
n 

 
 
 
 
 
Wakefield, E., Cleasby, I., Bearhop, S., Bodey, T., Davies, R., Miller, P., Newton, 
J., Votier, S., and Hamer, K. (2015) Long-term individual foraging site fidelity—
why some gannets don't change their spots. Ecology, 96(11), pp. 3058-3074 
 
 
There may be differences between this version and the published version. You are 
advised to consult the publisher’s version if you wish to cite from it. 
 
 
 
 
 
 
 
 

http://eprints.gla.ac.uk/113930/  
 
 
 
 
 
 
Deposited on: 25 January 2016 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk 



Long-term individual foraging site fidelity – why some gannets don’t change their spots 1 

 2 

Ewan D. Wakefield1,2*, Ian R. Cleasby1,3, Stuart Bearhop3, Thomas W. Bodey3, Rachel D. 3 

Davies1, Peter I. Miller4, Jason Newton5, Stephen C. Votier3, Keith C. Hamer1 4 

 5 

1. University of Leeds, School of Biology, Leeds, LS2 9JT, UK and University of Glasgow, 6 

Institute of Biodiversity, Animal Health and Comparative Medicine, Glasgow, G12 8QQ, UK 7 

2. Present address: RSPB Centre for Conservation Science, The Lodge, Sandy, SG19 2DL, UK  8 

3. University of Exeter, Centre for Ecology & Conservation, Penryn, TR10 9EZ, UK 9 

4. Plymouth Marine Laboratory, Plymouth, PL1 3DH, UK 10 

5. NERC Life Sciences Mass Spectrometry Facility, Scottish Universities Environmental 11 

Research Centre, East Kilbride, G75 0QF, UK 12 

* Email ewan_wakefield@yahoo.co.uk  13 

 14 

Abstract 15 

Many established models of animal foraging assume that individuals are ecologically equivalent.  16 

However, it is increasingly recognized that some populations comprise animals whose diets and 17 

foraging behaviours differ consistently among individuals. For example, recent studies have 18 

shown that individual foraging site fidelity (IFSF - when individuals consistently forage in only a 19 

small part of their population’s home range) occurs in some colonial breeders. Short-term IFSF 20 

could result from animals using a win-stay, lose-shift (WSLS) foraging strategy. Alternatively, it 21 

may be a consequence of other forms of individual specialisation. Pelagic seabirds are colonial 22 

central-place foragers, classically assumed to use flexible foraging strategies to target widely 23 
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dispersed, spatiotemporally patchy prey. However, tracking has shown that IFSF occurs in many 24 

seabirds, although it is not known whether this persists across years. To test for long-term IFSF 25 

and to examine alternative hypotheses concerning its cause, we repeatedly tracked 55 northern 26 

gannets from a large colony in the North Sea within and across three successive breeding 27 

seasons. Gannets foraged in neritic waters, predictably structured by tidal mixing and thermal 28 

stratification but subject to stochastic wind-induced overturning. Both within and across years, 29 

coarse to mesoscale (10s km) IFSF was significant but not absolute and foraging birds departed 30 

the colony in individually consistent directions. Carbon stable isotope ratios in gannet blood 31 

tissues were repeatable within years and nitrogen ratios were also repeatable across years, 32 

suggesting long-term individual dietary specialisation. Individuals were also consistent across 33 

years in habitat use with respect to relative sea surface temperature and in some dive metrics yet 34 

none of these factors accounted for IFSF. Moreover, at the scale of weeks, IFSF did not decay 35 

over time and the magnitude of IFSF across years was similar to that within years, suggesting 36 

that IFSF is not primarily the result of WSLS foraging. Rather, we hypothesise that site 37 

familiarity, accrued early in life, causes IFSF by canalising subsequent foraging decisions. 38 

Evidence from this and other studies suggests that IFSF may be common in colonial central-39 

place foragers, with far-reaching consequences for our attempts to understand and conserve these 40 

animals in a rapidly changing environment. 41 

 42 

Keywords: Site familiarity, individual specialisation, niche partitioning, gannet, Morus 43 

bassanus, GPS tracking, central-place forager, tidal mixing front. 44 

 45 

46 
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Introduction 47 

An assumption implicit to many established theories of animal habitat selection, such as the ideal 48 

free and ideal despotic models (Fretwell and Lucas 1969), is that individuals are ecologically 49 

equivalent (Piper 2011). Hence, the increasing realisation that behaviour in many animal 50 

populations differs consistently among phenotypically similar individuals has far reaching 51 

implications for ecology, evolution and wildlife management (Bolnick et al. 2003, Piper 2011, 52 

Dall et al. 2012). Site fidelity (when an animal repeatedly uses the same location) is a common 53 

form of individual behavioural consistency (Switzer 1993, Piper 2011). For example, birds 54 

frequently return each year to the same breeding territory or wintering area (Phillips et al. 2005, 55 

Piper 2011). Similarly, individual foraging site fidelity (IFSF) occurs when within-individual 56 

variation in the use of space during foraging is less than that across the population as a whole. As 57 

such, IFSF could be regarded as a form of individual specialisation (Bolnick et al. 2003, Patrick 58 

et al. 2014). However, IFSF could be either a cause or a consequence of other types of 59 

specialisation (e.g. in diet, behaviour, habitat, etc.) (Woo et al. 2008, Beverly et al. 2009) or it 60 

could have other, unrelated, proximate causes (Piper 2011). In colonial animals, theory suggests 61 

that the individual behaviour is influenced by that of the group (Ward and Zahavi 1973). It is 62 

perhaps surprising therefore that recent studies have shown IFSF in breeding seabirds and other 63 

colonial central-place foragers, including pinnipeds, bats and ants (Kerth et al. 2001, 64 

Weimerskirch 2007, Beverly et al. 2009, Baylis et al. 2012). Although individual dietary and 65 

behavioural specialisation is frequent in seabirds (Patrick et al. 2014), there is little evidence on 66 

the causal relationships between these phenomena and IFSF. Moreover, it is unknown whether 67 

IFSF in seabirds persists across breeding seasons (Weimerskirch 2007).  68 

 69 
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IFSF could also be a consequence of search behaviour. In a spatiotemporally patchy 70 

environment, foragers may employ a win-stay, lose-shift (WSLS) strategy (Kamil 1983, Davoren 71 

et al. 2003). If this were the case, IFSF would continue only for as long as prey patches persisted 72 

but would ultimately decay over time. Classically, pelagic seabirds were assumed to forage on 73 

highly patchy and unpredictable resources, making them necessarily flexible foragers, reliant 74 

largely on searching or public information gain, rather than memory, to locate their prey (Lack 75 

1968, Ward and Zahavi 1973). However, recent observations that IFSF within breeding seasons 76 

is high, and that birds travel directly to foraging areas, rather than following sinuous search 77 

paths, has been regarded as evidence that the occurrence of prey (in temperate and polar seas at 78 

least) is predictable at the coarse- to mesoscale (10s – 100s km) and over days and weeks (Irons 79 

1998, Weimerskirch 2007). However, the swarming species upon which seabirds principally 80 

prey are likely distributed in a hierarchical patch system, in which predictability reduces with 81 

decreasing spatiotemporal scale (Fauchald and Tveraa 2006). This is evinced by the fact that 82 

some species use nested area restricted search (ARS) patterns, the scale of which is matched to 83 

that of habitat structures (Pinaud and Weimerskirch 2005, Hamer et al. 2009). Moreover, seabird 84 

breeding success, which is dependent largely on food supply, varies markedly between years 85 

(Cury et al. 2011). As such, it may be advantageous for seabirds to maintain sufficient 86 

behavioural plasticity to respond to environmental stochasticity, for example by using public 87 

information to locate new prey patches and private information (memory) to relocate them 88 

(Ward and Zahavi 1973, Weimerskirch et al. 2010, Wakefield et al. 2013). Hence, if IFSF is 89 

attributable to WSLS foraging, then its rate might be expected to match the scale of 90 

environmental variability and decay over time. Moreover, if repeatability in diet, habitat choice 91 

and prey capture method are consequences rather than causes of IFSF, then individual 92 
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specialisations might also be expected to decay over time. This prediction is consistent with the 93 

observation that rates of behavioural repeatability tend to be higher when observations are 94 

closely spaced (Woo et al. 2008, Bell et al. 2009) but contrary to the observation that individual 95 

dietary specialisations persist over inter-annual scales in some wide-ranging higher marine 96 

predators (Matich et al. 2011, Vander Zanden et al. 2013).  97 

 98 

Irons (1998) suggested an alternative cause of IFSF: site familiarity. That is, by maintaining 99 

foraging site fidelity seabirds acquire information specific to that site, such as local tidal features, 100 

conferring a competitive advantage (the ‘always stay’ strategy (Switzer 1993)). Until recently 101 

site familiarity has received little attention yet it may play an important role in habitat selection 102 

by making animals more spatially conservative with experience (Piper 2011). If seabirds’ 103 

foraging decisions are affected by site familiarity then IFSF may persist across breeding seasons. 104 

Inter-annual IFSF has been recorded in breeding pinnipeds (Bradshaw et al. 2004, Call et al. 105 

2008). However, to our knowledge, no previous studies have tested for it in breeding seabirds or 106 

examined the relationship between IFSF and other forms of individual behavioural consistency at 107 

this scale (Weimerskirch 2007, Patrick et al. 2014). Moreover, the fitness consequences of IFSF 108 

and individual specialisation are far from clear (Woo et al. 2008). 109 

 110 

Northern gannets Morus Bassanus (hereafter gannets) are large pelagic seabirds that breed on 111 

temperate to low-Arctic coasts of the North Atlantic (Nelson 2001). They range up to 100s km 112 

from their colonies to forage almost exclusively in neritic waters (Hamer et al. 2000, Garthe et 113 

al. 2011, Wakefield et al. 2013). Breeding individuals tracked for up to 3 weeks show significant 114 

but not absolute IFSF (Hamer et al. 2001, Patrick et al. 2014). Moreover, they tend to follow 115 
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highly directed paths from their colonies, supporting the hypothesis that they anticipate the 116 

location of their prey at the timescale of days-weeks and scales of 10s to 100s of km (Pettex et al. 117 

2010). However, at finer scales (10s km) they also use ARS, which is characterised by a tortuous 118 

flight path (Fauchald and Tveraa 2006), to locate prey, though it is not known whether the scale 119 

of ARS reflects that of prey patches or underlying habitat structures (Hamer et al. 2009). At these 120 

scales they also gain information on prey distribution from observing foraging conspecifics 121 

(local enhancement) (Camphuysen 2011) and may be attracted to fishing vessels, from which 122 

some individuals obtain large quantities of discards (Votier et al. 2010, Bodey et al. 2014). 123 

Gannets capture prey by diving, following either V or U-shaped profiles depending on prey type 124 

(Garthe et al. 2000). Blood tissue stable isotope ratios indicate that individuals are short-term 125 

dietary specialists (Kakela et al. 2007, Votier et al. 2010), while consistent differences in 126 

individual behavioural responses to sea surface temperature (SST), chlorophyll-a and copepod 127 

abundance have been interpreted as evidence of site specialisation (Patrick et al. 2014). 128 

 129 

Gannets breeding at the Bass Rock in the North Sea, one of the world’s largest colonies (~60,000 130 

breeding pairs), forage in habitats that are predictably structured at the coarse to mesoscale (10s 131 

– 100s km) by the tide and seasonal thermal stratification (Fig. 1). Shallower waters remain 132 

mixed due to tidal stirring, with tidal mixing fronts forming at the interface of these two regimes 133 

(Simpson 1981). Such tidally forced dynamics are very predictable. However, both seasonal 134 

stratification and the location of mixing fronts is subject to modification by wind-induced 135 

overturning, which is episodic and unpredictable within breeding seasons, and tracking data 136 

show that population level home ranges can vary considerably across years, presumably in 137 

response to variability in prey availability (Hamer et al. 2007). 138 
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 139 

Despite this wealth of information, it is not known whether IFSF occurs across breeding seasons 140 

or whether individual specialisations persist at this scale. The aims of our study were therefore, 141 

first, to determine whether IFSF in a colonial central-place forager inhabiting a patchy but semi-142 

predictable environment persists over long time scales and, second, to examine the potential 143 

causes of IFSF. By repeatedly tracking and blood-sampling the same individual gannets from 144 

Bass Rock within successive breeding seasons we tested (at the scale of weeks and years) the 145 

hypotheses that IFSF: (1) is significant and dependent on consistency in diet, foraging behaviour 146 

or habitat use; (2) decays over time; (3) varies with the directedness of trips, and; (4) affects 147 

individual body condition.  148 

 149 

Materials and Methods 150 

Study design and data collection 151 

Fieldwork was conducted on Bass Rock (56° 6’N, 2° 36’W, Fig. 1) from June - August, 2010 – 152 

2012, during which time we collected blood samples from adult gannets and tracked their 153 

movements over successive foraging trips. We aimed firstly to estimate individual consistency 154 

(defined below) in the use of space and habitat in a comparable manner within years and across 155 

years. We therefore aimed to track birds for a minimum of three foraging trips within each of 156 

three consecutive breeding seasons. In the event, we were able to track some birds for > three 157 

trips within years (see Results). Where possible, we analysed these additional data using 158 

hierarchical models. 159 

 160 



8 
 

Birds of unknown age were caught at the nest, while they were attending 2 - 5 weeks old chicks, 161 

using a metal crook or brass wire noose fitted to a 4-6 m telescopic pole, and restrained in a 162 

custom-made jacket. Time permitting, on initial capture we measured culmen length (tip to 163 

feathering) and maximum tarsus length (± 1 mm) using a Vernier calliper. On first capture within 164 

each year, y (time ty,1), after birds had fed their chicks, we also measured body mass to the 165 

nearest 25 g using a 5 kg spring balance. We then attached an Igotu GT-200 or GT-600 (Mobile 166 

Action Technology Inc., Taipei, Taiwan, 37 g) Global Positioning System (GPS) logger to the 167 

dorsal side of the central three tail feathers using Tesa tape. GPS units sampled position at 2 168 

minute resolution. In addition, in 2011 and 2012, we fitted some birds with a Time Depth 169 

Recorder (TDR; either a G5, CEFAS Technology, Lowestoft, UK or MSR145, MSR Electronics 170 

GmbH, Seuzach, Switzerland, 2.5 g and 18 g respectively). Birds were recaptured (time ty,2), and 171 

loggers removed after 1 – 3 weeks. Total instrument mass was d 2% of body mass, below the 172 

maximum recommended for bio-logging studies (Phillips et al. 2003). After release, birds 173 

returned almost immediately to the nest, and devices had no discernible effects on birds’ trip 174 

durations (Cleasby et al. in press). 175 

 176 

At both ty,1 and ty,2 we collected ~ 0.8 ml of blood from the tarsal vein of each gannet using a 23 177 

gauge needle (under a UK Home Office licence). Within an hour, we centrifuged samples at 178 

15,000 rpm for 10 minutes to separate plasma and erythrocytes, which were then stored frozen. 179 

In addition, we retained 0.2 ml of whole blood from each bird, which we stored in 98% ethanol 180 

for molecular sex determination, which was carried out at the Natural Environment Research 181 

Council (NERC) Biomolecular Analysis Facility, Sheffield. Throughout the study, we collected, 182 
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identified and stored prey spontaneously regurgitated by adult gannets during handling to assess 183 

their diet (Votier et al. 2010). 184 

  185 

To describe the distribution and consistency of individual foraging effort with respect to habitat, 186 

we considered environmental variables known to influence the distribution of foraging gannets 187 

or their prey. These variables, and our rationale for selecting them, were: (i) Distance from 188 

colony: The energetic and temporal costs of foraging as well as the intensity of intraspecific 189 

competition vary with distance from the colony (Wakefield et al. 2013); (ii) depth and (iii) slope 190 

of seafloor: Gannets sometimes forage over relatively shallow offshore banks, which are an 191 

important habitat for sandeels Ammodytes spp., which comprise up to half of the biomass in the 192 

diet of gannets at Bass Rock in some years (Hamer et al. 2007), as well as areas of steep 193 

bathymetric relief (Hamer et al. 2001, Scott et al. 2010); (iv) fishing effort: Fishery discards 194 

comprise ~ 10 – 30 % of the diet of gannets in UK waters (Hamer et al. 2007, Kakela et al. 2007, 195 

Votier et al. 2010) and foraging gannets are attracted to fishing vessels (Votier et al. 2010, 196 

Camphuysen 2011, Bodey et al. 2014); (v) SST and (vi) relative front density (Miller 2009): In 197 

shallow, tidally dominated seas, SST discriminates thermally stratified (warm) from tidally 198 

mixed (cool) waters (Simpson 1981). The density of foraging gannets varies systematically with 199 

SST (Scott et al. 2010) and increases in the vicinity of tidal mixing fronts between cool and 200 

mixed waters (Hamer et al. 2009); (vii) Net Primary Production (NPP): The distribution of 201 

mesotropic fish that gannets prey upon (e.g. mackerel Scomber scombrus and herring Clupea 202 

harengus) is partly limited by lower trophic level organisms, for which NPP is a proxy. The 203 

density of foraging gannets therefore tends to increase with primary production (Grémillet et al. 204 
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2008, Scott et al. 2010, Votier et al. 2010). For sources and pre-processing of environmental data 205 

see Appendix A. 206 

 207 

Quantifying repeatability 208 

Individual consistency in continuous measures of behaviour or diet may be quantified using the 209 

repeatability, R, where 210 

 211 

22

2

εα

α

σσ
σ
+

=R ,          (1) 212 

 213 

and 2
ασ and 2

εσ  is the variance between- and within individuals respectively. This index and its 214 

implementation are discussed at length by Nakagawa and Schielzeth (2010). The variance 215 

components in eq. 1 may be estimated using linear mixed-effects models of the variable of 216 

interest as a function of animal identity, which is specified as a random effect. Other explanatory 217 

terms (e.g. sex, age, etc.) can be included as fixed effects. In this case, Nakagawa and Schielzeth 218 

(2010) use the term adjusted repeatability adjR  because controlling for fixed effects will affect 219 

the variance component (and hence repeatability) estimates in equation 1. By implementing these 220 

models in a Bayesian framework, posterior estimates can be used to calculate credibility intervals 221 

around adjR . Following this approach, we used the R package MCMCglmm (Hadfield 2010) to 222 

model behavioural and dietary indices using generalised linear mixed-effects models (GLMM) 223 

fitted to all trip data. We simplified models by backward-selection, minimising the Deviance 224 

Information Criterion (DIC (Claeskens and Hjort 2008)) and retaining fixed effects only if their 225 

removal resulted in an increase in DIC of 5 or more (Lunn et al. 2012).  226 



11 
 

In order to examine the relationship between individual repeatability and other covariates we 227 

also calculated the individual-level adjusted repeatability for each bird: 228 

 229 

22

2

,'
i

iadjR
σσ

σ

α

α

+
= ,         (2) 230 

 231 

where 2
ασ is the between-individual residual variance component and 2

iσ  is the residual variance 232 

for the ith individual, estimated by the minimum adequate model.  233 

 234 

Isotopic repeatability 235 

In order to estimate individual dietary repeatability (hypothesis 1), we used the ratios of stable 236 

isotopes of nitrogen (15N⁄ 14N) and carbon (13C⁄ 12C) in the blood tissues of birds (expressed as 237 

´ 15N and ´ 13C respectively) as proxies for diet (Appendix B for further details). ´ 15N values vary 238 

with the trophic position of prey and ´ 13C values with water mass, depth and distance from land 239 

(Hobson et al. 1994, Cherel and Hobson 2007). Due to their different turnover rates, body tissues 240 

integrate diet at different time scales. The half-lives of both stable isotope ratios in avian blood 241 

plasma (PLA) and red-blood cells (RBC) range from approximately 1 - 8 days and 14 - 30 days, 242 

respectively (Barquete et al. 2013). The repeatability of stable isotope ratios in different tissues 243 

collected from an individual at the same time or the same tissues collected at different times is 244 

therefore a proxy for individual dietary specialization (Bearhop et al. 2006, Matich et al. 2011). 245 

Accordingly, blood samples were collected from each gannet at ty,1 and ty,2 and separated into 246 

plasma and erythrocytes, if possible, in each study year. Sex was determined using molecular 247 
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methods. Prey and gannet tissue samples were prepared following standard procedures and stable 248 

isotope ratios measured by continuous flow mass spectrometry (Appendix B for details).  249 

 250 

We estimated adjR and adjR'  for ´ 15N and ´ 13C in the blood tissues of gannets, within and across 251 

years. Within each year, we modelled isotopic ratios in RBC and PLA sampled at ty,1, and PLA 252 

sampled at ty,2 as repeated measures. Across years, we modelled isotopic ratios in RBC sampled 253 

at ty,1 in each year. Exploratory data analysis showed stable isotope values to be approximately 254 

normally distributed. We considered the following candidate fixed effects: (i) sex (diet, spatial 255 

usage and foraging behaviour of male and female gannets differ (Lewis et al. 2002, Stauss et al. 256 

2012, Cleasby et al. in press)); (ii) tissue type (enrichment of ´ 13C and ´ 15N tends to differ 257 

systematically with tissue type (Zhao et al. 2006)); (iii) environmental baseline ´ 13C and ´ 15N 258 

(Jennings and Warr 2003, Barnes et al. 2009). (In the marine environment, differing rates of 259 

primary productivity can result in spatial variation in baseline stable isotope ratios (Moreno et al. 260 

2011). Baseline ´ 15N is 2 to 2.5 ‰ higher in the permanently mixed waters of the southern North 261 

Sea than in the northern sector (Fig. 2 in Jennings and Warr 2003), while that of ´ 13C is 0.5 to 1 262 

‰ higher (Fig. 2 in Barnes et al. 2009). In addition, ´ 13C decreases with distance from the coast. 263 

Hence, repeatability in gannet tissue isotopic ratios may reflect not only dietary repeatability but 264 

spatial consistency.); (iv) year (baseline stable isotope ratios may change from year to year 265 

(Moreno et al. 2011)). Random effects allowed for among-individual variation in intercepts the 266 

response baseline stable isotope ratios. 267 

 268 

We obtained baseline estimates of ´ 15N and ´ 13C from isoscapes predicted by models fitted to 269 

tissue isotope ratios measured in phytoplankton-feeding bivalve molluscs (Aequipecten 270 
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opercularis) sampled throughout the North Sea (Jennings and Warr 2003, Barnes et al. 2009). 271 

We digitised isoscapes presented in these publications and appended baseline ratios to each 272 

tracking location. For each bird, we then calculated the median baseline isotopic ratio across all 273 

putative foraging locations within each year (Appendix B for details). 274 

 275 

Behavioural repeatability 276 

To test hypotheses 1 and 4, we summarised individual foraging behaviour by trip using the 277 

following indices (Appendix C for details): daylight trip duration, assuming that this reflects 278 

available foraging time; median foraging range; ARS scale (i.e. the scale at which variance in the 279 

first-passage time peaked (Pinaud and Weimerskirch 2005)). For birds equipped with TDRs we 280 

also calculated the mean dive depth, mean maximum dive depth, dive rate, and the proportion of 281 

V shaped dives (dives were classified as either V-shaped or U-shaped), all of which potentially 282 

reflect individual differences in foraging strategies, prey types or habitat use (Garthe et al. 2000, 283 

Woo et al. 2008). We estimated adjR and adjR'  of these indices by treating trips as individual-284 

level repeated measures, within or across years and considering sex and in the latter case, year, 285 

as candidate fixed effects. We loge-transformed trip duration and ARS scale and square-root-286 

transformed foraging range to improve normality and assumed binomial errors for the proportion 287 

of U-shaped dives and Poisson errors for dive rate. 288 

 289 

Quantifying spatial and environmental consistency 290 

To test hypotheses 1 - 4, we quantified individual consistency in departure directions, coarse to 291 

mesoscale (10s km) space use and habitat use. Following Wakefield et al. (Wakefield et al. 2013) 292 

we first used movement metrics to identify putative foraging bouts (Appendix C for details). 293 
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Validation of this approach against known dive locations recorded using TDRs has shown that 294 

99% of GPS locations occurring within 10 minutes of known dive locations are classified as 295 

foraging. Conversely, 62% of GPS locations classified as foraging occur within 10 minutes of 296 

known dives (Wakefield et al. 2013) (note that gannets frequently exhibit search behaviour 297 

without diving (35)). We then matched the most spatiotemporally proximate value of each 298 

environmental index to each foraging location. In order to describe foraging consistency with 299 

respect to relative, rather than absolute environmental covariates, we also considered dynamic 300 

covariates standardised by subtracting the mean and dividing by the standard deviation. 301 

 302 

We adopted a simple technique, based on the utilisation distribution (UD), to estimate foraging 303 

consistency. UDs quantify not only which locations an animal uses but what proportion of their 304 

time they spend in each (Fieberg and Kochanny 2005) and may also be used to describe usage in 305 

environmental space. We estimated the foraging UD in Cartesian space ( ),(,ˆ yxDU ji ) of each 306 

individual i, during its jth trip as follows: We first projected foraging locations (longitude and 307 

latitude) onto a Lambert equal area projection (x,y) grid. We then estimated their kernel density 308 

using the R package ‘adehabitat’ (Calenge 2006), specifying a bivariate normal kernel, a fixed 309 

bandwidth (h) of 15 km and a grid resolution of 16 km. We quantified within-individual 310 

consistency in the use of space and habitat by calculating the overlap between UDs of multiple 311 

trips using Bhattacharyya’s affinity (Fieberg and Kochanny 2005), which ranges from 0 (no 312 

similarity between UDs and therefore no spatial consistency) to 1 (identical UDs/perfect spatial 313 

consistency). In Cartesian space the overlap between the first and second trips made by the ith 314 

bird is: 315 

 316 
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,
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 318 

Similarly, to estimate individual consistency with respect to habitat we estimated iβ  in each 319 

dimension k of environmental space (SST, NPP, etc.) by substituting )(,ˆ kDU ji  for ),(,ˆ yxDU ji  in 320 

equation 3. We estimated trip kernel density in the kth dimension of environmental space (UDki,j) 321 

using the R ‘stats’ package (Venables and Ripley 2002). In order to define h for environmental 322 

indices we determined h for each using Scott’s rule (Scott 1992). 323 

We quantified individual-level behavioural consistency at two temporal scales: Within-year, we 324 

calculated the mean Bhattacharyya’s affinity iβ̂  of all pairwise combinations of the first three 325 

trips recorded. Across years, we calculated iβ̂  of all pairwise combinations of the first trips 326 

recorded in each study year (Fig. 1). We then calculated the population mean consistencyβ . 327 

Hence, β  is based three trips per sampling scale (within or across breeding seasons) making its 328 

magnitude is comparable across scales. 329 

 330 

In itself, β  is not particularly informative because it reflects both population and individual 331 

consistency and cannot therefore be compared directly across usage dimensions. Rather, we used 332 

a randomisation procedure to test the null hypothesis that within-individual consistency in each 333 

dimension is greater than population-level consistency. If the null hypothesis is correct, then 334 

observed consistency should not differ significantly from that when bird identity is randomly 335 

assigned. We estimated the null distribution of β by randomly reassigning bird identities to trips, 336 

either within or across years, without replacement and recalculating β  and ρ . To avoid sex-337 



16 
 

specific behaviour (Stauss et al. 2012) inflating null estimates of this statistic, bird identities were 338 

reassigned within sexes. Similarly, trips from different birds made at the same time might be 339 

expected, a priori, to be more similar than those made at different times. To avoid this 340 

potentially inflating our null estimate of β , we reassigned bird identity such that trip order was 341 

preserved. For each period, we used 999 permutations. β  cannot be less than the null so we treat 342 

this as a one-tailed test.  343 

 344 

 345 

To test hypotheses 1, 3 and 4 we also quantified individual consistency in departure directions. 346 

Variation in the flight direction of gannets relative to the colony diminishes rapidly with colony 347 

distance (Pettex et al. 2010). Hence, we defined departure direction as the circular average of the 348 

bearing from the colony to the first five locations >10 km from the colony (Patrick et al. 2014). 349 

For the ith individual, we then estimated directional consistency using mean resultant length iρ̂  350 

of departure directions, which ranges from 0 (no directional consistency) to 1 (all directions 351 

equal). We estimated iρ̂ across three foraging trips. Within years, departure directions were those 352 

of the first three trips recorded in that year and across years, those of the first trip recorded in 353 

each year (for examples, see Appendix D). We then calculated the population-level mean 354 

directional consistency, ρ  and tested whether this was significantly greater than the null 355 

expectation using the randomisation procedure described above. In order to check whether the 356 

trip selected affected our conclusions with respect to consistency across years we repeated inter-357 

annual analysis ten times randomly selecting trips birds. 358 

 359 
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To test whether directional and spatial consistency within years decayed exponentially over time, 360 

we calculated ρ and yx,β  between pairs of trips separated by different lags, l, where l is the 361 

difference in trip number. We then calculated the within-individual mean l,i'ρ̂ and l,iy,x,'β̂  and 362 

modelled these indices a function of l, using binomial GLMs and specifying random slopes and 363 

intercepts for individuals. We used likelihood ratio tests to determine whether these models 364 

explained the data any better than the respective intercept-only models. To test whether 365 

directional and spatial consistency declined over successive years, within individuals, we also 366 

calculated ρ and yx,β  between the first trips recorded in 2010 and 2011 and 2010 and 2012. 367 

 368 

Directedness of trips 369 

The two-dimensional shape of pelagic seabird foraging trips falls on a spectrum between highly 370 

linear and highly circuitous (Weimerskirch 2007). To test hypothesis 3, we therefore devised a 371 

simple index º  to quantify the linearity of each trip, which varies between 0 (track describes a 372 

circle, with diameter equal to the maximum distance reached from the colony) and 1 (track 373 

perfectly linear; Appendix C for further details). For each individual i we calculated iκ̂ , the 374 

mean linearity across trips 1-3 within years and across the first trip recorded in each study year. 375 

We then tested the Spearman rank correlation coefficient (rs) between κ̂ and indices of foraging 376 

repeatability and consistency. 377 

 378 

Effects of consistency on body condition 379 

In order to quantify between-individual variation in body condition we first tested the 380 

dependence of body mass on sex (females are heavier than males (Stauss et al. 2012, Cleasby et 381 

al. in press)), culmen length and tarsus length  (Votier et al. 2010), using mixed-effects linear 382 
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models. Most birds were weighed repeatedly across years so individual was specified as a 383 

random effect. Assuming this to be the maximal model, we tested the hypotheses that 384 

successively simpler models differed from one another using likelihood ratio tests. We assume 385 

that residual body mass predicted by the covariates retained varies with body condition. We 386 

tested whether this was dependent on individual consistency, repeatability or trip linearity using 387 

simple linear models. Not all indices of consistency and repeatability were available for all birds 388 

in all years. Hence, to maximise sample sizes, we fitted separate models for each period. 389 

 390 

Covariance between consistency and repeatability 391 

To determine whether birds that are spatially consistent are also consistent in their use of habitat, 392 

we calculated the Spearman rank correlation rs between spatial and environmental consistency. 393 

We used correlation tests to determine whether birds’ consistency with respect to space and 394 

habitat use covaried with their behavioural or isotopic repeatability. To determine whether birds 395 

with narrow diets also forage in a particular manner, we also calculated the correlation between 396 

individual isotopic repeatability, behavioural repeatability and consistency with respect to space 397 

and habitat. These procedures involved multiple comparisons, so we used the Bonferroni 398 

correction to adjust the level of significance to ± = 0.05/n, where n is the number of correlation 399 

tests applied in each case. Throughout the rest of the analysis significance was set at ± = 0.05. 400 

Unless otherwise stated, medians are quoted with their inter-quartile range (IQR) and means with 401 

their 95% confidence intervals. 402 

 403 

Results 404 
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We GPS-logged e  3 consecutive foraging trips from 37, 20 and 31 birds in 2010, 2011 and 2012, 405 

respectively, with up to 12 trips per bird in 2010, 14 in 2011 and 7 in 2012. However, some 406 

individuals were tracked in only one or two breeding seasons or for <3 trips per season (see 407 

Table E1 for details). Birds foraged significantly closer to the colony in 2011 (median distance 408 

109, IQR 65 - 175 km) than in 2010 and 2012 (175, 108 - 178 and 160, 97 - 242 km respectively; 409 

Fig. 2, Fig. F1, Table E2). 410 

 411 

Environmental conditions, variability and fisheries 412 

At the coarse to mesoscale, variation in the physical oceanography of waters accessible to birds 413 

from Bass Rock during the study period was relatively low but greater within than across years 414 

(Fig. F2, Table E3). The tidal mixing front separating mixed and stratified waters east of 415 

Scotland was ~ 30 km closer inshore in 2011 than in 2010 and 2012 (Fig. 1). However, there was 416 

little discernible spatial pattern in inter-annual variability in front density or NPP, indicating that 417 

these features of the environment were largely predictable at this scale. Mean fishing effort from 418 

2007 – 2010 was concentrated: in areas <50 km from the coast to the north and south of Bass 419 

Rock, characterised by steep bathymetric relief; over relatively shallow banks (<100 m), 420 

offshore, to the east and south east; in the southern Moray Firth, and; in waters north of the 100 421 

m isobath, to the northeast of Scotland (Fig. F3). 422 

 423 

Diet and isotopic repeatability 424 

Mackerel Scomber scombrus were the most abundant species in regurgitates obtained from 425 

gannets returning to the colony in all study years, with clupeids (Sprattus sprattus and Clupea 426 

harengus) the next most abundant (Table E4). Additionally, sandeels (Ammodytes spp.), one 427 
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garfish Belone belone and one langoustine Nephrops norvegicus, were recorded in 2011. The 428 

median interval between blood-sampling gannets at ty,1 and ty,2 was 10 days (IQR 9 – 16 days). 429 

During all periods blood tissue isotopes varied with tissue type (Table E2). At the inter-annual 430 

scale it also varied with year. Baseline environmental isotope levels had little effect on blood 431 

tissue isotopes, while sex had significant effects (on ´ 13C) only at the inter-annual scale. The 432 

isotopic signatures of different prey species recovered from regurgitates were poorly resolved 433 

(Fig. F4). However, the adjusted repeatability of ´ 15N in the blood tissues of individuals ( adjR = 434 

0.20 – 0.35) was significant both within and across years, but only marginally so within 2010 435 

(Table 1, Table E5). The adjusted repeatability of ´ 13C in blood tissues was significant in 2010 436 

and 2011 but not significant in other periods. 437 

 438 

Spatial and directional consistency 439 

Gannets tended to depart the colony in directions and forage in areas that were individually 440 

consistent, not only within but also across years (Fig. 3, Fig. F5). Mean spatial and directional 441 

consistency ( yx,β  and ρ ) were significantly greater than the null expectation and were similar 442 

within and across years (Fig. 4, Table E6). The method of selecting trips had little effect on our 443 

estimates of inter-annual consistency (Table E7). The limited number of gannets that we were 444 

able to observe for >3 trips within years exhibited some among-individual variability in spatial 445 

consistency. Although the majority of birds remained consistent with time a few individuals were 446 

highly inconsistent (Fig. 5). However, within years, we found no significant decay in population 447 

mean individual directional or spatial consistency with increasing lag l between trips (Fig. F6, 448 

Table E8). Moreover, individual directional consistency between the first trip in years 1 and 2 449 

did not differ significantly from that between the first trip in years 1 and 3 (median ρ̂ , 2010 vs. 450 
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2011 = 0.99, IQR = 0.98 – 1; 2010 vs. 2012 = 0.99, IQR = 0.98 – 1; paired Wilcoxon signed-451 

rank test V = 75, p = 0.744, n = 16). Similarly, individual spatial consistency did not differ 452 

between these periods (median β̂ , 2010 vs. 2011 = 0.32, IQR = 0.24 – 0.44; 2010 vs. 2012 = 453 

0.40, IQR = 0.26 – 0.51; paired Wilcoxon signed-rank test V = 64, p = 0.860, n = 16). 454 

 455 

Environmental consistency 456 

Individuals foraged at consistent distances from Bass Rock, both within and across years (Fig. 457 

4). Individual consistency was highest in 2011 but did not differ from the null expectation, 458 

presumably because population level variability in foraging range was low in that year. In all 459 

other periods consistency was significant. Gannets foraged both in productive, mixed, inshore 460 

waters and less productive, thermally stratified, offshore waters but usage was highest in the 461 

former areas, inshore of tidal mixing fronts (cf. Fig. 1, Fig.2 and Fig. F2). Within each study 462 

year, individual consistency in habitat use with respect to static and weekly-averaged dynamic 463 

environmental indices (range kβ = 0.61 to 0.80) was significantly greater than the null (Fig. 4). 464 

In contrast, habitat use was relatively inconsistent across years, except with respect to 465 

standardised SST ( SSTβ = 0.74), which was significantly more consistent than the null. Individual 466 

consistency with respect to monthly dynamic environmental indices also followed the pattern 467 

described above (Table E6). 468 

 469 

Behavioural repeatability 470 

The repeatability of trip durations, the proportion of U-shaped dives and ARS scale was low 471 

( adjR  < 0.07, Table 1) and not significant, except during 2010, when it was only very marginally 472 

so (Table E5). Dive rate was repeatable within 2011 and between 2011 and 2012 but not within 473 
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2012. Mean dive depth and mean maximum dive depth were significantly repeatable both across 474 

years and within years ( adjR  0.21 – 0.38, Table 1). 475 

 476 

Trip linearity 477 

Most foraging trips were linear rather than circuitous (population median straightness κ  = 0.85, 478 

IQR 0.80 - 0.89; Fig. 3). However, looping trips were occasionally made (e.g. trip 6, Fig. 5a).  479 

Trip linearity did not differ significantly between years (GLMM z = -1.23, p = 0.220, n birds = 480 

55, n trips = 492). Birds that made more linear trips were also more consistent in their departure 481 

directions in 2010 (correlation between κ̂  and ρ̂ : rs = 0.48, n = 37, p = 0.002), in the depth of 482 

foraging areas in 2011 (correlation between κ̂  and depthβ̂ : rs = 0.60, n = 20, p = 0.005) and in the 483 

NPP of foraging areas in 2012 (correlation between κ̂  and NPPβ̂ : rs = 0.57, n = 26, p = 0.003). 484 

Excepting these results, we found no other significant correlations between κ̂ and indices of 485 

consistency or repeatability, nor any consistent patterns within or across years (Table E9).  486 

 487 

Covariance in different measures of consistency 488 

Within years, individuals that were spatially more consistent were also more consistent with 489 

respect to most static and dynamic environmental covariates (Table E10), except for depth, 490 

fishing effort and front density in 2010 and depth in 2011. In contrast, we found no significant 491 

correlation between spatial and environmental consistency across years (Table E10). There was 492 

little correlation between within-individual behavioural repeatability ( adjR' ) and foraging 493 

consistency with respect to space or the environment ( ρ̂ and β̂ , Table E11). A notable exception 494 

was that in some years individuals with more repeatable trip durations were also more consistent 495 
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with respect to static environmental indices. In addition, in 2011 (but not 2012) adjR' in either 496 

mean or mean maximum dive depth was positively correlated with depthβ̂ . Repeatability in ´ 13C in 497 

the blood of individuals was not correlated with that of ´ 15N (rs = -0.40, 0.07, 0.59 and -0.17 in 498 

2010, 2011 and 2012 and across years respectively; p > 0.05 in all cases, n = 9, 16, 12 and 22). 499 

There were no correlations between blood isotope adjR' and within-individual behavioural 500 

repeatability or foraging consistency (Table E12). 501 

 502 

Effects on body condition 503 

 Body mass averaged 2.95 kg (sd = 0.05, n = 66). We obtained full morphometric data from 42 504 

birds. Within this group, body mass varied significantly with tarsus length, culmen length and 505 

sex (marginal r2 = 0.43, Table E13). Females averaged 0.19 kg (95% CI ± 0.09 kg) heavier than 506 

males. Residual body mass (RBM) ranged from -0.52 to 0.96 kg (sd = 0.17). Within 2012, RBM 507 

was significantly positively related to individual repeatability in trip duration (F1,27 = 6.26, r2 = 508 

0.18, p = 0.019; RBM = -304.6 + 2752.5 x adjR' trip duration).  Other than that, we found no 509 

relationship between RBM and indices of consistency, repeatability or track straightness, either 510 

within or across years (Table E14). 511 

 512 

Discussion 513 

Our study shows that northern gannets were individually consistent over three successive 514 

breeding seasons in their colony departure directions and coarse to mesoscale (10s km) foraging 515 

distribution. To our knowledge this is the first study to test for IFSF across years in seabirds so 516 

this phenomenon may be more widespread than hitherto supposed. Indeed, several species of 517 

pinniped, which, like seabirds, are wide-ranging marine central-place foragers that target meso- 518 
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and epipelagic prey, show equivalent long-term behaviours (Bradshaw et al. 2004, Call et al. 519 

2008, Baylis et al. 2012). We also found evidence of individual consistency in habitat use with 520 

respect to relative SST (rSST) and dietary and behavioural specialisations but these were 521 

independent of IFSF. IFSF did not decline over time and was of a similar magnitude within years 522 

and across years. 523 

 524 

Mounting loggers on seabirds and handling them repeatedly can raise their temporal and 525 

energetic foraging costs (Vandenabeele et al. 2011, Vandenabeele et al. 2012). It is conceivable 526 

that this in turn could have led birds in this study to forage in a less exploratory and therefore 527 

more repeatable manner than that of the population as a whole. However, in 2010, as part of a 528 

parallel study at Bass Rock, we monitored a group of non-instrumented gannets and found that 529 

their trip durations were very similar (mean = 23.5 hrs, n = 636 trips from 27 birds, SD = 14.4) to 530 

those of the birds we tracked (mean = 23.9 hrs, n = 211 trips from 52 birds, SD = 12.6) (Cleasby 531 

et al. in press). Moreover, there is now considerable evidence, collected using a range of 532 

technologies to  track many species,  that IFSF is high within breeding seasons in many seabirds 533 

(Weimerskirch 2007, Woo et al. 2008, Patrick et al. 2014). Hence, logger effects are unlikely to 534 

have biased our conclusions. Our results, together with evidence that temperate and polar-535 

breeding seabirds forage in relatively predictable environments (Weimerskirch 2007), therefore 536 

demand a reappraisal of the view that these seabirds are necessarily highly flexible foragers 537 

(Lack 1968). Below we discuss these results in more detail, concentrating on the potential causes 538 

and consequences of IFSF in seabirds and other colonial central-place foragers. 539 

 540 

Does WSLS foraging cause IFSF? 541 
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For WSLS foraging (Kamil 1983, Davoren et al. 2003) to be an effective strategy, the rate at 542 

which birds switch to new foraging areas should match the temporal scale of environmental 543 

variability. Previous studies have assumed implicitly that switches to new foraging areas occur 544 

frequently enough to be observable at the scale of days or weeks (Irons 1998). This assumption 545 

appears valid in some low latitude breeders which forage in oceanic waters (Weimerskirch 2007, 546 

Weimerskirch et al. 2010). However, in temperate, polar and neritic habitats prey patches may be 547 

less variable, perhaps persisting across years (Davoren et al. 2003). In accordance with the 548 

WSLS hypothesis, we found that spatial consistency in gannets was not absolute (population 549 

mean < 0.6; Fig. 4) and varied considerably within and among individuals (Fig. 3) due to birds 550 

occasionally switching foraging areas, within or between years (Fig. 5b). However, if a WSLS 551 

strategy predominated at either temporal scale, IFSF would be expected to decay over time. We 552 

found no evidence of this, either over 7 successive foraging trips (i.e. ~ 2 weeks) within breeding 553 

seasons or over three successive breeding seasons. Rather, the rate of spatial and directional 554 

consistency was similar across years to that within years. Furthermore, though gannets generally 555 

travelled directly to foraging areas, birds making more direct trips were no more likely to be 556 

consistent with respect to space or environmental indices than those making more circuitous 557 

ones. This is difficult to reconcile fully with the hypothesis that gannets anticipate the location of 558 

prey prior to departing the colony, switching to more exploratory, circuitous movement patterns 559 

only when they encounter poor foraging success (Pettex et al. 2010). Nevertheless, our results do 560 

not preclude the possibility that WSLS strategies are matched to longer-term environmental 561 

variability. If this were the case, IFSF might break down over periods longer than we observed 562 

(~ 2 weeks within years and across 3 years). However, IFSF in pinnipeds and probably some 563 

other seabirds persist over decades (Woo et al. 2008, Authier et al. 2012). 564 
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 565 

Does habitat or dietary specialisation cause IFSF? 566 

Previous studies have shown that ´ 15N and ´ 13C in the blood tissues of gannet chicks from Bass 567 

Rock (Kakela et al. 2007) and adults breeding in the Celtic Sea (Votier et al. 2010) collected 568 

during a single breeding season were repeatable. Given that ´ 15N increases with the trophic 569 

position of prey, this may be regarded as evidence of individual dietary specialisation (Bearhop 570 

et al. 2006). However, isotopic ratios reflect not only prey type but also the environment from 571 

which they come (Moreno et al. 2011), so repeatability of ´ 15N and ´ 13C in individuals’ blood 572 

tissues could conceivably arise due to individual spatial consistency. The isotopic signatures of 573 

prey items we retrieved from breeding gannets poorly resolved individual prey species. 574 

Nevertheless, ´ 15N values in the blood tissues of chick-provisioning gannets were significantly 575 

repeatable not only within but across years (Table 1), with little or no dependence on baseline 576 

ratios (Table E2). Repeatability in ´ 13C was significant within 2011 and 2012 but not across 577 

years (Table 1). Blood tissue ´ 13C showed very little dependence on baseline ratios. This is 578 

somewhat surprising, given the assumption in seabird isotopic studies that ´ 13C is strongly 579 

dependent on the location from which prey are obtained (Cherel and Hobson 2007). However, 580 

the shoaling, mesotrophic fish that gannets from the Bass Rock prey upon (sandeels Ammodytes 581 

spp, mackerel Scomber scombrus, herring Clupea harengus, etc.; Table E4) are migratory so 582 

there may be some mismatch between their isotopic signatures of that of the local environment in 583 

which they are captured. 584 

 585 

We sampled blood at an interval of approximately 10 days within each year, so the dietary 586 

periods integrated by RBCy,1, SERy,1 and SERy,2 may have overlapped to some extent (Barquete 587 
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et al. 2013). However, RBC samples collected across years are temporally independent and we 588 

controlled for confounding environmental, temporal and intrinsic factors so we are confident that 589 

´ 15N was repeatable at this scale. Our data therefore not only support the supposition that gannets 590 

are individual dietary specialists (Kakela et al. 2007, Votier et al. 2010) but also show that 591 

specialisations with respect to trophic level persist over multiple breeding seasons. 592 

 593 

Animals with high IFSF also frequently exhibit stereotyped foraging behaviours and habitat 594 

preferences (Elliott et al. 2008, Woo et al. 2008, Newsome et al. 2009, Patrick and Weimerskirch 595 

2014). However, the relationships between individual consistency in behaviour, diet, habitat use, 596 

and space use is complex, and the direction of causality may be unclear (Beverly et al. 2009, Dall 597 

et al. 2012). For example, if a prey species are limited to particular locations, IFSF could arise as 598 

a consequence of individual dietary specialisations or vice versa. We found no evidence of such 599 

relationships, indicating that in gannets IFSF and individual dietary specialisation are 600 

independent or at most only weakly connected. Alternatively, individual habitat preferences 601 

could give rise to IFSF. In our study, individual gannets were consistent with respect to 602 

environmental variables within years (see also (Patrick et al. 2014)) and environmental 603 

consistency was higher in birds that were more spatially consistent. However, dynamic 604 

environmental variables did not differ greatly at the scale of tracking periods within years (i.e. 1 605 

– 2 weeks) so this result provides weak evidence for causality. Across years, foraging gannets 606 

were also consistent with respect to rSST, which varied markedly (Fig. F2), suggesting that some 607 

individuals may track particular stratification regimes, for which rSST is a proxy (Bowers and 608 

Simpson 1987). Nevertheless, it is unlikely that individual habitat preferences could account for 609 

IFSF because inter-annual IFSF did not correlate with individual consistency with respect to 610 
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rSST. Moreover, patches of mixed and stratified waters were widely distributed throughout the 611 

study area (Fig. F2). 612 

 613 

Within years, gannets with more consistent trip durations were also more consistent with respect 614 

to space and static environmental indices. This is most likely because gannet trip durations are 615 

proportional to the maximum distance reached from the colony (Hamer et al. 2000). Other links 616 

between behavioural repeatability and IFSF were weak or absent. For example, in contrast to a 617 

previous study (Patrick et al. 2014), we found very little evidence that dive profiles were 618 

repeatable (Table 1; Table E5). Dive rates at Bass Rock within 2011 and across study years, as 619 

well as dive depths in all periods, were significantly repeatable. However, there was no 620 

relationship between individual repeatability in these behaviours and consistency with respect to 621 

spatial, environmental or isotopic consistency. Moreover, the scale of ARS did not differ 622 

significantly between individuals. ARS scale may therefore be dependent on factors common to 623 

all individuals, such as the scale of prey patches, which is limited by physical processes 624 

(Fauchald and Tveraa 2006).  625 

 626 

Does site familiarity cause IFSF? 627 

Given the weak evidence to support the hypothesis that IFSF is driven predominantly by other 628 

forms of individual consistency or a short-term WSLS strategy, we consider another hypothesis: 629 

that foraging site fidelity in gannets results, in part at least, from site familiarity (Irons 1998, 630 

Piper 2011). Until recently the role of site familiarity in habitat selection was largely overlooked 631 

in favour the ideal free/ideal despotic models, which make the unrealistic assumption that 632 

animals are perfectly informed about their environment (Fretwell and Lucas 1969) or models that 633 
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emphasise the role of information gain from public sources (Ward and Zahavi 1973, Danchin et 634 

al. 2001). However, recent habitat selection studies suggest that it may be more advantageous for 635 

animals to remain in familiar locations than hitherto supposed (Piper 2011). Indeed, the 636 

investment made in site familiarity can explain decisions to remain at relatively poor quality sites 637 

(the ‘always stay strategy’ (Switzer 1993)). During breeding, when energetic demands are high 638 

and time constraints severe, foraging in a familiar location may be less risky than exploring more 639 

widely (this leads to the testable prediction that IFSF will be higher in breeding birds than in less 640 

constrained birds, such as failed breeders). Moreover, remaining in a familiar location may 641 

advantage individuals by reducing competition from less well informed conspecifics (Piper 642 

2011). By analogy with other forms of individual specialisation, this implies that IFSF may be a 643 

density-dependent phenomenon (Araujo et al. 2011).  644 

 645 

Prior to first breeding, immature seabirds prospect at multiple colonies, potentially using public 646 

information to assess site quality (Danchin et al. 2001, Votier et al. 2011). This life history stage 647 

lasts longer in pelagic seabirds than in most other avian groups, an adaption thought to allow 648 

individuals to learn to forage effectively in the marine environment (Lack 1968), but the 649 

considerable investment made in the breeding site during this time may also account for the high 650 

degree of philopatry in seabirds. Furthermore, the tendency for foraging site familiarity to accrue 651 

with age may act to canalise foraging site decisions, to the extent that adult IFSF is high. This 652 

process of experience-mediated behavioural canalisation is similar a mechanism hypothesised to 653 

explain the phenomenon of wintering site fidelity (ortstreue), which is widespread in migratory 654 

birds (Alerstam 1990, Guilford et al. 2011). 655 

 656 
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The roles of environmental predictability and behavioural flexibility  657 

A potential cost of IFSF and specialisation is that individuals lack the flexibility to respond to 658 

environmental change (Bolnick et al. 2003). Early theories of seabird life history traits and 659 

behaviour were founded on the assumption that seabirds forage in such stochastic environments 660 

(Lack 1968). For example, the information centre hypothesis posits that seabirds use public 661 

information, acquired at the colony, to locate ephemeral prey patches (Ward and Zahavi 1973). 662 

Only one study has provided direct support for the information centre hypothesis in seabirds 663 

(Weimerskirch et al. 2010) and evidence of short-term IFSF has been regarded as contrary to this 664 

hypothesis (Irons 1998). However, indirect evidence suggests that foraging Morus spp. exploit 665 

both private and public information (Wakefield et al. 2013). At the population-level, gannets 666 

from Bass Rock are clearly flexible, both in diet (Table E4, (Hamer et al. 2007)) and range (Fig. 667 

2 and Fig. F1). During our study, individual dietary specialisation and spatial, environmental and 668 

behavioural consistency, while significant, were not absolute (Fig. 4). Rather, birds sometimes 669 

switched between foraging areas (Fig. 3 and Fig. 5b). A possible explanation is that foraging 670 

strategies differ with life history stage, site familiarity and environmental conditions (Piper 671 

2011). Exploratory behaviour, aided by public information, is likely only during immaturity or 672 

when foraging success is low (Ward and Zahavi 1973), while the benefits of IFSF are likely to 673 

increase with age (Pärt 1995). However, adults may retain flexibility by using a hierarchical 674 

strategy. It is notable that some of our study birds were consistent in their departure directions 675 

but less so in their foraging areas (Fig. 3). Gannets may therefore be faithful primarily to a 676 

directional arc, rather than an area per se (Hamer et al. 2001). By departing the colony within 677 

this arc they would remain in familiar waters yet have scope to travel further from the colony if 678 

foraging success is poor during the early stages of a trip (the ‘trap line’ strategy (Wanless et al. 679 
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1990)). Only if foraging success was poor throughout the favoured arc would they then switch to 680 

another, guided either by memory or the movements of conspecifics from the colony.  681 

 682 

The optimal strategy will also depend on environmental predictability (Switzer 1993). For 683 

example, IFSF in lactating New Zealand fur seals (Arctocephalus forsteri) is higher in neritic 684 

than oceanic waters, which is thought to reflect the degree of predictability in these two habitats 685 

(Baylis et al. 2012). Temperate and polar seabirds forage on much more predictable resources 686 

than hitherto supposed (Weimerskirch 2007) and there is now abundant evidence that, far from 687 

being featureless and stochastic, neritic waters are highly structured by predictable factors, such 688 

as bathymetry and the tides (Fig. F2) (Bowers and Simpson 1987, Scott et al. 2010). Our study 689 

shows that, at the coarse scale, foraging gannets target individually consistent locations, 690 

suggesting that at this scale the occurrence of prey is predictable. At finer scales gannets use 691 

ARS and local enhancement to locate their prey (Hamer et al. 2009), implying that the 692 

predictability of prey is considerably lower at these scales. This accords with the hierarchical 693 

patch model of seabird prey (Fauchald and Tveraa 2006). As such, it is likely that IFSF is scale 694 

dependent and declines rapidly below the coarse scale. Foraging ranges during our study were 695 

low to intermediate when compared to those recorded at Bass Rock in previous years (Fig. F1). 696 

Given that foraging range increases in years of low prey availability (Hamer et al. 2007, Garthe 697 

et al. 2011), this suggests that prey were in good supply during our study. Furthermore, we found 698 

that environmental variability in the area exploited by Bass Rock gannets was lower across years 699 

than that within years during our study (Table E3, Fig. F2), suggesting that the location of prey 700 

may have been predictable across years. In years of lower food availability or predictability IFSF 701 

may be less marked than we observed. 702 
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 703 

Given our evidence of individual IFSF and specialisation with respect to diet, habitat (relative 704 

SST) and behaviour (dive rate and mean dive depth) in gannets, it is pertinent to ask whether 705 

these traits confer fitness advantages. We found only weak evidence that that residual body mass 706 

was dependent upon consistency of foraging behaviour. However, the fitness consequences of 707 

IFSF in black-browed albatrosses Thalassarche melanophris and southern elephant seals 708 

Mirounga leonina are only apparent over decadal time scales (Authier et al. 2012, Patrick and 709 

Weimerskirch 2014). Ultimately, longer-term tracking, combined with dietary, environmental 710 

and demographic monitoring, will be required to determine the persistence, proximate causes and 711 

fitness consequences of IFSF in breeding seabirds. 712 

 713 

Wider implications 714 

Our study, together with others on pinnipeds, bats and ants, suggests that IFSF may be a trait 715 

common to colonial central-place foragers. Increasingly, tracking studies are conducted to 716 

estimate the distributions of wide-ranging marine species, such as seabirds and pinnipeds, for 717 

conservation purposes. If IFSF is widespread in this group, the implication is that research 718 

resources would be better directed to tracking many individuals for short representative periods 719 

in the life history stages of interest, rather than fewer individuals for longer. However, resource 720 

selection models fitted to such data generally make the implicit assumptions that foragers are 721 

perfectly informed about their environment and select the most favourable habitats (Fretwell and 722 

Lucas 1969) but the effects of site familiarity and fidelity, as well as dietary and habitat 723 

specialisation are rarely considered (Piper 2011, Dall et al. 2012). As a consequence, such 724 

models may over-predict the degree to which animals track spatiotemporally patchy resources. 725 
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Indeed, long-term strategies that give rise to IFSF may account for the observation that at shorter 726 

time scales there is frequently a mismatch between the coarse-scale distribution of seabirds and 727 

their prey (Grémillet et al. 2008, Fauchald et al. 2011). It is frequently suggested that seabirds 728 

and other higher predators, such as pinnipeds, can be used to monitor the state of the marine 729 

environment (Boyd et al. 2006), yet the tendency for IFSF and dietary specialisation to weaken 730 

the link between predator demography and short-term environmental variability implies that this 731 

may be less fruitful than otherwise supposed. Importantly, if IFSF does arise through site 732 

familiarity, this implies that environmental conditions experienced during development may 733 

have lifetime consequences (Dall et al. 2012). Moreover, rapid climate change may have an 734 

unexpected cost on seabirds if their life history strategy is reliant on the veracity of site-specific 735 

information gained early in their long lives (Hipfner 2008). Given this and the many other 736 

potential implications of IFSF and specialisation in colonial central-place foragers (Bradshaw et 737 

al. 2004, Weimerskirch 2007, Call et al. 2008) we urge that long term longitudinal tracking 738 

studies be employed to test for these phenomena and alternative explanatory hypotheses in other 739 

members of this group. 740 

 741 

Acknowledgements 742 

This study was funded by the NERC (Standard Grant NE/H007466/1). We thank Sir Hew 743 

Hamilton-Dalrymple for permitting fieldwork at Bass Rock and the Scottish Seabird Centre and 744 

many fieldworkers for facilitating it, and Deborah Dawson and Gavin Horsburgh for molecular 745 

sex determination. This paper contains information supplied by the UK Marine Management 746 

Organisation. 747 

 748 



34 
 

 Literature cited 749 

Alerstam, T. 1990. Bird migration. Cambridge University Press, Cambridge. 750 

Araujo, M. S., D. I. Bolnick, and C. A. Layman. 2011. The ecological causes of individual 751 

specialisation. Ecology Letters 14:948-958. 752 

Authier, M., I. Bentaleb, A. Ponchon, C. Martin, and C. Guinet. 2012. Foraging fidelity as a 753 

recipe for a long life: foraging strategy and longevity in male southern elephant seals. 754 

PLoS ONE 7:e32026. 755 

Barnes, C., S. Jennings, and J. T. Barry. 2009. Environmental correlates of large-scale spatial 756 

variation in the delta C-13 of marine animals. Estuarine Coastal and Shelf Science 757 

81:368-374. 758 

Barquete, V., V. Strauss, and P. G. Ryan. 2013. Stable isotope turnover in blood and claws: A 759 

case study in captive African Penguins. Journal of Experimental Marine Biology and 760 

Ecology 448:121-127. 761 

Baylis, A. M. M., B. Page, J. McKenzie, and S. D. Goldsworthy. 2012. Individual foraging site 762 

fidelity in lactating New Zealand fur seals: Continental shelf vs. oceanic habitats. Marine 763 

Mammal Science 28:276-294. 764 

Bearhop, S., R. A. Phillips, R. McGill, Y. Cherel, D. A. Dawson, and J. P. Croxall. 2006. Stable 765 

isotopes indicate sex-specific and long-term individual foraging specialisation in diving 766 

seabirds. Marine Ecology-Progress Series 311:157-164. 767 

Bell, A. M., S. J. Hankison, and K. L. Laskowski. 2009. The repeatability of behaviour: a meta-768 

analysis. Animal Behaviour 77:771-783. 769 



35 
 

Beverly, B. D., H. McLendon, S. Nacu, S. Holmes, and D. M. Gordon. 2009. How site fidelity 770 

leads to individual differences in the foraging activity of harvester ants. Behavioral 771 

Ecology 20:633-638. 772 

Bodey, T. W., M. J. Jessopp, S. Votier, H. D. Gerritsen, I. R. Cleasby, K. C. Hamer, S. Patrick, 773 

E. D. Wakefield, and S. Bearhop. 2014. Seabird movement reveals the ecological 774 

footprint of fishing vessels. Current Biology 24:R514–R515. 775 

Bolnick, D. I., R. Svanback, J. A. Fordyce, L. H. Yang, J. M. Davis, C. D. Hulsey, and M. L. 776 

Forister. 2003. The ecology of individuals: Incidence and implications of individual 777 

specialization. American Naturalist 161:1-28. 778 

Bowers, D. G. and J. H. Simpson. 1987. Mean position of tidal fronts in European-shelf seas. 779 

Continental Shelf Research 7:35-44. 780 

Boyd, I., S. Wanless, and C. J. Camphuysen, editors. 2006. Top predators in marine ecosystems. 781 

Cambridge University Press, Cambridge. 782 

Bradshaw, C. J. A., M. A. Hindell, M. D. Sumner, and K. J. Michael. 2004. Loyalty pays: 783 

potential life history consequences of fidelity to marine foraging regions by southern 784 

elephant seals. Animal Behaviour 68:1349-1360. 785 

Calenge, C. 2006. The package "adehabitat" for the R software: A tool for the analysis of space 786 

and habitat use by animals. Ecological Modelling 197:516-519. 787 

Call, K. A., R. R. Ream, D. Johnson, J. T. Sterling, and R. G. Towell. 2008. Foraging route 788 

tactics and site fidelity of adult female northern fur seal (Callorhinus ursinus) around the 789 

Pribilof Islands. Deep-Sea Research Part II-Topical Studies in Oceanography 55:1883-790 

1896. 791 



36 
 

Camphuysen, C. J. 2011. Northern Gannets in the North Sea: foraging distribution and feeding 792 

techniques around the Bass Rock. British Birds 104:60-76. 793 

Cherel, Y. and K. A. Hobson. 2007. Geographical variation in carbon stable isotope signatures of 794 

marine predators: a tool to investigate their foraging areas in the Southern Ocean. Marine 795 

Ecology-Progress Series 329:281-287. 796 

Claeskens, G. and N. L. Hjort. 2008. Model selection and model averaging. Cambridge 797 

University Press, Cambridge, UK. 798 

Cleasby, I. R., E. D. Wakefield, T. W. Bodey, A. M. Davies, S. Patrick, J. Newton, S. Votier, S. 799 

Bearhop, and K. C. Hamer. in press. Sexual segregation in a wide-ranging marine 800 

predator is a consequence of habitat selection. 801 

Cury, P. M., I. L. Boyd, S. Bonhommeau, T. Anker-Nilssen, R. J. M. Crawford, R. W. Furness, 802 

J. A. Mills, E. J. Murphy, H. Österblom, M. Paleczny, J. F. Piatt, J.-P. Roux, L. Shannon, 803 

and W. J. Sydeman. 2011. Global seabird response to forage fish depletion—one-third for 804 

the birds. Science 334:1703-1706. 805 

Dall, S. R. X., A. M. Bell, D. I. Bolnick, and F. L. W. Ratnieks. 2012. An evolutionary ecology 806 

of individual differences. Ecology Letters 15:1189-1198. 807 

Danchin, E., D. Heg, and B. Doligez. 2001. Public information and breeding habitat selection. 808 

Pages 243–258 in J. Clobert, E. Danchin, A. A. Dhondt, and J. D. Nichols, editors. 809 

Dispersal. Oxford University Press, Oxford. 810 

Davoren, G. K., W. A. Montevecchi, and J. T. Anderson. 2003. Search strategies of a pursuit-811 

diving marine bird and the persistence of prey patches. Ecological Monographs 73:463-812 

481. 813 



37 
 

Elliott, K. H., K. Woo, A. J. Gaston, S. Benvenuti, L. Dall'Antonia, and G. K. Davoren. 2008. 814 

Seabird foraging behaviour indicates prey type. Marine Ecology-Progress Series 815 

354:289-303. 816 

Fauchald, P., H. Skov, M. Skern-Mauritzen, V. H. Hausner, D. Johns, and T. Tveraa. 2011. 817 

Scale-dependent response diversity of seabirds to prey in the North Sea. Ecology 92:228-818 

239. 819 

Fauchald, P. and T. Tveraa. 2006. Hierarchical patch dynamics and animal movement pattern. 820 

Oecologia 149:383-395. 821 

Fieberg, J. and C. O. Kochanny. 2005. Quantifying home-range overlap: The importance of the 822 

utilization distribution. Journal of Wildlife Management 69:1346-1359. 823 

Fretwell, S. D. and H. L. J. Lucas. 1969. On territorial behavior and other factors influencing 824 

habitat distribution in birds part 1 theoretical development. Acta Biotheoretica 19:16-36. 825 

Garthe, S., S. Benvenuti, and W. A. Montevecchi. 2000. Pursuit plunging by northern gannets 826 

(Sula bassana) feeding on capelin (Mallotus villosus). Proceedings of the Royal Society 827 

of London Series B-Biological Sciences 267:1717-1722. 828 

Garthe, S., W. A. Montevecchi, and G. K. Davoren. 2011. Inter-annual changes in prey fields 829 

trigger different foraging tactics in a large marine predator. Limnology and 830 

Oceanography 56:802-812. 831 

Grémillet, D., S. Lewis, L. Drapeau, C. D. van Der Lingen, J. A. Huggett, J. C. Coetzee, H. M. 832 

Verheye, F. Daunt, S. Wanless, and P. G. Ryan. 2008. Spatial match-mismatch in the 833 

Benguela upwelling zone: should we expect chlorophyll and sea-surface temperature to 834 

predict marine predator distributions? Journal of Applied Ecology 45:610-621. 835 



38 
 

Guilford, T., R. Freeman, D. Boyle, B. Dean, H. Kirk, R. Phillips, and C. Perrins. 2011. A 836 

dispersive migration in the Atlantic puffin and its implications for migratory navigation. 837 

PLoS ONE 6:e21336. 838 

Hamer, K. C., E. M. Humphreys, S. Garthe, J. Hennicke, G. Peters, D. Grémillet, R. A. Phillips, 839 

M. P. Harris, and S. Wanless. 2007. Annual variation in diets, feeding locations and 840 

foraging behaviour of gannets in the North Sea: flexibility, consistency and constraint. 841 

Marine Ecology-Progress Series 338:295-305. 842 

Hamer, K. C., E. M. Humphreys, M. C. Magalhães, S. Garthe, J. Hennicke, G. Peters, D. 843 

Grémillet, H. Skov, and S. Wanless. 2009. Fine-scale foraging behaviour of a medium-844 

ranging marine predator. Journal of Animal Ecology 78:880-889. 845 

Hamer, K. C., R. A. Phillips, J. K. Hill, S. Wanless, and A. G. Wood. 2001. Contrasting foraging 846 

strategies of gannets Morus bassanus at two North Atlantic colonies: foraging trip 847 

duration and foraging area fidelity. Marine Ecology-Progress Series 224:283-290. 848 

Hamer, K. C., R. A. Phillips, S. Wanless, M. P. Harris, and A. G. Wood. 2000. Foraging ranges, 849 

diets and feeding locations of gannets Morus bassanus in the North Sea: evidence from 850 

satellite telemetry. Marine Ecology-Progress Series 200:257-264. 851 

Hipfner, J. M. 2008. Matches and mismatches: ocean climate, prey phenology and breeding 852 

success in a zooplanktivorous seabird. Marine Ecology-Progress Series 368:295-304. 853 

Hobson, K. A., J. F. Piatt, and J. Pitocchelli. 1994. Using stable isotopes to determine seabird 854 

trophic relationships. Journal of Animal Ecology 63:786-798. 855 

Irons, D. B. 1998. Foraging area fidelity of individual seabirds in relation to tidal cycles and 856 

flock feeding. Ecology 79:647-655. 857 



39 
 

Jennings, S. and K. J. Warr. 2003. Environmental correlates of large-scale spatial variation in the 858 

delta N-15 of marine animals. Marine Biology 142:1131-1140. 859 

Kakela, A., R. W. Furness, A. Kelly, U. Strandberg, S. Waldron, and R. Kakela. 2007. Fatty acid 860 

signatures and stable isotopes as dietary indicators in North Sea seabirds. Marine 861 

Ecology-Progress Series 342:291-301. 862 

Kamil, A. C. 1983. Optimal foraging theory and the psychology of learning. American Zoologist 863 

23:291-302. 864 

Kerth, G., M. Wagner, and B. Konig. 2001. Roosting together, foraging apart: information 865 

transfer about food is unlikely to explain sociality in female Bechstein's bats (Myotis 866 

bechsteini). Behavioral Ecology and Sociobiology 50:283-291. 867 

Lack, D. 1968. Ecological adaptations for breeding in birds. Methuen, London. 868 

Lewis, S., S. Benvenuti, L. Dall'Antonia, R. Griffiths, L. Money, T. N. Sherratt, S. Wanless, and 869 

K. C. Hamer. 2002. Sex-specific foraging behaviour in a monomorphic seabird. 870 

Proceedings of the Royal Society of London Series B-Biological Sciences 269:1687-871 

1693. 872 

Lunn, D., C. Jackson, N. Best, A. Thomas, and D. Spiegelhalter. 2012. The BUGS Book: A 873 

Practical Introduction to Bayesian Analysis. Chapman & Hall/CRC Texts in Statistical 874 

Science, New York. 875 

Matich, P., M. R. Heithaus, and C. A. Layman. 2011. Contrasting patterns of individual 876 

specialization and trophic coupling in two marine apex predators. Journal of Animal 877 

Ecology 80:294-305. 878 

Miller, P. 2009. Composite front maps for improved visibility of dynamic sea-surface features on 879 

cloudy SeaWiFS and AVHRR data. Journal of Marine Systems 78:327-336. 880 



40 
 

Moreno, R., L. Jover, A. Velando, I. Munilla, and C. Sanpera. 2011. Influence of trophic ecology 881 

and spatial variation on the isotopic fingerprints of seabirds. Marine Ecology-Progress 882 

Series 442:229-239. 883 

Nakagawa, S. and H. Schielzeth. 2010. Repeatability for Gaussian and non-Gaussian data: a 884 

practical guide for biologists. Biological Reviews 85:935-956. 885 

Nelson, B. 2001. The Atlantic gannet. 2nd edition. Fenix Books Ltd., Great Yarmouth. 886 

Newsome, S. D., M. T. Tinker, D. H. Monson, O. T. Oftedal, K. Ralls, M. M. Staedler, M. L. 887 

Fogel, and J. A. Estes. 2009. Using stable isotopes to investigate individual diet 888 

specialization in California sea otters (Enhydra lutris nereis). Ecology 90:961-974. 889 

Pärt, T. 1995. The importance of local familiarity and search costs for age- and sex-biased 890 

philopatry in the collared flycatcher. Animal Behaviour 49:1029-1038. 891 

Patrick, S. C., S. Bearhop, D. Grémillet, A. Lescroël, J. W. Grecian, T. W. Bodey, K. C. Hamer, 892 

E. D. Wakefield, M. Le Nuz, and S. C. Votier. 2014. Individual foraging specialisation 893 

and differences in searching behaviour of a wide-ranging marine predator. Oikos 123:33-894 

40. 895 

Patrick, S. C. and H. Weimerskirch. 2014. Personality, foraging and fitness consequences in a 896 

long lived seabird. PLoS ONE 9:e87269. 897 

Pettex, E., F. Bonadonna, M. R. Enstipp, F. Siorat, and D. Gremillet. 2010. Northern gannets 898 

anticipate the spatio-temporal occurrence of their prey. Journal of Experimental Biology 899 

213:2365-2371. 900 

Phillips, R. A., J. R. D. Silk, J. P. Croxall, V. Afanasyev, and V. J. Bennett. 2005. Summer 901 

distribution and migration of nonbreeding albatrosses: Individual consistencies and 902 

implications for conservation. Ecology 86:2386-2396. 903 



41 
 

Phillips, R. A., J. C. Xavier, and J. P. Croxall. 2003. Effects of satellite transmitters on 904 

albatrosses and petrels. Auk 120:1082-1090. 905 

Pinaud, D. and H. Weimerskirch. 2005. Scale-dependent habitat use in a long-ranging central 906 

place predator. Journal of Animal Ecology 74:852-863. 907 

Piper, W. H. 2011. Making habitat selection more "familiar": a review. Behavioral Ecology and 908 

Sociobiology 65:1329-1351. 909 

Scott, B. E., J. Sharples, O. N. Ross, J. Wang, G. J. Pierce, and C. J. Camphuysen. 2010. Sub-910 

surface hotspots in shallow seas: fine-scale limited locations of top predator foraging 911 

habitat indicated by tidal mixing and sub-surface chlorophyll. Marine Ecology-Progress 912 

Series 408:207-226. 913 

Simpson, J. H. 1981. The shelf-sea fronts - implications of their existence and behavior. 914 

Philosophical Transactions of the Royal Society of London Series A-Mathematical 915 

Physical and Engineering Sciences 302:531-&. 916 

Stauss, C., S. Bearhop, T. W. Bodey, S. Garthe, C. Gunn, W. J. Grecian, R. Inger, M. E. Knight, 917 

J. Newton, S. C. Patrick, R. A. Phillips, J. J. Waggitt, and S. C. Votier. 2012. Sex-specific 918 

foraging behaviour in northern gannets Morus bassanus: incidence and implications. 919 

Marine Ecology-Progress Series 457:151-162. 920 

Switzer, P. V. 1993. Site fidelity in predictable and unpredictable habitats. Evolutionary Ecology 921 

7:533-555. 922 

Vandenabeele, S. P., E. L. Shepard, A. Grogan, and R. P. Wilson. 2012. When three per cent 923 

may not be three per cent; device-equipped seabirds experience variable flight 924 

constraints. Marine Biology 159:1-14. 925 



42 
 

Vandenabeele, S. P., R. P. Wilson, and A. Grogan. 2011. Tags on seabirds: how seriously are 926 

instrument-induced behaviours considered? Animal Welfare 20:559-571. 927 

Vander Zanden, H. B., K. A. Bjorndal, and A. B. Bolten. 2013. Temporal consistency and 928 

individual specialization in resource use by green turtles in successive life stages. 929 

Oecologia 173:767-777. 930 

Votier, S. C., S. Bearhop, M. J. Witt, R. Inger, D. Thompson, and J. Newton. 2010. Individual 931 

responses of seabirds to commercial fisheries revealed using GPS tracking, stable 932 

isotopes and vessel monitoring systems. Journal of Applied Ecology 47:487-497. 933 

Votier, S. C., W. J. Grecian, S. Patrick, and J. Newton. 2011. Inter-colony movements, at-sea 934 

behaviour and foraging in an immature seabird: results from GPS-PPT tracking, radio-935 

tracking and stable isotope analysis. Marine Biology 158:355-362. 936 

Wakefield, E. D., T. W. Bodey, S. Bearhop, J. Blackburn, K. Colhoun, R. Davies, R. G. Dwyer, 937 

J. A. Green, D. Grémillet, A. L. Jackson, M. J. Jessopp, A. Kane, R. H. W. Langston, A. 938 

Lescroël, S. Murray, M. Le Nuz, S. C. Patrick, C. Péron, L. M. Soanes, S. Wanless, S. C. 939 

Votier, and K. C. Hamer. 2013. Space partitioning without territoriality in gannets. 940 

Science 341:68-70. 941 

Wanless, S., M. P. Harris, and J. A. Morris. 1990. A comparison of feeding areas used by 942 

individual common murres (Uria aalge), razorbills (Alca torda) and an Atlantic puffin 943 

(Fratercula arctica) during the breeding-season. Colonial Waterbirds 13:16-24. 944 

Ward, P. and A. Zahavi. 1973. Importance of certain assemblages of birds as information-centres 945 

for food-finding. Ibis 115:517-534. 946 

Weimerskirch, H. 2007. Are seabirds foraging for unpredictable resources? Deep-Sea Research 947 

Part II-Topical Studies in Oceanography 54:211-223. 948 



43 
 

Weimerskirch, H., S. Bertrand, J. Silva, J. C. Marques, and E. Goya. 2010. Use of social 949 

information in seabirds: compass rafts indicate the heading of food patches. PLoS ONE 950 

5:e9928. 951 

Woo, K. J., K. H. Elliott, M. Davidson, A. J. Gaston, and G. K. Davoren. 2008. Individual 952 

specialization in diet by a generalist marine predator reflects specialization in foraging 953 

behaviour. Journal of Animal Ecology 77:1082-1091. 954 

Zhao, L. Y., D. M. Schell, and M. A. Castellini. 2006. Dietary macronutrients influence C-13 955 

and N-15 signatures of pinnipeds: Captive feeding studies with harbor seals (Phoca 956 

vitulina). Comparative Biochemistry and Physiology a-Molecular & Integrative 957 

Physiology 143:469-478. 958 

 959 

 960 

Supplemental Material 961 

 962 

Appendix A. 963 

Sources and pre-processing of environmental data used in the analysis. 964 

 965 

Appendix B. 966 

Additional description of the methods used to determine gannet tissue and environmental 967 

baseline stable isotope ratios. 968 

 969 

Appendix C. 970 

Additional description of methods used to quantify and classify the behaviour of gannets at sea. 971 



44 
 

 972 

Appendix D. 973 

Illustration of individual foraging consistency indices using contrasting examples. 974 

 975 

Appendix E.  976 

Additional results tables, including details on sample sizes; foraging models; environmental 977 

variability; diet; individual repeatability and consistency; correlations among behavioural and 978 

dietary indices; morphology and its dependence on behavioural and isotopic repeatability. 979 

 980 

Appendix F. 981 

Additional results figures, including inter-annual variation in foraging range; dynamic 982 

environmental conditions during the study; static environmental covariates considered; prey and 983 
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Table 1. Repeatability (Radj ) of foraging behaviour and blood stable isotope ratios in chick-987 

provisioning gannets†.  988 

Statistic Radj 

 Within 2010 Within 2011 Within 2012 Across years 

´  15N 0.20 0.35 0.35 0.33 

´  13C 0.37 0.55 0.18 0.03 

Trip duration 0.04 0.02 0.01 0.01 

ARS scale 0.01 0.01 0.02 0.02 

Dive rate - 0.50 0.04 0.43 

Proportion U-shaped dives - 0.07 0.00 0.00 

Mean dive depth - 0.38 0.37 0.36 

Mean max dive depth - 0.37 0.29 0.21 

Values in bold are significant based on 95% credible intervals (Table E5). 989 

† For sample sizes see Table E2. 990 
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Figure legends 993 

 994 

Fig. 1. Study area, showing (a) depth (25 m contours), Bass Rock (yellow triangle) and other 995 

locations mentioned in the text: 1. Moray Firth; 2. NE Scotland coastal waters; 3. Farnes Deep, 996 

4. Dogger Bank. (b) Average summertime SST, 2010 – 2012. The 13 °C isotherms in July 2010, 997 

2011 and 2012 (blue, red and black lines respectively) indicate the approximate interface 998 

between mixed and stratified waters in those years. Dashed lines show 100 km intervals of 999 

distance-by-sea from Bass Rock. 1000 

 1001 

Fig. 2. Foraging distribution of chick-provisioning northern gannets tracked from Bass Rock 1002 

during June-August, 2010, 2011 and 2012. UD = mean foraging Utilisation Distribution 1003 

estimated using the first 3 trips recorded from each individual tracked for e  3 trips in each year 1004 

(37, 20 and 31 birds respectively). Smoothing parameter h = 15 km. Dashed lines indicate 100 1005 

km intervals of distance-by-sea from Bass Rock (yellow triangle). 1006 

 1007 

Fig. 3. The first track of chick-rearing gannets recorded in each year (red = 2010; blue = 2011; 1008 

green = 2012). Panels corresponding to each bird (identity bottom right) are arranged in 1009 

descending order of spatial consistency across years ( yx,'β ). Birds illustrated were tracked for e  1010 

1 trip in each study year (for the full dataset see Fig. F5). Dashed lines show 100 km intervals 1011 

from Bass Rock. ρ = directional consistency across years.  1012 

 1013 

Fig. 4.  Mean consistency of gannets over three foraging trips (coloured symbols) compared to 1014 

the null distribution expectation (5th, 25th, 75th and 95th percentiles) determined by randomly 1015 
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reassigning bird identity to tracks 999 times without replacement (see Table E6 for details). 1016 

Colours and symbols indicate the probability that mean consistency is significantly greater than 1017 

the null. x, y = Cartesian space; SST = sea surface temperature; FD = front density; NPP = net 1018 

primary production. Dynamic environmental covariates were averaged by week prior to analysis. 1019 

 1020 

Fig. 5.  Most gannets were consistent in their colony departure directions and foraging locations 1021 

(e.g. a). However, a minority were largely inconsistent (e.g. b). Numbers indicate terminal 1022 

locations of successive trips in 2010 (colours grade from red to blue with time). Yellow triangle 1023 

= Bass Rock. 1024 
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