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Abstract 26 

A key challenge in ecology is to find ways to obtain complete and accurate information about 27 

the diets of animals. To respond to this challenge in seabirds, traditional methods (usually 28 

stomach content analysis or observations of prey at nests) have been supplemented with 29 

indirect methods or molecular trophic markers. These techniques have the potential to extend 30 

the period of investigation outside the few short months of breeding and avoid biases. Here, 31 

we use an analysis of fatty acids (FA) and fatty alcohols (FAL) from blood, adipose tissue 32 

and stomach oil to investigate how the diets of male and female common guillemots (Uria 33 

aalge), black-legged kittiwakes (Rissa tridactyla), and northern fulmars (Fulmarus glacialis) 34 

differed through the sampling period (prelaying and breeding season) and by sex.  Diets of 35 

both sexes of all three species generally varied across the season, but sex differences were 36 

apparent only in fulmars during prelaying.  Our study shows that FA analysis can provide 37 

significant insights into diets of seabirds, in particular periods of the annual cycle which are 38 

not readily studied using traditional methods.   39 

 40 

Keywords: Northern fulmar, Black-legged kittiwake, Common guillemot, North Sea, diet, 41 

fatty acid, fatty alcohol  42 
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 50 

Introduction 51 

 52 

Reductions in prey quality or availability can negatively impact seabird breeding success, 53 

adult survival and recruitment (Lewis et al. 2001; Rindorf et al. 2000; Frederiksen et al. 2004; 54 

Cury et al. 2011).  Recent declines in many seabird populations (Croxall et al. 2002; Mitchell 55 

et al. 2004) are widely believed to have been driven by changes in prey availability that have 56 

resulted from broader scale ecosystem change (Edwards and Richardson 2004; Frederiksen et 57 

al., 2006; Croxall et al. 2012) and/or commercial fisheries (Arnott et al. 2002; Frederiksen et 58 

al. 2008). However, assessments of these interactions are constrained by limited 59 

understanding of variation in diet composition.  In particular, most information on seabird 60 

diets is based on samples of prey brought back to the colony, either by collecting 61 

regurgitations or observing prey carried in the bill. Whilst these approaches have greatly 62 

improved our understanding of the prey that adults capture to feed chicks, the diet of all other 63 

age classes remains poorly documented, particularly outside the breeding season (Wilson et 64 

al. 2004; Ronconi et al. 2010). A broader characterization of diet is therefore required to 65 

assess how intrinsic and extrinsic factors interact to determine diet, and to develop dietary 66 

indicators to monitor change in marine ecosystems (Cairns 1987; Furness and Camphuysen 67 

1997; Einoder 2009). 68 

 69 

Studies have shown that the diets of many seabird species change over the course of the 70 

breeding season (Annett and Pierotti 1989; Lewis et al. 2001; Suryan et al. 2002; Phillips et 71 

al. 2004a). This can be broadly attributed to environmental factors such as weather and the 72 

timing of prey availability ( Lack 1968; Ainley et al. 1996; Wanless et al. 1998; Lewis et al. 73 

2001; Suryan et al. 2002) or to intrinsic factors associated with breeding stage such as the 74 
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need to feed prey of specific size or quality to chicks compared to self-feeding outside these 75 

times (e.g. Ito et al. 2010). Disentangling environmental and intrinsic effects is challenging 76 

because external conditions and parental duties change simultaneously.  77 

 78 

Seasonal changes in diet may also differ between the sexes, since sex is known to influence 79 

seabird foraging behaviour as a result of differing reproductive roles, body size or nutritional 80 

requirements (Lewis et al. 2002; Phillips et al. 2004a; Forero et al. 2005; Weimerskirch et al. 81 

2006). During the prelaying period, males are typically responsible for nest acquisition and 82 

courtship duties (Mawhinney et al. 1999) whereas females have the demands of egg 83 

production (Hatch 1990a; Brenninkmeijer et al. 1997). In many species the roles of the two 84 

sexes become more similar after laying, with both parents sharing incubation and chick-85 

rearing.   Whilst these different constraints on foraging behavior could result in sex specific 86 

variation in diet over the season, this has rarely been investigated (Navarro et al. 2009). 87 

 88 

One reason for the limited number of studies on seasonal variation in diet is that traditional 89 

analysis of prey items provides only a snapshot of diet, often over a narrow time-window 90 

during chick-rearing.  These techniques are also subject to biases because analysis of 91 

regurgitates can overestimate prey items that are slow to pass through the digestive tract, 92 

while easily digested prey may be underestimated or missed altogether (Mehlum and 93 

Gabrielsen 1993; Votier et al. 2003; Barrett et al., 2007; Polito et al. 2011). Another 94 

challenge is that a high proportion of birds can have empty stomachs at the time of capture 95 

(Ouwehand et al. 2004; Barrett et al., 2007) and sample composition can be highly variable 96 

requiring large sample sizes to determine differences among groups statistically (Polito et al. 97 

2011). Indirect techniques have been developed that aim to bypass these disadvantages and 98 

provide a longer term assessment of diet including outside the breeding season.  Of these, 99 
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stable isotope analysis of carbon and nitrogen in consumer tissues and lipid molecules, such 100 

as fatty acids (FAs) or Fatty alcohol (FALs) as trophic markers, have been most widely 101 

utilized (reviewed by Barrett 2007; Williams and Buck 2010; Karnovsky et al., 2012). Stable 102 

isotopes provide important data on trophic position (e.g. Hobson 1994), but recent work has 103 

highlighted that analysis of lipid samples are particularly valuable for describing variation in 104 

diet composition for a broad suite of marine predators (Iverson 2009). 105 

 106 

Lipids have been used as dietary markers in two main ways. The first is where the 107 

composition of FA/FALs is used to show differences in diet between groups; this is 108 

sometimes referred to as qualitative FA analysis. The second, generally referred to as 109 

quantitative fatty acid signature analysis (QFASA, Iverson et al. 2004) is used to estimate the 110 

probable proportions of specific prey types in the diet. QFASA requires a FA prey library of 111 

potential prey within the predator's foraging range (e.g. Piche et al. 2010). This means that 112 

QFASA is beyond the scope of some studies, particularly for species consuming a wide 113 

variety of prey of where foraging ranges are extremely large or poorly defined. However, 114 

using FA analysis to identify differences in the diet of groups of animals does not require a 115 

prey library. Furthermore, significant steps have been made towards identifying particular 116 

lipid markers that can be used to characterize certain prey groups (e.g. Connan et al. 2007; 117 

Springer et al. 2007) or identify pelagic or demersal influences (Käkelä et al. 2005).  This use 118 

of FA/FAL analysis has four advantages. First, it is not biased by differential digestion rates 119 

(see Iverson et al. 2004). Second, because lipids are representative of the diet consumed 120 

during the formation of a particular tissue (Klasing 1998; Wang et al. 2010), FA/FAL 121 

analysis can provide a long-term assessment of diet over periods of days, from analysis of 122 

blood (Käkelä et al. 2005), to weeks or months, from analysis of procellarid stomach oil 123 

(Wang et al. 2007) or adipose tissue (Wang et al. 2010). This longer term picture is likely to 124 
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be more representative of  typical diet than the snapshot usually obtained from traditional 125 

methods. Third, FA/FAL analysis can be used to investigate diet outside the breeding season 126 

and, finally, information can be gained non-lethally from the majority of birds caught. For 127 

example, Owen et al. (2010) attempt adipose tissue sampling in 283 birds of two species, of 128 

which only two (0.7%) were found to have insufficient fat deposits for sampling. Similarly, 129 

in species where it is possible to safely take ~0.5ml blood sample it is possible, with care, in 130 

almost all birds (e.g. Owen 2008). However, not all procellariforms will regurgitate stomach 131 

oil upon capture.  132 

 133 

There are limitations to using FA/FAL to qualitatively compare seabird diets. Currently there 134 

is an incomplete understanding of the turnover rates in free-living seabirds leading to 135 

imprecision in the estimates of the timescales over which FA/FAL samples indicate diet 136 

(Williams and Buck 2010).  Some FA/FALs are known to be altered in vivo before being laid 137 

down and it is not yet known how these processes are affected by nutritional state 138 

(Karnovsky et al. 2012). Finally, unlike traditional stomach contents analysis qualitative 139 

FA/FAL analysis does not necessarily elucidate the differences in prey species composition 140 

that give rise to observed differences in FA/FAL signatures. We seek to better understand the 141 

use of FA analysis in its qualitative form as a useful addition to methods for sampling diet. 142 

 143 

The objectives of this study were to use FA/FALs to 1) examine seasonal differences in diets, 144 

and 2) determine if there were differences in diet between the sexes over the sampling period 145 

in black-legged kittiwake (Rissa tridactyla), common guillemot (Uria aalge), and northern 146 

fulmar (Fulmarus glacialis) in the North Atlantic. Breeding pairs in these species all share 147 

incubation and chick rearing duties, but differ in a number of life history characteristics that 148 
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might be expected to influence the extent to which seasonal or sex-related changes in 149 

foraging behaviour may constrain prey choice (Table 1).   150 

 151 

Methods and materials 152 

 153 

Study sites and sample collection.   154 

Tissue samples were collected at the Isle of May, southeast Scotland (56°11’N, 02°33’W) 155 

from adult guillemots (blood and adipose tissue) and kittiwakes (blood) during the prelaying 156 

and chick-rearing periods of the 2005 and 2006 breeding seasons (Table 2). Fulmar samples 157 

(stomach oil and blood) were collected at Eynhallow, Orkney, northern Scotland (59°08’N, 158 

03°07’W), during three time periods: prelaying, incubation and early chick-rearing. Stomach 159 

oil is produced in the proventriculus of most procellariiform seabirds and originates from the 160 

diet (Roby et al. 1989). Prelaying guillemots were caught using wooden box traps with tip 161 

lids while chick-rearing birds were caught with a crook mounted on a 6m pole.  Kittiwakes 162 

were caught on nests using a nylon noose mounted on an 8m telescopic pole. Fulmars were 163 

caught in the air by fleyg net or occasionally from nests using a hand net.   164 

 165 

Blood samples were collected using a 25 gauge needle into a 2 ml plain syringe from the 166 

brachial vein.  Between 0.5 and 2 ml was taken.  The blood was immediately transferred to a 167 

heparinised cryovial and stored below -70°C in a liquid nitrogen dry shipper within 4 hours 168 

of collection to minimise oxidation of lipids.  Adipose tissue was sampled from guillemots 169 

using the previously described biopsy method which has been shown to be comparable in 170 

terms of invasiveness to taking blood samples by syringe (Owen et al. 2010) and involves 171 

making a small (0.5cm long and 1-2mm deep) incision just through the skin to sample the 172 

adipose tissue that lies just beneath it.  Adipose samples were folded into clean sections of 173 
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aluminium foil to make a small packet which was itself put inside a cryovial and stored below 174 

-70°C. In 2006, paired samples of adipose and blood were collected from individual 175 

guillemots to compare two tissue types with different formation times, namely blood (days) 176 

and adipose tissue (weeks). Stomach oil was collected from fulmars upon voluntary 177 

regurgitation onto clean polythene and transferred to cryovials for storage below -70°C.  178 

DNA sexing was carried out on either blood or feathers that were plucked from around the 179 

brood patch and stored dry prior to analysis using two CHDll genes (Griffiths et al. 1996). 180 

 181 

Lipid Analysis  182 

Lipid extraction was carried out using a variation of the Bligh and Dyer (1959) method as 183 

modified by Hanson and Olley (1963).  Lipids were extracted from homogenised samples in 184 

a methanol, chloroform, water mixture (2:3:1.8 v/v/v; HPLC grade, Rathburn Chemicals Ltd, 185 

Scotland, UK). This extraction method has been formally validated by the United Kingdom 186 

Accreditation Services (Webster et al. 2006). Following extraction, transesterification was 187 

carried out by heating samples at 50ºC overnight (min 12 hours, max 18 hours) in the 188 

presence of sulphuric acid and methanol. The resultant fatty acid methyl esters and fatty 189 

alcohols were analysed by gas chromatography with flame ionisation detection (GC-FID) in a 190 

single run, following the method developed and validated by Webster et al. (2006). An 191 

HP6890 GC, incorporating an autosampler, was fitted with a DB23 capillary column (length: 192 

30 m; internal diameter: 0.25 mm; film thickness 0.25 µm, J&W Scientific, Folsom, U.S.A.). 193 

Chromatographic peaks were identified manually using standard reference materials to give 194 

peak retention times. Peak identity was confirmed in a subset of representative samples using 195 

gas chromatography-mass spectroscopy (GC-MS). Peak areas for both FAs and FALs were 196 

derived from chromatograms using TotalChrom 6.3.1 (PerkinElmer, Inc.) software. All 197 

batches were verified using quality control procedures. 198 
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 199 

A normalised area percent was calculated for a defined set of 37 peaks which were identified 200 

from four standard reference materials which have been used for over 20 years and have been 201 

found to include all the major FA/FAL peaks commonly occurring in samples from across 202 

different taxonomic groups in the Northeast Atlantic and North Sea region. These were the 203 

saturated FAs 14:0, 16:0, 18:0, 20:0, 22:0, the monounsaturated FAs 14:1n-5, 16:1n-7, 18:1n-204 

7, 18:1n-9, 20:1n-11/9, 22:1n-11/9, 24:1n-9, the polyunsaturated FAs 16:2, 18:2n-6, 20:2n-6, 205 

16:3, 18:3n-3, 18:3n-6, 20:3n-3, 16:4, 18:4n-3, 20:4n-3, 20:4n-6, 21:5, 20:5n-3, 22:5n-3, 206 

22:6n-3 and the FALs 14:0, 16:0, 18:0, 22:0, 16:1n-7, 18:1n-9, 20:1n-9, 22:1n-9 and 24:1n-9. 207 

Abbreviations used to denote FAs use the format X:Yn-z, where X refers to the chain length 208 

and Y the number of carbon-carbon double bonds. The exact position of the double bond is 209 

presented using the nomenclature n-z. This gives the position of the first carbon to carbon 210 

double bond in the molecule relative to the methyl carbon. Where two components cannot be 211 

separated they are referred to with the ‘/’ e.g. 20:1n-11/9. Some very minor and infrequently 212 

occurring peaks were not included in the final 37 peaks of interest.  One peak was identified 213 

on the basis of retention time as corresponding to FA 26:0 and was included in the analysis. 214 

Subsequent recent analytical work has indicated that the peak is not 26:0. To date, an exact 215 

identity for the peak has not been determined as full interpretation of the mass spectrum 216 

fragmentation pattern has not provided an unequivocal outcome.  As such, the peak has been 217 

labeled as Unidentified peak 1, U1. 218 

 219 

Käkelä et al. (2005) used captive herring gulls (Larus argentatus)  fed on controlled diets to 220 

demonstrate that a high value in the ratio 20:4n-6 to the sum of 18:3n-3,18:4n-3 and 20:5n-3 221 

could be used as an index of a diet with a demersal influence, a finding that has since been 222 

applied to free-living seabirds in areas across the North Sea (Käkelä et al. 2007). We 223 
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employed this ratio to provide an indication of the relative proportions of demersal and 224 

pelagic prey sources in blood FA profiles of each species. Only blood samples were used as 225 

this index has not been validated for other tissue types.  226 

 227 

 228 

Statistical analysis of FA/FAL data 229 

 230 

Data analysis was performed on those 37 FA/FALs routinely identified across samples. These 231 

measurements were rarely normally distributed and so were assessed for log transformation 232 

using box plots and tests of skewness and kurtosis before analysis. Canonical variates 233 

analysis (CVA) was used to test for differences between groups using the software package 234 

GenStat (version 9, VSN International) . CVA forms linear combinations of variables that 235 

maximise the ratio of the between-groups and the within-group sum of squares. In effect, a 236 

CVA is similar to performing a principal components analysis between the means of groups, 237 

after standardising for the covariance structure of observations within the groups. 238 

Relationships between groups were plotted using the first and second canonical variates (CV1 239 

and CV2) which define the largest and the second largest variances among groups after 240 

standardisation. Plots are useful for visualising relationships but show only two dimensions 241 

of a multidimensional analysis. Therefore, intergroup distances in multivariate space, 242 

measured in Euclidean units, were also calculated. Intergroup distances show the relative 243 

similarity or otherwise of lipid compositions between groups after standardisation. 244 

 245 

To assess the significance of differences between groups, as determined by CVA, a 246 

subsequent randomization test (Aebischer et al. 1993; Edgington 1995) was developed. Here, 247 

original data were redefined by randomising the group allocation of each sample during 1000 248 
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simulations. The randomization was performed using all individuals within a species and year 249 

with groups defined by breeding stage and sex. This generated a distribution of distances that 250 

could be used to assess the probability that a distance as large as the observed one would 251 

occur merely by chance, a result which is similar to a p value and considered significant 252 

when below 0.05. This test is also a safeguard to increase the certainty with which group 253 

separation scores can be assessed when sample sizes were small, as there is no dependence on 254 

distributional assumptions for the data. FA/FAL signatures from two tissue types (blood and 255 

adipose) collected from guillemots were tested for differences in the mean normalized area 256 

percent of each FA component in blood and adipose signatures using t-tests.  257 

 258 

Results 259 

 260 

Seasonal and sex differences in diet 261 

  262 

Guillemot 263 

We found seasonal changes (prelay vs chick-rearing) in guillemot blood FA/FAL 264 

compositions in both 2005 and 2006 for both males and females (Table 3; Figure 1a,b; 265 

Supplementary material available) but there was no evidence of sex differences at any point 266 

during our study (Table 4; Figure 1). In 2005, only a small number of birds were sampled.  267 

Nevertheless, there was a clear distinction between guillemot blood FA/FAL profiles 268 

collected during prelaying and those collected during chick-rearing (Table 3; Figure 1a). The 269 

first CV explained 82.8% of the total variation and the second explained 13.3%. FAs 20:4n-6, 270 

20:1n-11/9 and 18:1n-7 had the highest CVA loadings which shows that the groups varied 271 

most in their composition of these three FAs.  The same seasonal changes were observed in 272 

guillemot blood in 2006 (Table 3; Figure 1b), when the first CV explained 92.9% and the 273 
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second CV explained 3.0% of the variance between groups. The highest loadings were on 274 

FAs 18:0, 18:1n-9 and 22:6n-3.  275 

 276 

In 2006, when paired samples were collected from the same individual, the separation 277 

between prelaying and chick-rearing birds which was seen in blood samples was also seen in 278 

and paired adipose profiles for both males and females (Table 3; Figure 1c). No evidence was 279 

found for sex differences in adipose samples collected during the prelaying or chick-rearing 280 

stages (Table 4; Figure 1c).  First and second CV axes explained 91.6% and 5.8% 281 

respectively of the variation in adipose lipid profiles and FAs 18:1n-9, 20:4n-6 and U1 had 282 

the highest loading scores.  283 

 284 

Comparing tissue types showed that FAs 18:0, 20:5 n-3 and 20:4n-6 were enriched by 285 

between 2 and 6 times in blood compared to adipose whereas FAs 14:0, 16:1n-7, 16:2, 20:1n-286 

11/9 and 22:1n-11/9 were enriched by between 2 and 5 times in adipose. 13 FAs/FALs were 287 

similar both tissues including FA16:0, 18:1n-9 and 22:6n-3 (Figure 2).  288 

 289 

Kittiwake 290 

Seasonal differences were detected in kittiwake FA/FAL profiles of both sexes during 2005 291 

(Table 3; Figure 3a). In 2006, seasonal differences were also evident from the FA/FAL 292 

profiles of females but not for males (Table 3; Figure 3b). There was no indication of sex 293 

differences in diet at any point in the season in either year of the study (Table 4; Figure 3). In 294 

2005, the first two canonical variates explained 81.3% and 14.6% respectively of the variance 295 

between the groups. FAs 18:2n-6, 20:4n-3 and 22:6n-3 had the greatest loadings in the 296 

analysis.  In 2006, the first two CV’s explained 82.5% and 10.2% respectively and FAs 297 

18:1n-9, 20:4n-3 and 22:6n-3 had the highest loadings.   298 
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 299 

Fulmar 300 

During 2005, the FA/FAL profiles of stomach oil from male fulmars were significantly 301 

different between prelaying, incubation and chick-rearing (Table 3; Figure 4a). The greatest 302 

difference was between prelaying and chick-rearing birds. FA/FAL profiles of the stomach 303 

oil from female fulmars also varied between breeding stages, but only the difference between 304 

prelaying and chick-rearing was significant in 2005 (Table 3).  Male and female fulmars were 305 

found to be consuming different diets during the prelaying period in 2005 (Table 4; Figure 306 

4a).  This sex difference diminished during incubation and FA/FAL profiles during chick-307 

rearing were closely matched between the sexes. In this analysis CV1 explained 55.2% and 308 

CV2, 16.0% of variation. FAs 22:1n-11/9 and FALs 18:0 and 22:1n-9 had the highest 309 

loadings on CV1.  310 

 311 

In contrast to 2005, FA/FAL profiles of males from 2006 were not significantly different 312 

during any stage of the season (Table 3; Figure 4b) though the largest distance was between 313 

prelaying and chick-rearing birds. Also in contrast to 2005, female FA/FAL profiles did vary 314 

significantly between all stages of breeding. The sex difference in diet that was seen in 315 

prelaying birds during 2005 was repeated in 2006 (Table 4; Figure 4b). As in 2005, male and 316 

female FA/FAL profiles were similar in incubating and chick-rearing birds. CV 1 explained 317 

52.2% of the variance between groups and CV 2 explained 14.7%. FAs 18:0, 18:1n-9 and 318 

20:5n-3 had the highest loadings. The sex difference during the prelaying period was also 319 

apparent in the blood samples that were available from this period in both years of the study 320 

(Table 4).  321 

 322 

Demersal/pelagic ratio 323 
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Based upon the ratio of 20:4n-6 to the sum of 18:3n-3,18:4n-3 and 20:5n-3,  the influence of 324 

pelagic or demersal prey in the diet did not differ between male and female guillemots (mean 325 

ratio male: 1.35±0.21 female: 1.25 ±0.61; Mann-Whitney U: Z=12.0, p=0.142, n=6,8), nor 326 

between male and female kittiwakes (mean ratio male: 0.40±0.28 female: 0.37 ±0.12; Mann-327 

Whitney U: Z=61.0, p=0.786, n=12,11). By contrast, the ratio for female fulmars was 328 

significantly higher than males (mean ratio male: 0.73±0.34 female: 1.70 ±0.63; Mann-329 

Whitney U: Z=7.0, p=0.004, n=8,9) suggesting that there was a greater influence of demersal 330 

prey species in FA/FAL profiles of female fulmars during the prelaying period. 331 

 332 

Discussion 333 

 334 

The analysis of FA/FALs from various tissues substantially improved our knowledge of the 335 

dietary patterns of three common species in the North Atlantic seabird community, provided 336 

evidence of seasonal changes in prey taken for all the species and highlighted sex differences 337 

that accorded well with our expectations based on life history traits.  338 

 339 

Seasonal changes in diet 340 

Previous studies of guillemot diet throughout the breeding range have been dominated by 341 

observations of fish brought to the chick (Hatchwell et al. 1992; Barrett et al. 2002). On the 342 

Isle of May, these have shown consistent shifts in diet over the 4 – 5 week period chicks are 343 

present in the colony, with clupeids, probably sprats (Sprattus sprattus) typically replacing 344 

1+ group sandeels (Harris and Wanless 1985; Wilson et al. 2004). The limited data for adult 345 

diet obtained by stomach flushing indicate a similar seasonal shift but also highlight that 0 346 

group sandeels contribute substantially to self-feeding (Wilson et al. 2004). Information on 347 

diet during incubation and prior to laying is even more fragmentary both on the Isle of May 348 
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and to the best of our knowledge, elsewhere. Adults occasionally bring in fish for display 349 

(Harris and Wanless 1985) and some of these are eaten. However, it is likely that such items 350 

are larger than the typical diet and thus provide a biased sample. We used FA/FALs in 351 

guillemot adipose tissue and blood collected from prelaying and chick rearing birds to 352 

investigate diet during recent days and also retrospectively to investigate periods when 353 

attendance at the colony is sporadic and/or birds are very sensitive to disturbance. The exact 354 

periods these samples provide information on are uncertain because rates of lipid turnover in 355 

free-living seabirds are poorly understood (Williams et al. 2009; Owen et al. 2010; Wang et 356 

al. 2010). However, captive feeding trials in a range of species including guillemots indicate 357 

that adipose tissue samples are likely to reflect diet during the month prior to sampling 358 

(Foglia et al. 1994; Iverson et al. 2007) and blood samples reflect diet during the previous 359 

week to ten days (changes in FA composition detected in 5 days; Käkelä et al. 2005 and 360 

within 11 days Käkelä et al., 2009). Assuming this was also the case in our study then 361 

adipose samples correspond to guillemot diet about a month before laying and approximately 362 

mid-way through incubation. In 2006, both blood and adipose samples collected in the 363 

prelaying and chick rearing period showed seasonal differences. Prelaying FA/FAL 364 

signatures from both sets of samples were distinct from those during chick rearing suggesting 365 

that prelaying diets may not have been dominated by prey types such as sandeel or sprat that 366 

guillemots are known to use at this colony whilst raising chicks (Wilson et al. 2004).  These 367 

findings provide the strongest evidence to date that prelaying diet differs significantly from 368 

diet during the breeding season, although what species the birds were taking at that time 369 

remains unknown.  370 

 371 

Lipid signatures extracted from blood and adipose differed both overall and within individual 372 

guillemots. However, despite these differences, the two sets of tissue types provided a similar 373 
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ability to determine whether or not there were differences between samples collected at 374 

different points in the breeding season. This has also been demonstrated by Käkelä et al. 375 

(2010) through captive feeding of yellow legged gulls (Larus michahellis).  Differences can 376 

be due to both metabolic processing and the timescales over which each tissue integrates 377 

dietary fatty acids and this study was not designed to separate these effects. Nevertheless, the 378 

relative enrichment of individual fatty acids between tissues accorded well with related 379 

studies. For example, our finding that mean levels of 18:0, 20:4n-6 and 20:5n-3 were elevated 380 

in blood plasma compared to adipose is in line with Käkelä et al. (2010) who found these 381 

same components to be enriched in plasma samples compared to diet (18:0 and 20:4n-6) or 382 

adipose (20:5n-3). Raclot et al. (1995) also found that 20:5n-3 was used in preference to other 383 

fatty acids in penguins whereas 20:1n-9 was preferentially stored in adipose tissue. These 384 

findings may explain why 20:5n-3 was enriched in blood compared to adipose tissue in 385 

guillemot samples and also why 20:1n-9/11 along with 22:1n-11/9 were found in more than 386 

three times the concentration in guillemot adipose tissue than blood.     387 

 388 

The standard method for obtaining diet information from kittiwakes has been from 389 

regurgitates, providing extensive data on changes in diet during incubation and chick rearing, 390 

but only limited data from the prebreeding period (Lewis et al. 2001). On the Isle of May 391 

there is typically a sequential change in diet from planktonic crustaceans early in the season 392 

to 1+ group sandeels in April and most of May, that are then replaced by 0 group sandeels in 393 

late May/early June. Other species such as sprat, rockling or other small gadoids are also 394 

recorded, usually towards the end of the season (e.g. Newell et al., 2006). The seasonal 395 

changes in diet apparent in the FA/FAL signatures are therefore in line with expectations 396 

based on regurgitations. During the years of this study there were unusually high numbers of 397 

snake pipefish (Entelurus aequoreus) bought to the colony by kittiwakes (Harris et al. 2007). 398 
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The occurrence of this species was much higher in 2006 when it occurred in 43.4% of 53 399 

samples compared to 2005 when it was found in only 1.7% of 116 prey samples (Newell et 400 

al. 2006). Only traces were recorded in the diet rather than whole fish, which are boney and 401 

difficult to swallow, and therefore it is likely this species made only a small proportion of the 402 

biomass of prey consumed, and that which was consumed was of little nutritional value and 403 

low lipid content (Harris et al. 2008).  Adipose tissue samples were not taken from kittiwakes 404 

caught early in the season but such an approach would be feasible. With the proviso of 405 

uncertainty about lipid turnover rates, this would extend information about diet further back 406 

into the early prelaying period. Such data would be particularly interesting given the recent 407 

finding that a high proportion of male kittiwakes on the Isle of May make a major excursion 408 

into the mid Atlantic at this time, presumably to exploit a rich feeding area (Bogdanova et al. 409 

2011).  410 

 411 

Previous studies of the northern fulmar diet have generally been based upon regurgitates 412 

collected from chicks, and have identified a broad range of prey items that include pelagic 413 

crustaceans, squid, and fish that may be captured either directly or scavenged from fishery 414 

discards (Furness and Todd 1984; Phillips et al. 1999; Ojowski et al. 2001). The relative 415 

importance of these different prey types varies spatially (Phillips et al. 1999) and, whilst there 416 

is some evidence of seasonal variation (Ojowski et al. 2001), no previous study of 417 

regurgitates  has extended the sampling period outside chick-rearing. Our results 418 

demonstrated that seasonal differences in diet extended beyond this period in both males and 419 

females (Table 3). Whilst the strength of this pattern differed slightly between years, this is 420 

likely to be at least partly due to low sample sizes for females in 2005 and males in 2006. In 421 

both years and sexes, the strongest differences occurred between prelaying and chick-rearing. 422 

Prior to the breeding season, both male and female northern fulmars are absent from breeding 423 
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colonies for long periods (Hatch 1990b), allowing them to forage over extensive areas and 424 

access varied prey resources. Even during incubation, foraging bouts typically last 5-10 days 425 

(Mallory et al. 2008). In contrast, foraging trips during early chick rearing last only ~1 – 2 426 

days (Furness and Todd 1984; Hamer et al. 1997; Ojowski et al. 2001; Weimerskirch et al. 427 

2001). Our findings highlight how the demands of chick rearing constrain this species to 428 

relatively local foraging areas around breeding colonies, leading to seasonal changes in diet.  429 

 430 

 431 

Sex differences 432 

 433 

We found no evidence of sex differences in the diet of guillemots, a finding that was 434 

consistent with the absence of sexual dimorphism and major sex differences in parental duties 435 

during the sampling periods (Table 1). Male and female kittiwakes also show relatively little 436 

difference in size and parental behaviour (Table 1). None of the diet comparisons between the 437 

sexes were statistically significant for kittiwakes, although seasonal variation in diet for 438 

males was much less pronounced than females in 2006. Sample sizes were smaller in 2006 439 

than 2005 and thus statistical power was reduced. Diet data from regurgitations could not be 440 

analysed by sex as this was not determined for all birds which regurgitated, so there was no 441 

way of checking this result independently. Thus further work is needed to check whether 442 

males consistently show less seasonal variation.  443 

 444 

In contrast to guillemots and kittiwakes, there were marked sex differences in fulmar 445 

FA/FAL signatures during the prelaying period, and this effect did not extend into incubation 446 

or chick-rearing in either year.  Sex differences in diet might be expected in this species given 447 

that females are absent from the colony for much longer than males during the prelaying 448 
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exodus (Macdonald 1977; Hatch 1990b), and males also attend the colony more frequently 449 

than females during the winter (Macdonald 1980). Mallory et al. (2009) identified sex-450 

specific changes in the body composition of fulmars following the prelaying exodus, 451 

suggesting that females were selecting calcium rich prey to support egg production, whilst 452 

males accumulated fat and protein to support incubation. These physiological changes 453 

highlight that we cannot rule out the possibility that observed differences in FA signature 454 

during the prelaying period could be partly influenced by differences in lipid absorption and 455 

allocation as well as dietary intake. At the same time, comparison of the different FA ratios in 456 

blood samples collected from prelaying fulmars indicated that females were consuming a 457 

higher proportion of demersal prey species than males during this period. The most likely 458 

source of demersal prey are discards from demersal fisheries, since fulmars cannot dive 459 

beyond the first few metres of the water column (Cramp 1985) and are known to feed on 460 

discards (Phillips et al. 1999; Thompson 2006). It is unclear why females would be feeding 461 

more upon discards than males. Given that females are smaller and feeding on discards 462 

appears to be highly competitive (Hudson and Furness 1989), one might expect females to be 463 

excluded by males, as in the giant petrel (Gonzalez-Solis et al. 2000). It is therefore perhaps 464 

more likely that males and females are spatially segregated during prelaying. Size related 465 

differences in flight energetics could affect the ability of males and females to exploit 466 

different foraging areas (Schaffer et al. 2001). Further work using geolocation (Phillips et al. 467 

2004b) and GPS devices (Guilford et al. 2008) is now being conducted to test whether these 468 

differences in FA/FAL signatures do reflect sex-specific differences in foraging areas.  469 

 470 

Wang et al. (2009) found no sex difference in fulmar adipose tissue samples collected during 471 

the pre laying period on Chowiat Island, Alaska. These samples of adipose are representative 472 

of diet in the weeks to month previous to sampling whereas the findings of the present study 473 
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are from stomach oil and therefore representative of the diet over the previous days. By 474 

analysing the FA/FAL profiles of adipose samples at an Atlantic colony the longevity of the 475 

observed sex difference could be determined.  If a sex difference was not found in adipose 476 

tissue then our result in stomach oil is likely to be a short term phenomenon linked to 477 

specifics of the pre-lay exodus being different for males and females. However, if the 478 

opposite result is found then this would suggest that males and females have differences in 479 

foraging through a greater part of the year. This would be a result that was indicative of 480 

different habits of fulmars in different parts of their global range. 481 

 482 

 483 

Conclusions 484 

 485 

Analysis of tissue samples are increasingly being used to complement traditional analysis of 486 

seabird diet. Stable isotope analyses have successfully compared different groups of seabirds, 487 

revealing seasonal, colony and sex-specific variation in the trophic level at which these 488 

groups feed (Hedd and Montevecchi 2006; Phillips et al. 2011). Within certain ecosystems, 489 

extensive studies of the FA/FAL profiles of both predators and their potential prey have used 490 

QFASA to quantify diet composition using these indirect approaches (Iverson et al. 2007; 491 

Tucker et al. 2009; Piche et al. 2010). Our results illustrate how FA/FAL analysis can also be 492 

used to explore variability in seabird diet in the absence of detailed information on the prey 493 

base. Compared with traditional approaches, these indirect methods have the advantage that 494 

sampling is not biased by differential digestion rates of prey in the stomach (Votier et al. 495 

2003), information is gathered on typical diet rather than a snapshot of the most recent meal 496 

and a sample can be collected non-lethally from the majority of birds caught. Thus, FA/FAL 497 

analyses provide an important additional tool for elucidating dietary trends over time, both at 498 
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a population level and potentially through multiple sampling of tissues from known 499 

individuals. The deployment of these techniques alongside novel devices for tracking 500 

individual birds now provides the potential to study the foraging movements and diet of 501 

breeding and non-breeding birds, thereby providing opportunities to better understand the 502 

factors that have driven recent changes in North Sea seabird populations (Mitchell et al. 503 

2004).  504 

 505 
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Figure legends 524 

 525 

Figure 1 Two-dimensional plot of the first two variates from a canonical variate analysis of 526 

FA/FAL profiles in guillemot blood taken from males and females during prelaying and 527 

chick-rearing in (a) 2005 and (b) 2006, and (c) from adipose tissue in 2006. Prelaying males 528 

(), prelaying females (), chick-rearing males (), chick-rearing females ()  529 

 530 

Figure 2 Mean area percent ±SD for FA/FAL components in Common guillemot blood and 531 

adipose tissue cosampled from 19 birds. Asterisks indicate significant differences between  532 

sample types (p < 0.05, t-test).   533 

 534 

Figure 3 Two-dimensional plot of the first two variates from a canonical variate analysis of 535 

FA/FAL profiles in kittiwake blood taken from males and females during prelaying and 536 

chick-rearing in (a) 2005 and (b) 2006. Prelaying males (), prelaying females (), chick-537 

rearing males (), chick-rearing females () 538 

 539 

Figure 4 Two-dimensional plot of the first two variates from a canonical variate analysis of 540 

FA/FAL profiles in fulmar stomach oil taken from males and females during prelaying, 541 

incubation and chick-rearing during (a) 2005 (b) and 2006. Prelaying males (), prelaying 542 

females (), incubating males (), incubating females (), chick-rearing males (), chick-543 

rearing females () 544 

 545 

 546 

 547 

 548 

 549 



E. Owen et al.  

23 

 

References 550 

 551 

Aebischer N, Robertson P, Kenward, R (1993) Compositional analysis of habitat use from 552 

radio-tracking data. Ecology 74:1313-1325 553 

Ainley DG, Spear LB, Allen SG, Ribic CA (1996) Temporal and spatial patterns in the diet 554 

of the common murre in California waters. Condor 98:691-705 555 

Annett CA,  Pierotti R, (1989) Chick hatching as a trigger for dietary switching in the 556 

Western Gull. Colon Waterbirds 12:4-11 557 

Arnott SA, Ruxton GD, Poloczanska ES (2002) Stochastic dynamic population model of 558 

North Sea sandeels, and its application to precautionary management procedures. Mar 559 

Ecol Prog Ser 235:223-234 560 

Barrett RT (2002) Atlantic puffin Fratercula arctica and common guillemot Uria aalge chick 561 

diet and growth as indicators of fish stocks in the Barents Sea. Mar Ecol Prog Ser 562 

230:275-287 563 

Barrett RT, Camphuysen CJ, Anker-Nilssen T, Chardine JW, Furness RW, Garthe S, Hüppop 564 

O, Leopold MF, Montevecchi WA,  Veit RR (2007) Diet studies of seabirds: a review 565 

and recommendations. ICES J Mar Sci 64:1675-1691 566 

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can J 567 

Biochem Physiol 37:911-917 568 

Bogdanova MI, Daunt F, Newell M, Phillips RA, Harris MP, Wanless S (2011) Seasonal 569 

interactions in the black-legged kittiwake, Rissa tridactyla: links between breeding 570 

performance and winter distribution. P Roy Soc B 278:2412-2418 571 

Brenninkmeijer A, Klaassen M, Stienen EWM (1997) Sandwich terns Sterna sandvicensis 572 

feeding on shell fractions. Ibis 139:397-400 573 

Cairns DK (1987) Seabirds as indicators of marine food supplies. Biol Oceanogr 5:261-271 574 

Connan M, Mayzaud P, Cherel Y (2007) Lipids from stomach oil of procellariiform seabirds 575 

document the importance of myctophid fish in the Southern Ocean. Limnol Oceanogr 576 

56:2445-2455 577 

Cramp S (1985) Handbook of the Birds of Europe, the middle east, and North Africa: the 578 

birds of the Western Palearctic Oxford: Oxford University Press 579 

Croxall JP, Trathan PN, Murphy EJ (2002) Environmental Change and Antarctic Seabird 580 

Populations. Science 297:1510-1514 581 

Croxall JP, Butchart SHM, Lascelles B, Stattersfield AJ, Sullivan B, Symes A, Taylor P 582 

(2012) Seabird conservation status, threats and priority actions: a global assessment. 583 

Bird Conserv Int 22:1-34 584 

Cury PM, Boyd IL, Bonhommeau S, Anker-Nilssen T, Crawford RJM, Furness RW, Mills 585 

JA, Murphy EJ, Osterblom H, Paleczny M, Piatt JF, Roux JP, Shannon L, Sydeman 586 

WJ (2011) Global seabird response to forage fish depletion - one-third for the birds. 587 

Science 334:1703-1706 588 

Edgington E (1995) Randomisation tests. New York: Marcel Dekker 589 

Edwards M, Richardson AJ (2004) Impact of climate change on marine pelagic phenology 590 

and trophic mismatch. Nature 430:881-884 591 

Einoder LD (2009) A review of the use of seabirds as indicators in fisheries and ecosystem 592 

management. Fish Res 95:6-13 593 

Foglia TA, Cartwright AL, Gyurik RJ,  Philips JG (1994) Fatty acid turnover rates in the 594 

adipose tissues of the growing chicken (Gallus domesticus). Lipids 29:497-502 595 

Forero MG, Gonzalez-Solis J, Hobson KA, Donazar JA, Bertellotti M, Blanco G, Bortolotti 596 

GR (2005) Stable isotopes reveal trophic segregation by sex and age in the southern 597 

giant petrel in two different food webs. Mar Ecol Prog Ser 296:107-113 598 



E. Owen et al.  

24 

 

Frederiksen M, Edwards M, Richardson AJ, Halliday NC, Wanless S (2006) From plankton 599 

to top predators: bottom-up control of a marine food web across four trophic levels. J 600 

Anim Ecol 75:1259-1268. 601 

Frederiksen M, Jensen H, Daunt F, Mavor RA, Wanless S (2008) Differential effects of a 602 

local industrial sand lance fishery on seabird breeding performance. Ecol Appl 603 

18:701-710  604 

Frederiksen M, Wanless S, Harris MP, Rothery P, Wilson LJ (2004) The role of industrial 605 

fisheries and oceanographic change in the decline of North Sea black-legged 606 

kittiwakes. J Appl Ecol 41:1129-1139. 607 

Furness RW, Camphuysen CJ (1997) Seabirds as monitors of the marine environment. ICES 608 

J Mar Sci 54:726-733 609 

Furness RW, Todd CM (1984) Diets and feeding of fulmars Fulmarus glacialis during the 610 

breeding season: a comparison between St Kilda and Shetland colonies. Ibis 126:379-611 

384 612 

Gonzalez-Solis J, Croxall JP, Wood AG (2000) Sexual dimorphism and sexual segregation in 613 

foraging strategies of northern giant petrels, Macronectes halli, during incubation. 614 

Oikos 90:390-398 615 

Griffiths R, Daan S,  Dijkstra C (1996) Sex identification in birds using two CHD genes. P 616 

Roy Soc B-Biol Sci 263:1251-1256 617 

Guilford TC, Meade J, Freeman R, Biro D, Evans T, Bonadonna F, Boyle D, Roberts S, 618 

Perrins CM (2008) GPS tracking of the foraging movements of Manx Shearwaters 619 

Puffinus puffinus breeding on Skomer Island, Wales. Ibis 150:462-473 620 

Hamer KC, Thompson DR, Gray CM (1997) Spatial variation in the feeding ecology, 621 

foraging ranges, and breeding energetics of northern fulmars in the north-east Atlantic 622 

Ocean. ICES J Mar Sci 54:645-653 623 

Hanson SWF,  Olley J (1963) Application of the Bligh and Dyer method of lipid extraction to 624 

tissue homogenates. Biochem J 89:101-102 625 

Harris MP, Beare D, Toresen R, Nøttestad L, Kloppmann M, Dörner H, Peach K, Rushton 626 

DRA, Foster-Smith J, Wanless S (2007) A major increase in snake pipefish 627 

(Entelurus aequoreus) in northern European seas since 2003: potential implications 628 

for seabird breeding success. Mar Biol 151:973-983 629 

Harris MP, Newell M, Daunt, F, Speakman JR, Wanless S (2008) Snake Pipefish Entelurus 630 

aequoreus are poor food for seabirds. Ibis 150:413-415 631 

Harris MP, Wanless S (1985) Fish fed to young guillemots, Uria aalge, and used in display 632 

in the Isle of May, Scotland. J Zool Soc Lond 207:441-458 633 

Hatch SA (1990a) Incubation rhythm in the Fulmar Fulmarus glacialis: annual variation and 634 

sex roles. Ibis 132:515-524 635 

Hatch SA (1990b) Time Allocation by Northern Fulmars Fulmarus glacialis during the 636 

Breeding Season. Ornis Scand 21:89-98 637 

Hatchwell B, Birkhead T, Goodburn S, Perrins J, Jones S (1992) Chick diets and food intake 638 

of nestling common guillemots Uria aalge: An inter-colony comparison. Seabird 639 

14:15-20 640 

Hedd A, Montevecchi WA (2006) Diet and trophic position of Leach's storm-petrel 641 

Oceanodroma leucorhoa during breeding and moult, inferred from stable isotope 642 

analysis of feathers. Mar Ecol Prog Ser 322:291-301 643 

Hobson KA, Piatt JF, Pitochelli J (1994) Using stable isotopes to determine seabird trophic 644 

level relationships. J Anim Ecol 63:786-798 645 

Hudson AV, Furness RW (1989) The behaviour of seabirds foraging at fishing boats around 646 

Shetland. Ibis 131:225-237 647 



E. Owen et al.  

25 

 

Ito M, Takahashi A, Kokubun N, Kitaysky AS, Watanuki Y (2010) Foraging behavior of 648 

incubating and chick-rearing thick-billed murres Uria lomvia. Aquat Biol 8:279-287 649 

Iverson SJ, Field C, Bowden WD,  Blanchard W (2004) Quantitative fatty acid signature 650 

analysis: a new method for estimating predator diets.  Ecol Monogr 74:211-235 651 

Iverson SJ, Springer AM, Kitaysky AS (2007) Seabirds as indicators of food web structure 652 

and ecosystem variability: qualitative and quantitative diet analyses using fatty acids. 653 

Mar Ecol Prog Ser 352:235-244 654 

Iverson SJ (2009) Tracing aquatic food webs using fatty acids: from qualitative indicators to 655 

quantitative determination. In: Lipids in aquatic ecosystems. Arts MT, Brett MT, 656 

Kainz M (eds). New York, Springer pp281-308 657 

Käkelä R, Furness RW, Kahle S, Becker PH, Käkelä A (2009) Fatty acid signatures in 658 

seabird plasma are a complex function of diet composition: a captive feeding trial 659 

with herring gulls. Func Ecol 23:141-149 660 

Käkelä A, Furness RW, Kelly A, Strandberg U, Waldron S,  Käkelä R (2007) Fatty acid 661 

signatures and stable isotopes as dietary indicators in North Sea seabirds. Mar Ecol 662 

Prog Ser 342:291-301 663 

Käkelä R, Käkelä A, Kahle S, Becker PH, Kelly A, Furness RW (2005) Fatty acid signatures 664 

in plasma of captive herring gulls as indicators of demersal or pelagic fish diet. Mar 665 

Ecol Prog Ser 293:191-200 666 

Karnovsky NJ, Hobson KA, Iverson SJ (2012) From lavage to lipids: estimating diets of 667 

seabirds. Mar Ecol Prog Ser 451:263-284 668 

Klasing KC (1998) Comparative avian nutrition. Cambridge: University Press 669 

Lack DL (1968) Ecological Adaptations for Breeding in Birds. London: Methuen 670 

Lewis S, Benvenuti S, Dall'Antonia L, Griffiths R, Money L, Sherratt TN, Wanless S, Hamer 671 

KC (2002) Sex-specific foraging behaviour in a monomorphic seabird. Proc Roy Soc 672 

B 269:1687-1693 673 

Lewis S, Wanless S, Wright PJ, Harris MP, Bull J, Elston, DA (2001) Diet and breeding 674 

performance of black legged kittiwakes Rissa tridactyla at a North Sea colony. Mar 675 

Ecol Prog Ser 221:277-284 676 

MacDonald MA (1977) The pre-laying exodus of the fulmar Fulmarus glacialis. Ornis Scand 677 

8:33-37 678 

Macdonald M A (1980) Winter Attendance of fulmars at land in NE Scotland. Ornis Scand 679 

11:23-29 680 

Mallory ML, Forbes MR, Ankney CD, Alisauskas RT (2009) Nutrient dynamics and 681 

constraints on the pre-laying exodus of High Arctic northern fulmars. Aquat Biol 682 

4:211-223 683 

Mallory ML, Gaston AJ, Forbes MR, Gilchrist HG, Cheney B, Lewis S, Thompson PM 684 

(2008) Flexible incubation rhythm in northern fulmars: a comparison between 685 

oceanographic zones. Mar Biol 154:1031-1040 686 

Mawhinney K, Diamond AW,  Kehoe FP (1999) The use of energy, fat, and protein reserves 687 

by breeding great black-backed gulls. Can J Zool 77:1459-1464 688 

Mehlum F, Gabrielsen, G (1993) The diet of high-arctic seabirds in coastal and ice-covered, 689 

pelagic. Polar Res 12:1-20 690 

Mitchell PI, Newton S, Ratcliffe N, Dunn TE (2004) Seabird Populations of Britain and 691 

Ireland: Results of the seabird 2000 Survey. London: T & A D Poyser 692 

Navarro J, Louzao M, Igual J, Oro D, Delgado A, Arcos J, Genovart M, Hobson K,  Forero 693 

M (2009) Seasonal changes in the diet of a critically endangered seabird and the 694 

importance of trawling discards. Mar Biol 156:2571-2578 695 

Newell M, Daunt F, Kortan D, Wanless S (2006) Isle of May Seabird studies in 2006. JNCC 696 

report. 697 



E. Owen et al.  

26 

 

Ojowski U, Eidtmann C, Furness RW, Garthe S (2001) Diet and nest attendance of 698 

incubating and chick-rearing northern fulmars (Fulmarus glacialis) in Shetland. Mar 699 

Biol 139:193-1200 700 

Ouwehand J, Leopold MF, Camphuysen CJ (2004) A comparative study of the diet of 701 

guillemots Uria aalge and Razorbills, Alca torda killed during the Tricolor oil 702 

incident in the south-eastern North Sea in January 2003. Atl Seab 6, 147-164 703 

Owen E, Daunt F, Wanless, S (2010) Sampling avian adipose tissue: assessing a 704 

nondestructive biopsy technique. J Field Ornithol 81:92-98 705 

Owen, E (2008) The use of fatty acid signature analysis to investigate diets of North Sea 706 

seabirds. Ph.D. dissertation, University of Aberdeen, Aberdeen, UK. 707 

Phillips RA, Petersen MK, Lillendahl K, Solmundsson J, Hamer KC, Camphuysen CJ  708 

Zonfrillo B (1999) Diet of the northern fulmar Fulmarus glacialis: reliance on 709 

commercial fisheries? Mar Biol 135:159-170 710 

Phillips RA, Silk JRD, Phalan B, Catry P,  Croxall JP (2004a) Seasonal sexual segregation in 711 

two Thalassarche albatross species: competitive exclusion, reproductive role 712 

specialization or foraging niche divergence? Proc Roy Soc B 271:1283-1291 713 

Phillips RA, Silk JRD, Croxall JP, Afanasyev V, Briggs DR (2004b) Accuracy of geolocation 714 

estimates for flying seabirds. Mar Ecol Prog Ser 266:265-272 715 

Phillips RA, McGill RAR, Dawson DA, Bearhop S (2011) Sexual segregation in distribution, 716 

diet and trophic level of seabirds: insights from stable isotope analysis. Mar Biol 717 

158:2199-2208 718 

Piche J, Iverson SJ, Parrish FA, Dollar R (2010) Characterization of forage fish and 719 

invertebrates in the Northwestern Hawaiian Islands using fatty acid signatures: 720 

species and ecological groups. Mar Ecol Prog Ser 418:1-U410 721 

Polito MJ, Trivelpiece WZ, Karnovsky NJ, Ng E, Patterson WP, Emslie SD (2011) 722 

Integrating Stomach Content and Stable Isotope Analyses to Quantify the Diets of 723 

Pygoscelid Penguins. PLoS One 6:e26642 724 

Raclot T, Mioskowski E, Bach AC, Groscolas R (1995) Selectivity of fatty acid mobilization: 725 

a general metabolic feature of adipose tissue. Am J Physiol Regul Integr Comp 726 

Physiol 269:1060-1067 727 

Rindorf A, Wanless S,  Harris MP (2000) Effects of changes in sandeel availability on the 728 

reproductive output of seabirds. Mar Ecol Prog Ser 202:241-252 729 

Roby DD, Brink KL, Place AR (1989) Passage rates of lipid and aqueous digesta in the 730 

formation of stomach oils. Auk 106:303-313 731 

Ronconi RA, Koopman HN, McKinstry CAE, Wong SNP, Westgate AJ (2010) Inter-annual 732 

variability in diet of non-breeding pelagic seabirds Puffinus spp at migratory staging 733 

areas: evidence from stable isotopes and fatty acids. Mar Ecol Prog Ser 419:267-282 734 

Shaffer SA, Weimerskirch H, Costa DP (2001) Functional significance of sexual dimorphism 735 

in Wandering Albatrosses, Diomedea exulans. Func Ecol 15:203-210 736 

Springer AM, Byrd GV, Iverson SJ (2007) Hot oceanography: planktivorous seabirds reveal 737 

ecosystem responses to warming of the Bering Sea. Mar Ecol Prog Ser 352:289-297 738 

Suryan RM, Irons DB, Kaufamn M, Benson J, Jodice PGR, Roby DD, Brown ED (2002) 739 

Short-term fluctuations in forage fish availability and the effect on prey selection and 740 

brood-rearing in the black-legged kittiwake Rissa tridactyla. Mar Ecol Prog Ser 741 

236:273-287 742 

Thompson PM (2006) Identifying drivers of change: did fisheries play a role in the spread of 743 

North Atlantic fulmars? In Top predators in marine ecosystems their role in 744 

monitoring and management (ed Boyd IL, Wanless S, Camphuysen CJ) Cambridge: 745 

Cambridge University Press 746 



E. Owen et al.  

27 

 

Tucker S, Bowen WD, Iverson SJ, Blanchard W, Stenson GB (2009) Sources of variation in 747 

diets of harp and hooded seals estimated from quantitative fatty acid signature 748 

analysis (QFASA). Mar Ecol Prog Ser 384:287-302 749 

Votier SC, Bearhop S, MacCormick A, Ratcliffe N,  Furness RW (2003) Assessing the diet 750 

of great skuas, Catharacta skua, using five different techniques. Polar Biol 26:20-26 751 

Wang SW, Hollmén T,  Iverson SJ (2010) Validating quantitative fatty acid signature 752 

analysis to estimate diets of spectacled and Steller’s eiders (Somateria fischeri and 753 

Polysticta stelleri). J Comp Physiol B 180:125-139 754 

Wang SW, Iverson SJ, Springer AM, Hatch SA (2007) Fatty acid signatures of stomach oil 755 

and adipose tissue of northern fulmars (Fulmarus glacialis) in Alaska: implications 756 

for diet analysis of Procellariform birds. J Comp Physiol B 177:893-903 757 

Wang SW, Iverson SJ, Springer AM, Hatch, SA (2009) Spatial and temporal diet segregation 758 

in northern fulmars Fulmarus glacialis breeding in Alaska: insights from fatty acid 759 

signatures. Mar Ecol Prog Ser 377:299-307 760 

Wanless S, Gremillet D,  Harris MP (1998) Foraging activity and performance of shags 761 

Phalacrocorax aristotelis in relation to environmental characteristics. J Avian Biol 762 

29:49-54 763 

Wanless S, Harris MP (1986) Time spent at the colony by male and female guillemots Uria 764 

aalge and Razorbills Alca torda. Bird Study 33:168-176 765 

Webster L, Walsham P, Ahmed Y, Richards S, Hay S, Heath M,  Moffat C (2006) 766 

Development and application of an analytical method for the determination of storage 767 

lipids, fatty acids and fatty alcohols in Calanus finmarchicus. J Sep Sci 29:1205-1216  768 

Weimerskirch H, Chastel O, Cherel Y, Henden JA, Tveraa T (2001) Nest attendance and 769 

foraging movements of northern fulmars rearing chicks at Bjornoya Barents Sea. 770 

Polar Biol 24:83-88 771 

Weimerskirch H, Le Corre M, Ropert-Coudert Y, Kato A, Marse F (2006) Sex-specific 772 

foraging behaviour in a seabird with reversed sexual dimorphism: the red-footed 773 

booby. Oecologia 146:681-691 774 

Williams CT, Buck CL (2010) Using fatty acids as dietary tracers in seabird trophic ecology: 775 

theory, application and limitations. J Ornithol 151:531-543  776 

Williams CT, Iverson SJ, Buck CL (2009) The effects of diet and caloric restriction on 777 

adipose tissue fatty acid signatures of tufted puffin (Fratercula cirrhata) nestlings. J 778 

Comp Physiol B 179:711-720 779 

Wilson LJ, Daunt F, Wanless S (2004) Self-feeding and chick provisioning diet differ in the 780 

common guillemot Uria aalge. Ardea 92:97-208 781 

 782 

  783 



E. Owen et al.  

28 

 

Table 1 Foraging strategy, body size and prelaying behaviour in the common guillemot, 784 

black-legged kittiwake and northern fulmar. Sources: Mitchell et al. 2004; Bogdanova et al. 785 

2011; Wanless and Harris 1986. 786 

 787 

 Common guillemot Black-legged kittiwake Northern fulmar 

Foraging Strategy Pursuit diver Surface feeder Surface feeder 

Dietary breadth during 

the breeding season 

Predominantly 

Piscivorous 

Predominantly 

Piscivorous 

Generalist  

Degree of sexual 

dimorphism 

Monomorphic Monomorphic Sexually dimorphic 

(males 11% heavier) 

Prelaying behaviour Females have 1-3 day 

absence  prior to 

laying 

Some males may 

undertake prelaying 

exodus 

Both sexes make 

prelaying exodus 

(Males < 10 days, 

Females > 14 days) 

  788 
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Table 2 Breeding stage, species, sampling dates and type of samples used in this study. BK, 789 

Black-legged kittiwake; CG, Common guillemot; NF, Northern fulmar.  790 

  791 

         

Breeding 

stage  
Species Sample Types 

Sampling period 

2005 2006 

     

Prelaying BK Blood 9 May -21 May 3 Apr - 7 June 

 CG 

 
Blood + 

Adipose 4 April (blood only) 31March - 3 April 

 
 

NF 

 
Blood + 

Stomach oil 24 April - 26 April 19 April - 20 April 

     

Incubation NF Stomach oil 29 May - 31 May 28 May - 31 May 

     

Chick-rearing BK Blood 28 July - 2 August 3 July - 1 August 

 

 

 
CG 

Blood + 

Adipose 28 June-3 July 27 June - 5 July 

 
 

NF 

 
Blood + 

Stomach oil 10 July - 22 July 18 July - 20 July 
          

 792 
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Table 3 Seasonal differences in FA/FAL profiles of males and females. Intergroup distances (dist) and significance values (p) are derived from 793 

canonical variates analysis and subsequent randomisation test on the FA/FAL profiles extracted from kittiwake, guillemot and fulmar blood, 794 

adipose tissue or stomach oil during 2005 and 2006. The number of individuals sampled (n) correspond to the order in the seasonal comparison 795 

column. 796 

  797 

 

* Denotes significance at the 5% level 

Species Year Sample Type Seasonal Comparison 

Male  Female 

n dist p  n dist p 

           

Guillemot 2005 Blood Prelay vs chick-rearing 2,4 10.2   0.002 *  2,6 7.8   0.006 * 

 2006 Blood Prelay vs chick-rearing 6,6 15.8 <0.001 *  4,2 16.2   0.002 * 

 2006 Adipose Prelay vs chick-rearing 6,7 13.1 <0.001 *  4,2 11.9   0.043 * 

Kittiwake 2005 Blood Prelay vs chick-rearing 7,3 13.2   0.003 *  8,5 11.1   0.004 * 

 2006 Blood Prelay vs chick-rearing 4,4 5.5 0.117  4,4 10.4 <0.001 * 

Fulmar 2005 Oil Prelay vs chick-rearing 10,5 11.6 <0.001 *  13,14 6.3 <0.001 * 

   Prelay vs Incubation 10,13 7.4 <0.001 *  13,3 7.2   0.290 

   Incubation vs chick-rearing 11,5 7.5   0.039 *  3,14 8.3   0.157 

 2006 Oil Prelay vs chick-rearing 10,3 9.5 0.069  13,5 12.0 <0.001 * 

   Prelay vs Incubation 10,8 5.3 0.315  13,14 5.9   0.022 * 

   Incubation vs chick-rearing 8,3 7.8 0.276  14,5 7.6   0.048 * 
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Table 4 Sex differences in FA/FAL profiles during prelaying, incubation and chick-rearing. Intergroup distances (dist) and significance values 798 

(p) are derived from canonical variates analysis and subsequent randomisation test on the FA profiles extracted from guillemot, kittiwake and 799 

fulmar blood, adipose tissue or stomach oil during 2005 and 2006, with n equaling the number of individuals sampled.  –, no samples. 800 

 801 

* Denotes significance at the 5% level802 

Species Year 
Sample 

Type 
Comparison 

Prelay  Incubation  Chick-rearing 

n dist p  n dist p  n dist p 

               

Guillemot 2005 Blood Male vs Female 2,2 6.1 0.130  - - -  4,6 2.2 0.751  

 2006 Blood Male vs Female 6,4 4.0 0.656  - - -  6,2 3.1 0.963  

 2006 Adipose Male vs Female 6,4 5.1 0.372   - - -  7,2 3.9 0.863  

Kittiwake 2005 Blood Male vs Female 7,8 3.0 0.927  - - -  3,5 8.0 0.180  

 2006 Blood Male vs Female 4,4 5.9 0.091   - - -  4,4 4.0 0.468  

Fulmar 2005 Oil Male vs Female 10,13 7.4 <0.001 *  11,3 7.8 0.169   5,14 1.9 0.868  

 2006 Oil Male vs Female 10,12 6.4 0.022 *  8,14 4.0 <0.566   3,5 9.1 0.126 

 2005 Blood Male vs Female 5,5 15.6 0.033 *  - - -  - - - 

 2006 Blood Male vs Female 4,3 38.3 0.030 *   - - -  - - - 
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Figure 1 803 
  804 

(a) Blood 2005

(c) Adipose 2006

(b) Blood 2006
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Figure 2805 
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Figure 3 807 
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Figure 4 811 
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