information 
Criteria (BIC) (R Package ‘mclust’). We did not include 
stable isotope data in this analysis, because isotope data 
was only available for nine (out of 16) adult female SSL 
that foraged offshore. To evaluate the performance of our 
cluster analysis, we ran (1) a non-metric Multi-dimensional 
Scaling analysis, and overlaid the cluster and ordination 
results to see how they corresponded, and (2) Quadratic 
Discriminant Analysis using Leave One Out-Cross Vali-
dation (LOO-CV) to test the proportion of individual SSL 
that could correctly be re-assigned to clusters (R Package 
‘MASS’). To tease apart differences in foraging locations 
within the offshore group, we fitted a two-state (foraging/
commuting) hidden markov model to adult female SSL 
movement data (R package ‘move.HMM’). Models were 
built using hourly step lengths (km) and turn angles (radi-
ans), using Weibull and wrapped Cauchy distributions, 
respectively (Langrock et al. 2012). Akaike’s information 
criterion (AIC) and residual plots were used to determine 
the best model fit with the Viterbi algorithm used to assign 
states to the observations. Finally, we extracted utilization 
distribution probabilities based on locations identified as 
foraging, using the approach described above.

Stable isotope analysis

The use of stable isotopes to infer pinniped diet is now well 
established and widely reported, with δ13C values provid-
ing a proxy of foraging habitat and δ15N a proxy of trophic 
level (Cherel et al. 2007; Newsome et al. 2010). Our analy-
ses focussed on the isotopic signature of vibrissae because 
we were interested in inferring diet over an extended tem-
poral period (Kernaléguen et al. 2015). We assumed south-
ern sea lion vibrissae grew continuously, meaning the iso-
topic composition of vibrissae reflected an individual’s 
trophic and spatial history (Hirons et al. 2001). Vibris-
sae were collected by cutting the largest one from each 
adult female SSL as close to the skin as possible (we did 
not collect the root of vibrissae, hence stable isotope val-
ues do not necessarily reflect the period over which SSL 
were tracked). A mean growth of 0.11 mm per day has 
previously been reported for sea lions (Hirons et al. 2001). 
Based on this estimate, adult female SSL vibrissae integrate 
diet over a period of years (vibrissae length (excluding the 
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root) ranged from 82–192 mm (mean 134 ± SD 38 mm), 
translating to 2.04–4.78 years of growth). Vibrissae were 
cleaned using a sponge and distilled water, placed in an 
ultrasonic bath of distilled water for 5 min and dried using 
95 % ethanol (Kernaléguen et al. 2012). Each whisker was 
inspected under a microscope and, if necessary, the clean-
ing process repeated. Vibrissae were cut into 5 mm long 
consecutive segments starting from the proximal (facial) 
end. To produce a meaningful isotopic measurement our 
target mass for each whisker segment was 0.5 mg. To 
achieve our target mass, it was necessary to sub-sample 
each 5 mm long whisker section. Samples were packed in 
tin containers, and carbon and nitrogen isotope ratios were 
determined by a Carlo-Erba elemental analyser interfaced 
with a Finnigan Delta Plus XP mass spectrometer (Light 
Stable Isotope Lab, University of California Santa Cruz, 
Santa Cruz, CA, USA). Data were corrected for sample 
mass and instrument drift. Measurement precision (stand-
ard deviation), based on within-run replicate measures of 
the laboratory standard (pugel), was 0.06  ‰ for carbon 
(δ13C) and 0.08 ‰ for nitrogen (δ15N) isotope values.

Dietary specialization

To determine the sources of variance in isotope values, we 
also ran LME, with individual as a random effect, and col-
ony (Big Shag Island vs. all other sites) and year included 
in the model as fixed effects. The residual error term (the 
remaining variance not explained by other terms) corre-
sponded to within-individual variation (Newsome 2009). 
Variance components were calculated separately for δ13C 
and δ15N using the ‘varcomp’ function in the R package 
‘APE’. If SSL are dietary generalists, we would expect 
most of the variation to be within individual vibrissae. Con-
versely, in the case of dietary specialization, most of the 
variation should be between individual vibrissae (Newsome 
2009).

In addition, we used isotope values to calculate a spe-
cialization index, based on dietary variation within and 
between individuals. The within-individual component 
(WIC) was calculated as the standard deviation in isotopes 
along vibrissae. The between-individual component (BIC) 
was the standard deviation in isotopic values calculated 
from all samples (Hückstädt et al. 2012). The specializa-
tion index (S) was defined as S = WIC/total niche width 
(TNW) where TNW = WIC + BIC. S values vary from 
0 to 1, with 1 representing complete overlap between the 
individual and population, and lower values representing 
less inter-individual overlap and higher specialization. We 
defined a generalist as individuals occupying >50 % of the 
niche (Hückstädt et al. 2012). All values are presented as 
mean ± SD.

Results

In total, 31 adult female SSL were equipped with biolog-
ging devices. PTT tags were deployed on 11 adult female 
SSL (Appendix 1, Table S1). Two PTT tags stopped trans-
mitting soon after deployment (1 and 4 days, respectively; 
recovery of one of these tags revealed tag failure). This 
left PTT location data for 9 adult female SSL (n = 5 Big 
Shag Island 2011, n = 3 Kelp Island 2011, n = 1 Turn 
Island 2013). GPS and TDR tags were deployed on 20 
adult female SSL at Big Shag Island (n = 10 in 2013 and 
2014). Two GPS tags failed, leaving location data for 18 
adult female SSL (Appendix 1, Table S1). TDR data for the 
two failed GPS tags were, however, included in our analy-
sis (inshore/offshore assigned on the basis of dive depth). 
In total, 71 foraging trips were recorded, with repeat forag-
ing trips from 14 adult female SSL (excluding 4 SSL that 
carried PTT tags and foraged inshore). Deployment period 
ranged between 3 and 115 days (Appendix 1, Table S1). 
Adult female SSL predominantly foraged on the Patagon-
ian Shelf or at the Patagonian Shelf edge, identified as the 
200 m depth contour (Fig. 1). The majority of adult female 
SSL foraged offshore (72 % or n = 21 of 29 SSL) (Fig. 1; 
Table 1).

Inshore/offshore foraging and individual specialization

Of the 9 adult female SSL that carried PTT tags (exclud-
ing the two failed PTT tags), 3 foraged inshore, 5 foraged 
offshore, and 1 foraged both inshore and offshore (PTT 
103751 undertook one offshore foraging trip, followed by 
several inshore foraging trips) (Table 1; Appendix 1, Table 
S1). Of the 20 adult female SSL that carried GPS and 
TDR tags, 4 foraged inshore and 16 foraged offshore. Adult 
female SSL that foraged offshore travelled further (PTT: 
99 ± 23 vs. 23 ± 5 km; LME: F1,8 = 31.8, P < 0.001; GPS: 
92 ± 20 vs. 10 ± 4 km; LME: F1,18 = 46.7, P < 0.001), 
dived deeper (mean dive depth: 75 ± 23 vs. 21 ± 8 m; 
LME: F1,18 = 22.8, P < 0.001) and had longer inter-trip 
durations (59 ± 12 vs. 16 ± 17 h; LME: F1,7 = 22.9, 
P < 0.001), when compared to those that foraged inshore 
(Table 1). However, body length was not significantly dif-
ferent between adult female SSL that foraged inshore 
compared to those that foraged offshore (Wilcoxon’s rank 
test, P > 0.05; Table 1). Beyond the broad inshore/off-
shore classification, we also detected more complex for-
aging patterns. Specifically, multivariate analysis of TDR 
data collected from 16 adult female SSL that foraged 
offshore revealed two clusters (which we term ‘benthic’ 
and ‘mixed’) (Fig. 2), supported by both Multi-dimen-
sional Scaling analysis (Appendix 1, Fig. S1) and Quad-
ratic Discriminant Analysis using LOO-CV that correctly 
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re-assigned 88 % individuals to their respective clusters. 
Of the five principal components used in the cluster analy-
sis, principal component 1 was associated with dive depth, 
while the remaining principal components were associ-
ated with different combinations of dive depth and dura-
tion indices (Appendix 1, Table S2). The ‘benthic’ cluster 
comprised adult female SSL that dove to comparatively 
deeper depths (mean max depth: 99 ± 13 vs. 60 ± 11 m; 
Wilcoxon’s rank test, P < 0.001) and were more accurately 
described as benthic foragers (76 ± 9 vs. 51 ± 8 % of dives 
benthic) when compared to the ‘mixed’ diving cluster, that 
was characterized by adult female SSL that performed both 
benthic and pelagic dives (Table 2). Overall, adult female 
SSL dove both day and night, but typically performed 
deeper dives during the day (Tables 1, 2). 

Dietary specialization

A total of 22 adult female SSL vibrissae (n = 585 segments) 
were analysed (2011 = 8 [includes the two failed PTT tags, that 
were assigned to the offshore group on the basis of their vibris-
sae stable isotope values (Appendix 1, Table S1)], 2013 = 8, 
2014 = 6 vibrissae). Intra-individual variations in vibrissae δ13C 
and δ15N values were evident, particularly within the inshore 
group (Appendix 1, Fig. S2). Nevertheless, there was a clear 
distinction in mean isotope values between adult female SSL 
that foraged inshore compared to those that foraged offshore, 
with the inshore group having significantly higher δ13C values 
(−12.6 ± 0.2 vs. −14.1 ± 0.4 ‰, respectively) and δ15N values 
(18.0 ± 0.2 vs. 16.2 ± 0.2 ‰, respectively) (Fig. 3; Wilcoxon’s 
rank test, P < 0.001 for both δ13C and δ15N). There were two 

Table 1  Foraging trip statistics 
for 29 adult female southern 
sea lions (Otaria flavescens) 
breeding at the Falkland 
Islands. In total, 20 adult 
female southern sea lions 
carried GPS and TDR tags 
and 11 carried PTT tags. Two 
GPS tags failed, but associated 
TDR data were included in our 
analysis. Two PTT tags also 
failed and were excluded from 
our analysis. Adult females 
typically foraged either inshore 
(coastal) or offshore (outer 
Patagonian Shelf)

a Excludes two failed GPS tags
b Includes inshore/offshore foraging trip/s for PTT 103751
c Excludes PTT 103751

GPS and TDR Inshore (n = 4) Offshore (n = 16)

Mean SD Mean SD

 Dive

  Mean diving depth (m) 21 8 75 23

  Mean max diving depth (m) 47 15 158 32

  Max dive depth (m) 62 256

  Mean depth at night (m) 19 8 53 19

  Mean depth at day (m) 24 10 87 26

  Mean duration (s) 124 28 154 28

  Mean bottom time (s) 110 22 99 23

  Post-dive duration (min) 2.0 0.6 5.2 1.8

  Day dives (%) 51 14 67 13

  Intra-depth zone (IDZ) 46 16 53 14

  Mean dive frequency/h 12 2 9 2

  Total number of dives 795 260 813 367

  Foraging trip duration (days) 1.1 0.6 2.9 0.8

 Location

  Max distance from coast (km)a 10 4 92 20

  Mean bathymetric depth (m)a – – 114 20

  Deployment period (days) 2.7 0.7 3.7 1.2

  Inter-trip duration (h) 16 17 59 12

  Total number of trips 12 21

 Length (cm) 175 11 175 12

PTT Inshore (n = 3)c Offshore (n = 5)c

Mean SD Mean SD

 Location only

  Max distance from coast (km)b 23 5 99 23

  Deployment period (days) 30 19 44 40

  Total number of tripsb – 38

 Length (cm)c 178 14 191 10
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exceptions. Based on sequential vibrissae segments, the δ13C 
values of female GPS1_2013 indicated that this individual 
switched from inshore to offshore habitats (Fig. 3; Appendix 1, 
Fig. S3). Secondly, PTT 103751, which undertook both inshore 
and offshore foraging trips, had δ13C values that resembled the 
offshore group, but intermediate δ15N values (Fig. 3; Appendix 
1, Fig. S3). The dietary history of this individual implies that 
offshore foraging trips were more frequent than inshore forag-
ing trips, which was contrary to the PTT data.

Our variance component analysis of δ13C and δ15N values 
indicated that neither year nor breeding site was significant 
(Table 3). Between-individual differences explained a larger 
proportion of the variation in isotopic values when compared 
to within-individual isotopic differences (Table 3). Hence, 
there was more support for adult female SSL being dietary 
specialists than dietary generalists. This finding was sup-
ported by our specialization index (S) (mean S = 0.35 ± 0.09 
based on δ13C and 0.33 ± 0.06 based on δ15N values) (Fig. 4). 
As expected, GPS1_2013 was the only generalist adult 
female SSL based on δ13C values (S = 0.54; Fig. 4). When 

we considered these foraging groups separately (i.e., TNW 
is based on SD in the vibrissae of either adult female SSL 
that foraged inshore or offshore, including GPS1_2013), 
we found a similar degree of specialization based on δ13C 
(S = 0.48 ± 0.06 vs. 0.41 ± 0.09, respectively; Wilcox-
on’s rank test, P > 0.05), but adult female SSL that foraged 
inshore appeared to be less specialized based on δ15N values 
(S = 0.52 ± 0.06 vs. 0.41 ± 0.05, respectively; Wilcoxon’s 
rank test, P = 0.006). 

Of the 16 adult female SSL that carried TDRs and for-
aged offshore (Fig. 2), we analysed 9 vibrissae, with n = 3 
from cluster one (benthic diving) and n = 6 from cluster 
two (mixed benthic and pelagic diving). Values of δ13C and 
δ15N were similar between clusters (Table 2). However, the 
benthic cluster consisted of individuals that were, on aver-
age, more specialized than adult female SSL belonging to 

Fig. 2  A hierarchical-cluster analysis using Ward Linkage and 
Euclidean distance revealed adult female southern sea lions (Otaria 
flavescens) that foraged offshore (outer Patagonian Shelf) could be 
separated into two clusters based on benthic (Cluster 1) or mixed 
benthic and pelagic (Cluster 2) diving behavior. The analysis was 
based on 16 adult female southern sea lions breeding at Big Shag 
Island (that carried GPS and TDR tags) and five principal compo-
nents derived from their diving metrics (Appendix 1, Table S2). Also 
presented are the 90 % (yellow) and 50 % (orange) utilization dis-
tributions, based on the locations identified as ‘foraging’ calculated 
using a hidden markov model on adult female southern sea lions 
movement metrics (colour figure online)

Table 2  Foraging trip statistics and mean vibrissae stable isotope 
values for adult female southern sea lions (Otaria flavescens) that for-
aged offshore and were separated into two clusters [termed ‘benthic’ 
and ‘mixed’ (benthic and pelagic dive behaviour)] on the basis of a 
hierarchical-cluster analysis (see also Fig. 2)

Stable isotope analysis is based on vibrissae from n = 3 adult female 
southern sea lions from Cluster 1, and n = 7 from Cluster 2 (see also 
Fig. 2)
a Excludes one failed GPS tag

Cluster 1
Benthic (n = 6)

Cluster 2
Mixed 
(n = 10)

Mean SD Mean SD

 Dive

  Mean diving depth (m) 99 13 60 11

  Mean max diving depth (m) 157 28 159 36

  Mean depth at night (m) 71 7 42 16

  Mean depth at day (m) 108 18 74 23

  Mean duration (s) 182 15 137 15

  Mean bottom time (s) 111 20 92 22

  Post-dive duration (min) 5.5 1.5 5.0 2.0

  Day dives (%) 78 6 61 12

  Intra-depth zone (IDZ) 68 6 44 7

  Mean dive frequency/h 7 1 10 2

  Foraging trip duration (days) 3.2 0.9 2.8 0.7

  Benthic dives (%) 76 9 51 8

 Location

  Max distance from coast (km)a 100 22 88 18

  Mean bathymetric depth (m) 122 31 110 11

  Deployment period (days) 3.7 1.4 3.8 1.1

  Total number of trips 7 14

 Diet

  δ13C  (‰) −14.0 0.9 −14.1 0.4

  δ15N  (‰) 16.5 0.4 16.3 0.6
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the mixed cluster, when considering δ13C (S = 0.43 ± 0.13 
vs. S = 0.33 ± 0.05, respectively). This implies individuals 
that comprised the benthic cluster had a greater degree of 
separation in foraging habitat. However, sample size limits 
a meaningful comparison.

Discussion

Using biologging devices and stable isotope analysis of 
vibrissae, we show that adult female SSL foraging ecol-
ogy is more complex than previously described. Not only 
did adult female SSL display long-term fidelity to inshore 
or offshore regions (months to years), but we also found 
evidence of further specialization within the group of SSL 

that foraged offshore. Although characterized as benthic 
foraging, generalist predators, we revealed both benthic 
and pelagic diving behavior at the Falkland Islands, and a 
population comprised of specialists. However, our study is 
not without caveats. In particular, we were unable to deter-
mine the age of pups and, therefore, cannot exclude that the 
behavior we observed was correlated with pup age (females 
with older pups, undertaking longer foraging trips) (Rod-
ríguez et al. 2013). Nevertheless, the data presented over-
whelming support fidelity to discrete foraging habitats. In 
other wide-ranging marine taxa, including fish, sea turtles 
and seabirds, recent studies have also revealed marked indi-
vidual specialization in foraging ecology related to discrete 
habitats (e.g., Masello et al. 2013; Vander Zanden et al. 
2013; Cleasby et al. 2015). Our findings form part of this 
emerging picture of individual specialization in foraging 
ecology, and are significant because the individual differ-
ences we describe may affect a population’s ecological and 
evolutionary dynamics through energetic income, pathogen 
exposure, vulnerability to anthropogenic hazards, response 
to environmental change, and life-history traits, such as 
rates of female reproduction (Bolnick et al. 2003).

In the present study, adult female SSL predominantly 
foraged on the Patagonian Shelf or at the Patagonian Shelf 
edge, (identified by the 200 m depth contour). Adult female 
SSL that foraged inshore (coastal), performed shallow, 
presumably benthic dives, that showed no obvious diurnal 
pattern. These findings corroborate earlier studies at the 
Falkland Islands (mean dive depth 25 ± 17 m) and stud-
ies from other breeding sites in the South Atlantic, specifi-
cally Uruguay (mean dive depth 21 ± 8 m), and northern 
Patagonia (Thompson et al. 1998; Campagna et al. 2001; 
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Fig. 3  The δ13C and δ15N values of vibrissae from 22 adult female 
southern sea lions (Otaria flavescens). A offshore (outer Patagon-
ian Shelf, n = 14). B inshore (coastal, n = 6). C one adult female 
(PTT 103751) that undertook both inshore and offshore foraging 
trips. D one adult female (GPS1_2013) that appeared to switch from 
inshore to offshore habitat based on δ13C values (see also Appendix 
1, Fig. S3). The error bars for A and B (solid circles) represent total 
variability in isotope values for adult females that foraged inshore or 
offshore, respectively (i.e., means are estimated from all vibrissae 
segments). Error bars for C and D (solid triangles) correspond to var-
iability in isotope values for one individual. Values are mean ± stand-
ard deviation

Table 3  Percentage of variance in adult female southern sea lion 
(Otaria flavescens) vibrissae isotopes explained by within-individual 
variation and between-individual variation

Year and breeding colony (Big Shag Island vs. all other sites) were 
non-significant (NS) fixed effects

Effect Variance explained (%)

δ13C δ15N

Between individual variation 0.62 0.75

Within individual variation 0.38 0.25

Breeding colony NS NS

Year NS NS

Fig. 4  Specialization index (S) calculated for individual adult female 
southern sea lions (Otaria flavescens). The frequency distribution 
reveals 22 adult female southern sea lions show a high degree of die-
tary specialization, with only 1 (GPS1_2013) classed as a generalist
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Riet-Sapriza et al. 2013). In contrast, adult female SSL that 
foraged offshore undertook extended foraging trips and dis-
played either benthic (99 ± 13 m) or mixed (benthic and 
pelagic) diving behavior (60 ± 11 m). Although in most 
sea lion species adult females are typically considered to be 
benthic foragers (the exception being California sea lions, 
Zalophus californianus; Weise et al. 2010; Kuhn and Costa 
2014), pelagic diving is also described for adult female 
SSL breeding in northern Patagonia (Werner and Cam-
pagna 1995) and more recently, in New Zealand (Phocarc-
tos hookeri) (Chilvers and Wilkinson 2009) and Galapagos 
sea lions (Zalophus wollebaeki) (Villegas-Amtmann et al. 
2008). This implies that pelagic diving behavior is not 
uncommon among adult female sea lions and could be a 
more important mode of foraging than previously thought.

In addition to benthic and pelagic diving behavior, the 
inshore and offshore foraging behaviors we describe have 
also been reported for adult female SSL breeding in north-
ern Patagonia (referred to as ‘coastal and pelagic’) (Cam-
pagna et al. 2001). However, offshore foraging trips in 
northern Patagonia are restricted to shallow Patagonian 
Shelf waters, typically <80 m (the exception being deep 
shelf areas associated with the San Matias Gulf) (Cam-
pagna et al. 2001). In contrast, the majority of adult female 
SSL in our study (72 %) foraged offshore in deeper waters 
associated with the outer Patagonian Shelf (mean bathym-
etry 114 ± 20 m), and, on average, dived deeper than their 
conspecifics at other South Atlantic breeding locations 
(Campagna et al. 2001; Riet-Sapriza et al. 2013). Differ-
ences in SSL foraging ecology between South Atlantic 
breeding locations, therefore, may ultimately reflect avail-
able bathymetry, oceanography and the proximity of breed-
ing colonies to the Patagonian Shelf edge.

For example, the breeding colonies we studied are within 
100 km of the Patagonian Shelf edge, a region of enhanced 
productivity where the shelf waters meet the cooler, more 
saline waters associated with the Falkland Current, a highly 
productive northward flowing current originating from the 
Antarctic Circumpolar Current (Acha et al. 2004; Arkhip-
kin et al. 2012). In contrast, SSL breeding in Uruguay and 
northern Patagonia are further from the Patagonian Shelf 
Edge (ca. 150 and ca. 400 km, respectively) and their for-
aging areas tend to be associated with regions of enhanced 
productivity in bays and estuaries (e.g., tidal fronts) (Cam-
pagna et al. 2001; Rodríguez et al. 2013). Given that adult 
female SSL foraging trips are typically short in distance and 
duration (e.g., Uruguay, 99 ± 31 km and 1.5 ± 0.9 days, 
northern Patagonia, 104 ± 60 km and 3.4 ± 1.3 days) the 
deeper water associated with the highly productive Patago-
nian Shelf edge is apparently beyond the optimal foraging 
range of adult female SSL breeding in northern Patagonia 
and Uruguay (at least during the early lactation period) 
(Campagna et al. 2001; Riet-Sapriza et al. 2013).

The short term (weeks to months) specialization 
observed in the tracking data were also reflected in the sta-
ble isotope data, indicating that these foraging strategies 
(foraging site fidelity to inshore or offshore habitats) typi-
cally persisted over several years. Specifically, adult female 
SSL that foraged inshore had characteristically higher δ13C 
values when compared to adult female SSL that foraged 
offshore (Hobson et al. 1994). In addition, coastal benthic 
SSL prey on the Patagonian Shelf have higher δ13C and 
δ15N values relative to pelagic prey (Drago et al. 2010a; 
Franco-Trecu et al. 2012). Hence, the differences in sta-
ble isotope values between adult female SSL that foraged 
inshore versus offshore presumably signify differences 
in diet and the trophic level at which adult female SSL 
fed. SSL diet includes crustaceans, cephalopods and fish 
(Thompson et al. 1998). Differences in stable isotope val-
ues may, therefore, reflect different proportions of these 
prey items, with more benthic fish and octopus species 
being consumed by adult female SSL that foraged inshore 
and more squid and pelagic fish consumed by adult female 
SSL that foraged offshore.

However, the intra-individual variation we observed 
along vibrissae suggests that the link between isotopes 
and SSL diet is complex. In particular, variation along the 
vibrissae of adult female SSL that foraged inshore may 
reflect seasonal variation in the isotopic values of SSL 
prey (e.g., SSL could switch prey, or prey isotope values 
themselves could vary seasonally) (Quillfeldt et al. 2015), 
or be evidence of seasonal changes in foraging habitat 
(Drago et al. 2010b; Franco-Trecu et al. 2012). The latter 
would imply that adult female SSL which foraged inshore 
exploited a greater variety of foraging habitats when com-
pared to adult female SSL which foraged offshore, per-
haps in response to contrasting periods of competition 
and resource availability or related to winter movements, 
when females may disperse from breeding colonies (Ham-
ilton 1939). Yet, we found only two clear exceptions to 
the inshore/offshore dichotomy. These were PTT 103751 
which undertook one offshore foraging trip, followed by 
several inshore foraging trips over a 19-day deployment, 
while GPS1_2013 switched from inshore to offshore habi-
tats on the basis of δ13C values. Hence, during our study, it 
was uncommon for adult female SSL to alternate between 
inshore and offshore habitats or to undertake a persistent 
switch from one foraging habitat to the other.

Whilst a growing number of studies report individual 
specialization within apparently generalist species, the 
proximate and ultimate causes of behavioral diversifica-
tion in foraging decisions remain poorly understood, par-
ticularly in species that have experienced large population 
declines (Svanbäck and Persson 2004; Merkle et al. 2015). 
Commonly invoked predictions of individual specialization 
are intuitively appealing when considering the very large 



1062 Oecologia (2015) 179:1053–1065

1 3

population size of SSL at the Falkland Islands in the 1930s 
(i.e., strong intraspecific competition, with the degree of 
individual specialization positively related to population 
density) (Estes et al. 2003; Svanbäck and Persson 2004; 
Baylis et al. 2015b). However, if strong intraspecific com-
petition promotes individual specialization, then the degree 
of specialization should decline when intraspecific compe-
tition is relaxed (Estes et al. 2003; Tinker et al. 2008). Con-
trary to these expectations, recent studies on bison (Bison 
bison) suggest that individuals in a declining population 
face a trade-off between two optimal behaviors (Mer-
kle et al. 2015). These are to forage in the most profitable 
patches as intraspecific competition is relaxed, or to con-
tinue to choose resource patches that are familiar (Merkle 
et al. 2015). Hence, the foraging specialization we report 
(in a population that has declined by >90 %) could reflect 
foraging decisions influenced by the benefits associated 
with foraging site fidelity rather than intraspecific compe-
tition. However, if the dramatic decline in the number of 
SSL breeding at the Falkland Islands was associated with 
changes in resource availability rather than sealing (as pro-
posed by Baylis et al. 2015b), then maintaining specializa-
tion (or diversification into multiple foraging specialists 
and the expansion of the population dietary niche breadth) 
would, presumably, be beneficial (Estes et al. 2003). Either 
notion could help explain why northern fur seals (Cal-
lorhinus ursinus) have maintained foraging specialization 
and fidelity to foraging habitats, despite a 40 % population 
decline (Kuhn et al. 2014).

Regardless of the ultimate causes of specialization, an 
individual may use only a subset of the available resources 
if differences exist in prey handling or search efficiency 
(Wolf et al. 2008; Tinker et al. 2008). For example, body 
size in sea lions is an important determinant of diving 
capacity and, therefore, foraging ability (Richmond et al. 
2006; Villegas-Amtmann et al. 2008; Weise et al. 2010; 
Jeglinski et al. 2012; Leung et al. 2013). Unfortunately, 
our estimates of body size were limited to a crude proxy 
(body length) that indicated that size was unrelated to the 
foraging behaviors we report. Other factors that could 
influence an individual’s resource use include age/expe-
rience, matrilineal transmission of foraging preferences 
(Estes et al. 2003; Svanbäck and Bolnick 2007) or indi-
vidual differences in the ability to use different foraging 
skills (Beauchamp et al. 1997). Assuming individuals act 
to maximize their net rate of energy intake and that indi-
vidual differences in prey capture efficiency exist, then 
optimal foraging theory suggests that individuals should 
ignore certain types of prey which are less profitable and 
invest time searching for more valuable prey (Stephens 
and Krebs 1986; Svanbäck and Bolnick 2007; Tinker et al. 
2008). For example, offshore pelagic prey may have higher 
energy density and lipid content than coastal benthic 

prey, as proposed for SSL breeding in northern Patagonia 
(Drago et al. 2010a). Such efficiency trade-offs may help 
to explain why some adult female SSL undertook extended 
foraging trips to the outer Patagonian Shelf, whilst other 
individuals reduced travel costs but fed in presumably 
less productive areas (Acha et al. 2004). In addition, for-
aging site fidelity (as already noted) is an important adap-
tive force shaping animal behavior and distribution (Piper 
2011; Baylis et al. 2012, 2015c; Merkle et al. 2015). 
Hence, the long-term fidelity of SSL to inshore or offshore 
foraging habitats implies foraging decisions are not only 
influenced by an energy-maximizing foraging strategy but 
also by foraging site fidelity.

Presumably, the energetic costs of foraging (and how 
these costs are balanced) varies depending on foraging 
habitat (e.g., differences between inshore vs. offshore in 
distance travelled, dive depth) and the energy density of 
prey. This, in turn, is likely to influence adult female SSL 
reproductive performance and success (but see Chilvers 
and Wilkinson 2009). For example, in Antarctic fur seals 
(Arctocephalus gazella), adult female foraging trip dura-
tions are negatively correlated with pup birth mass, while 
time spent ashore is positively correlated with pup weaning 
mass (Doidge and Croxall 1989; Lunn et al. 1994). Simi-
larly, the use of different foraging areas by adult females 
influences weaning mass in southern elephant seals (Mir-
ounga leonina) (Authier et al. 2012), the reproductive 
output of loggerhead sea turtles (Caretta caretta) (Vander 
Zanden et al. 2013), and the breeding performance of kit-
tiwakes (Rissa tridactyla) (Paredes et al. 2012). Finally, 
and perhaps most compelling, adult female SSL in north-
ern Patagonia with a dietary signature consistent with ‘off-
shore’ pelagic prey have higher pup growth rates when 
compared with adult females that have a dietary signature 
which is consistent with ‘inshore’ benthic prey (Drago 
et al. 2010a). This implies that a particular foraging behav-
ior may be associated with higher reproductive success, 
meaning that some individuals could contribute dispropor-
tionally to the population in a given year. However, the co-
existence of multiple foraging strategies is counterintuitive 
if these strategies do not provide equivalent benefits. The 
different foraging strategies we describe may be adaptive if 
other costs and benefits exist.

For example, given that SSL are a long-lived, slow 
reproducing species, with a long lactation period (Hamil-
ton 1939), parental care is also important to reproductive 
success, the quality of which may differ between forag-
ing strategies. Specifically, if the shorter inshore foraging 
trips that we report (Table 1) translate to adult female SSL 
spending a greater period of time ashore over the lactation 
period, parental care may be enhanced and, presumably, 
this would benefit pup survival (Campagna et al. 1992). 
Alternatively, resources within inshore habitats could be 
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more predictable when compared to offshore habitats. 
Hence, while the less preferred or less optimal strategy 
may have fewer individuals in the population, we speculate 
that different foraging strategies could result in equally suc-
cessful reproductive outputs over the lifetime of an adult 
female SSL.

Finally, the individual specialization we describe raises 
intriguing questions about SSL population-level dynam-
ics and community ecology. For example, our results indi-
cate that adult female SSL will be differentially affected 
by changes in prey abundance and anthropogenic hazards 
(e.g., hydrocarbon activities, fisheries) depending on where 
they forage. At the Falkland Islands, this will provide a 
framework to better understand impediments to population 
recovery and threats to population persistence. The inshore/
offshore foraging we describe also implies that SSL play a 
larger role in community ecology than previously thought, 
through, for example, linking disparate food webs via the 
transport of nutrients across habitat boundaries. In addi-
tion, our findings highlight that the accuracy of conven-
tional beliefs about SSL foraging ecology (benthic foraging 
mode and dietary generalists) implicitly depends on breed-
ing location (e.g., Argentina, Falkland Islands, Uruguay). 
Hence, an integrated, collaborative approach is ultimately 
required to understand the ecology of the species, and to 
evaluate the vulnerability of SSL breeding in the South 
Atlantic to anthropogenically driven habitat modifications.
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