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Abstract Allochthonous input of resources (i.e., origi-

nating from a place other than where they are found) can

have a significant impact on food availability for con-

sumers. We assessed the impact of an allochthonous source

of food (the sewage outfall stream of a military base) on an

avian predator breeding in a low-productivity, high-arctic

site (Alert, 83�N, 62�W, Ellesmere Island), the long-tailed

skua (Stercorarius longicaudus). We collected blood

samples throughout the breeding season during two con-

trasting years of lemming abundance to characterize diet

composition of skuas and evaluated the contribution of the

anthropogenic and lemming food sources using stable

isotopes (carbon 13C and nitrogen 15N). The isotopic sig-

nature of skuas changed seasonally because they switch

from a marine to a terrestrial diet when they come ashore to

breed but also differed between the 2 years of the study.

Anthropogenic food source accounted for 33 % of the

summer diet but this proportion varied between years, from

41 % (5–95 %: 13–59 %) in a year of low lemming

abundance to 16 % (5–95 %: 10–21 %) in a high year.

Skua nest density recorded in years of low lemming

abundance at Alert (0.15 nests/km2) was higher than at any

other comparable arctic sites (0–0.02 nests/km2). Overall,

the use of an anthropogenic food sources apparently sub-

sidizes skua reproduction at this site, which could affect the

food web of this low-productivity ecosystem.

Keywords Anthropogenic food source � Diet

composition � Long-tailed skua � Lemming

abundance � Stercorarius longicaudus � Stable

isotopes

Introduction

The functioning of an ecosystem cannot be understood in

isolation (Polis et al. 1997; Jefferies 2000). Allochthonous

inputs have the potential to affect food webs strongly

(Leroux and Loreau 2008), and ecologists are increasingly

recognizing the effects that cross-ecosystem transport of

energy and food resources can have on plant and animal

populations (Polis and Hurd 1996; Polis et al. 1997; Huxel

and McCann 1998; Jefferies 2000; Gauthier et al. 2011).

An allochthonous resource becomes a subsidy when it

increases the productivity of a consumer population (Polis

et al. 1997). Allochthonous subsidies are particularly

common between marine and terrestrial ecosystems (Polis

and Hurd 1996; Polis et al. 1997). Many ecosystems are

also recipients of anthropogenic (human origin) subsidies

Electronic supplementary material The online version of this
article (doi:10.1007/s00300-013-1423-4) contains supplementary
material, which is available to authorized users.

J.-R. Julien � G. Gauthier � J.-F. Therrien

Département de biologie and Centre d’études nordiques,
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such as food refuse or agricultural fertilizer (Jefferies et al.

2004; Weiser and Powell 2010). Food inputs from human

activity (e.g., industrial fisheries, refuse dumps, urban

waste) have been shown to sustain population increases of

several opportunistic seabird species in recent decades

(Pons and Migot 1995; Oro et al. 2004). Consequently, a

full understanding of the population dynamic of a species

often requires the inclusion of both autochthonous and al-

lochthonous resource inputs.

Human activities in the Arctic have intensified during

the last decades and are expected to grow exponentially

in the future (Johnsen et al. 2010). Because primary

productivity of ecosystems decreases and food webs

become simplified as we move north (Oksanen and Ok-

sanen 2000), arctic ecosystems should be especially

sensitive to resource subsidies of anthropogenic origin

(Gauthier et al. 2011). We addressed this question by

examining the impact of a large and sustained food

subsidy of human origin (sewage outfall containing

macerated food waste) on an arctic avian predator, the

long-tailed skua (Stercorarius longicaudus; hereafter

skua) breeding in the vicinity of the military base/weather

station at Alert (Ellesmere Island, Canada), the north-

ernmost, permanently inhabited settlement on earth.

Although skuas are sometimes considered generalist

predators, lemmings represent a considerable proportion

of their summer food sources (Anderson 1976; De Korte

and Wattel 1988; Gilg et al. 2006). Lemmings are char-

acterized by strong, cyclic fluctuations in abundance over

much of the tundra (Ims and Fuglei 2005), including at

Alert (Morrison, pers. obs.).

Our aims were to (1) measure inter- and intra-annual

variations in the isotopic signature and diet composition of

long-tailed skuas at a high-arctic site exposed to an

anthropogenic food source using carbon and nitrogen stable

isotopes (13C and 15N) (Inger and Bearhop 2008) and (2)

evaluate the consequences of such an input on reproduc-

tion. Because skuas are seabirds that come ashore only

during the breeding season, we first expected to detect a

change in their isotopic signature indicative of a switch in

diet from marine to terrestrial food sources early in the

summer. Secondly, we predicted that sewage food scraps

from the military base should represent a large part of the

skua’s diet composition at Alert but that this contribution

should increase in years with low lemming abundance.

Fluctuations in lemming abundance are known to influence

skua reproduction (Maher 1970; Andersson 1976; De Korte

and Wattel 1988; Gilg et al. 2006; Therrien et al. 2014). If

anthropogenic resources subsidize breeding skuas, a

reduced effect of annual variations in lemming abundance

on their reproduction would be expected compared to other

sites.

Materials and methods

Study site

Our study site was located at Alert (82�300N, 62�200W) on

the northeast coast of Ellesmere Island, Nunavut, Canada

(Figure S1 in Electronic Supplementary Material: ESM).

The 65 km2 study area is mainly composed of rugged

terrain surrounded by hills and small valleys with rivers

and lakes. The local terrain is barren, consisting of frost-

shattered rock, gravel, and bare clay, with sparse vegetation

cover (generally\15 %; MacDonald 1953). Because of its

very high latitude, the local food web is impoverished and

has very few prey and predator species compared to other

arctic food webs (Gilg et al. 2003, 2006; Gauthier et al.

2011). Collared lemming (Dicrostonyx groenlandicus) is

the only small rodent species present at the site. The Alert

military base and weather station operate year round. The

sewage of the base has been continuously discharged at the

site for the past 50 years; in the early 1990s, the station

switched from disposing food waste on a garbage dump to

macerating it and discharging it with the sewage. Several

species of birds are observed feeding regularly at the

sewage outfall (Morrison, pers. obs.).

Field methods

Nest survey

Nests were found through both systematic and opportu-

nistic searches in areas having the highest potential for

nesting though search effort (in terms of number of people

and time spent in the field) varied annually over the period

1998–2009. The strong territorial behavior (alarm calls and

attacks) exhibited by nesting skuas facilitated nest detec-

tion. We recorded the position of each nest with a GPS unit

as well as the numbers of eggs and their size (length and

width). In order to compare years of high and low lemming

abundance, we used data collected at Alert in 2003 and

2008, 2 years where the search effort for nesting skuas was

comparable (the same surface area of 65 km2 was surveyed

each year) but lemming abundance varied considerably

(see below). Mean laying date at Alert was 20 June (mean

annual range 15–25 June) and mean hatching date was 14

July (mean annual range 9–19 July). We calculated egg

volume (V; cm3) using the standard formula (V = K 9

L 9 W2; K = shape constant, L = length, W = width)

with the shape constant (Kv = 0.497) for Larus spp. eggs

(Hoyt 1979).

We also extracted from the literature skua nesting den-

sity recorded at other arctic sites in years of high and low

lemming abundance, two sites in North America (Maher
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1970; Therrien et al. 2014), one in Greenland (Gilg et al.

2006) and one in northern Europe (Andersson 1976).

Lemming abundance

Lemming abundance was evaluated annually since 1998 in

a qualitative way by using three different classes of den-

sity: high, medium, and low according to daily sightings

while conducting other research activities in the field.

Considering the very large amplitude of variations in

population density between years of high and low lemming

abundance in most tundra ecosystems, this index should be

sufficient to detect these extreme situations (e.g., Lecomte

et al. 2008). The year 2003 was an exceptional year of high

lemming abundance (Morrison, pers. obs.), which was

further confirmed by the presence of snowy owls (Bubo

scandiacus) that year, a rare species at Alert but whose

presence and reproduction is closely tied to local peaks in

lemming abundance across the tundra (Gauthier et al.

2004). In contrast, summer 2008 was one of the lowest

lemming years observed throughout the study period

(Morrison, pers. obs.). In that year, lemming abundance

was also estimated using snap-traps. We used 150 traps

placed along 3 transect lines in damp habitat and 3 lines in

dry habitat and operated for 3 consecutive days from 23 to

29 July, for a total of 900 trap-nights. Trapping stations

were 15 m apart along transects and consisted of 3 traps

baited with peanut butter set within a 2 m radius of each

station. Overall, only one collared lemming was caught

leading to an index of abundance of 0.11 lemmings/100

trap-nights, which is similar to values recorded in years of

low abundance on Bylot Island in the Canadian Arctic

(Gruyer et al. 2008).

Collection of blood samples

Adult skuas were captured with rocket nets at the sewage

outfall stream, from their arrival in early June through the

summer in both 2003 and 2008. We also used a small ‘‘pull

net’’ to capture incubating birds on their nest. The capture

effort was greater in 2008 (N = 35 individuals with 8

recaptures, including 10 incubating birds) compared to

2003 (N = 17 individuals with no recaptures, including 7

incubating birds). Immediately after capture, a blood

sample was collected from the brachial vein (about 300 ll)

in heparinized micro-hematocrit capillary tubes. Birds were

then individually banded before release. Blood samples

were centrifuged at 13,200g for 15 min. Red blood cells

(hereafter RBC) and plasma were separated and stored

frozen at -20 �C until laboratory analyses. RBC were

available for all birds captured/recaptured (N = 61) and

plasma for 54 birds.

Sampling of food sources

During summer 2008, we collected samples of both inshore

marine and terrestrial prey that are potentially consumed by

skuas for stable isotope analysis (Table S1 in the ESM).

Potential prey were determined on what was previously

known regarding their summer diet in the high arctic

(reviewed in Wiley and Lee 1998). Marine arthropods

(amphipods) were collected by hand from tidal pools and

small fishes were captured with minnow traps (n = 3).

Terrestrial arthropods were selected at random from spec-

imens collected in pitfall traps set throughout the summer

in the course of another study aimed at assessing their

seasonal variation in abundance (Bolduc et al. 2013).

Samples (n = 5) were obtained from the most abundant

groups: Diptera (Chironomidae, Muscidae, Calliphoridae

and Tipulidae), Lepidoptera (Geometridae), and Hyme-

noptera (Ichneumonidae). To increase the sample size for

lemming isotopic signatures, we gathered all lemming

samples available throughout the years from Alert. Because

the signature of the single lemming sample collected in

2003 (d13C = -25.3 % and d15N = 3.1 %) was within

the range of values of 2007 and 2008 samples

(-25.9/-27.1 % for d13C and -0.7/3.9 % for d15N in

2007–2008, n = 3), we pooled all those samples. The

potential food items present in the sewage outfall were

highly heterogeneous and could be easily selected by

skuas. To obtain representative samples of what was

actually eaten by the birds, we used material from spon-

taneous regurgitations during handling of birds following

their capture at the outfall stream. Only intact, undigested

material (mostly rice and pasta) was retained (n = 8).

Other studies have shown that regurgitation material is

representative of what is eaten by seabirds and can be used

for isotopic analyses (Votier et al. 2003, 2010). All samples

were placed separately in plastic bags and stored frozen at

-20 �C except for arthropods that were preserved in 70 %

ethanol. Ethanol is not likely to affect subsequent isotopic

analyses (Hobson et al. 1997; Therrien et al. 2011).

Laboratory analyses

Stable isotopes

All samples were freeze-dried. Because it is generally

recommended to extracted lipids from tissues with a high

concentration in lipids (like muscles), we extracted lipids

from prey samples by boiling them for 20 min in a chlo-

roform:methanol (2:1) solution with a Soxhlet apparatus.

Since lipid content of blood is usually low and hence does

not affect carbon and nitrogen isotopic ratios (Bearhop

et al. 2000), we did not extract lipids from blood samples.

Samples were then milled and weighed into tin cups

Polar Biol (2014) 37:193–203 195

123



(approximately 0.22 mg) and sent to the Stable Isotopes in

Nature Laboratory, University of New-Brunswick, Fred-

ericton, NB, Canada, for analyses of carbon and nitrogen

isotopic ratios. Samples were flash combusted at 1,100 �C

using a Costech 4010 Elemental Analyzer and the resulting

gases delivered via continuous flow into a DELTAplus

isotope ratio mass spectrometer. Stable isotope ratios are

expressed as d values relative to international standards and

are measured in parts per thousand (%; Bond and Hobson

2012). We evaluated the overall measurement precision by

randomly duplicating a subset of our samples: this includes

both precision error inherent to the mass spectrometer and

within-sample variations due to lack of homogeneity of

powdered samples. Sample replicates never had 1

SD [ 0.17 % for d13C and [0.06 % for d15N. Accuracy

was estimated with measurements of a commercially

available standard (Nicotinamide, Elemental Microanalysis

Ltd.; Target ratios: d13C = -34.2 % and d15N =

-1.8 %): mean d13C = -34.2 ± 0.1 % SD and mean

d15N = -1.8 ± 0.1 % SD (n = 14).

Stable isotope composition of different tissues reflects

assimilated diet over different temporal scales based on the

turnover rate specific to each tissue, which depends on its

metabolic activity (Hobson and Clark 1992b). Accordingly,

analyzing stable isotope concentration separately in plasma

and RBC provides dietary information that integrates

approximately 1 and 4 weeks, respectively (Hobson and

Clark 1993; Inger et al. 2006). Metabolic activity is often

selective for specific isotopes, leading to differences

between the signature of a consumer tissue and its food

sources (Hobson and Clark 1992a). It is thus necessary to

correct for the isotopic discrimination specific for the tissue

used when assessing diet with stable isotope analyses. We

used average discrimination factors determined by Bearhop

et al. (2002) for the blood of the Great Skua (Catharacta

skua), a close relative of the long-tailed skua, feeding on

meat and fish in which lipids had been removed. Dis-

crimination values used were 1.7 % for 13C and 3.5 % for
15N.

Bird sexing

DNA was extracted from freeze-dried RBC using the

procedure described in Aljanabi and Martinez (1997) and

sex was genetically assessed for all individuals using the

method described in Fridolfsson and Ellegren (1999).

Statistical analyses

We used linear mixed effect models to analyze the sources

of variation in the blood stable isotope values (d13C and

d15N) with the nlme package (Pinheiro et al. 2006) from

software R, version 2.8.0 (R Development Core Team

2008). Dependent variables (either d13C or d15N) were log-

transformed to meet assumptions of normality. The fixed

effects were date (in day of the year standardized as fol-

lows: xstand = (xi - �x)/r), year (with contrasting lemming

abundances), sex, and blood component (RBC and

plasma). Given that multiple blood samples were some-

times available per individual, we considered individuals as

a random effect in the analyses, which resulted in giving

the same weight to each individual and avoided pseudo-

replication (Pinheiro and Bates 2000). The mean time

elapsed between resampling of the same individuals was

17.3 days (range 9–30 days, n = 8).

We evaluated fixed effects through model selection

using the Akaike’s Information Criterion with the small

sample size bias correction (AICc). We used parameter

estimates averaged across all models (AICcmodavg pack-

age in R) to account for uncertainty in model selection

(Burnham and Anderson 2002). The most complex model

included all possible two-way interactions that were bio-

logically interpretable.

We estimated the contribution of food sources to the diet

with the Bayesian multi-source stable isotope mixing

model of the SIAR package (Parnell et al. 2010). This

approach allows for incorporating errors in the sources and

samples. When working with n isotopes in systems con-

taining more than n ? 1 sources, Bayesian models offer

several advantages over non-Bayesian approaches (see

Tarroux et al. 2010). We used the ‘‘siarsolomcmcv4’’

function that runs a Markov Chain Monte Carlo on stable

isotope data of each individual to determine its dietary

habits. We did not incorporate prior information. Small

errors in discrimination factors due, for instance, to a

mixed diet have the potential to bias mixing model output

(Bond and Diamond 2011). To assess the robustness of our

diet proportion estimates to these potential biases, we

performed a sensitivity analysis for each year using

extreme discrimination values for d15N (2.8 and 4.2 %)

and d13C (1.1 and 2.3 %) given in Bearhop et al. (2002).

We ran 4 models to simulate all the combinations of

extreme discrimination values and compared the range of

diet proportion estimates obtained from these models to

those obtained using average discrimination values.

Birds captured at the sewage outfall stream are likely a

mixture of breeding and non-breeding birds, with poten-

tially some transient individuals in the latter group. A

capture–recapture analyses based on 10 years of banding

data at this site indeed showed that up to 18 % of newly

marked birds could be transients (Julien et al. 2013). We

thus estimated separately the diet composition of birds

captured at the sewage outfall from those captured on their

nest. We reconstructed diet composition using plasma

because the higher turnover rate of this component com-

pared to RBC reduces the residual marine input signal due

196 Polar Biol (2014) 37:193–203
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to feeding at sea prior to arrival to the breeding site in

spring (see ‘‘Results’’ section). We excluded marine prey

from potential food sources of birds captured at the nest

(i.e., breeders) but not for those captured at the sewage

outfall because breeding birds had moved to the terrestrial

environment for several weeks at the time of capture and

nesting skuas are unlikely to feed in the marine environ-

ment at that time (see ESM for supporting evidence).

We tested for an effect of year (that differed in term of

lemming abundance) on clutch size and egg volume. For

clutch size, we used logistical regression coded as 1 for

nests with two eggs and 0 for nests with one egg (no other

clutch sizes were recorded). For egg volume, we used

linear mixed models with nest identity as a random factor

to account for potential pseudo-replication.

Results

Variations in isotopic signatures

The isotopic signature of marine prey, terrestrial arthro-

pods, lemmings, and anthropogenic food significantly dif-

fered from each other (MANOVA, pairwise comparisons:

all F1,10 [ 11.50, all P \ 0.003, all Wilks k\ 0.28).

Marine prey were considerably enriched in both 15N and
13C compared to all terrestrial prey (Fig. 1; Table S1 in the

ESM). The d13C signature of arthropods and lemmings

were relatively similar although arthropods were slightly

enriched in 15N. Finally, food regurgitated at the sewage

outfall (hereafter referred to as anthropogenic source) was

intermediate in 13C between marine and other terrestrial

prey but similar to arthropods in 15N values. We thus used

these food items as independent sources in isotopic models.

We found that skua d13C and d15N values varied

according to the blood component, date, and year, as well as

sex for C (Table 1). The plasma was more impoverished in
13C, and to a lesser extent in 15N, than the RBC (Table 2;

Fig. 2); thus, its isotopic ratio was more shifted toward

terrestrial food sources than the RBC (Fig. 1). Furthermore,

there was a strong seasonal decline in d13C and d15N from

the beginning of June until mid-July in both blood com-

ponents and years (Table 2; Fig. 2). Although birds cap-

tured in the first 2 weeks of July were on their nest, these

data points fitted well with the seasonal trend already

apparent in birds captured in June at the sewage outfall

(Fig. 2). We nonetheless repeated the analyses excluding

birds captured on their nests and found similar results (see

Table S2 in the ESM). The interaction between date and

blood component for d13C was due to weaker seasonal

decline in RBC values compared to plasma (Table 2;

Fig. 2). The d13C and d15N values were lower in 2003 (high

lemming abundance year), compared to 2008 (low lemming

abundance) but there was an interaction between blood

component and year (d13C only; Tables 1, 2). This inter-

action indicates that the decrease in d13C values between

2003 and 2008 was greater in plasma than in RBC (Table 2;

Fig. 2). The interaction between year and date for d13C

reflects a steeper seasonal decline in 2003 compared to 2008

(Table 2; Fig. 2). Finally, the interaction between sex and

blood component indicates that males had slightly lower

d13C values in plasma than in RBC compared to females.

Food proportions in diet

Anthropogenic food sources contributed between 20 and

25 % of the diet of skuas captured at the sewage outfall, a
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Fig. 1 Isotopic signature (d13C and d15N values) of food sources

(white triangles; mean ± standard deviation) and plasma (white

symbols) and red blood cells (RBC; black symbols) of individual long-

tailed skuas caught at Alert (Ellesmere Island) in years of high (2003)

and low (2008) lemming abundance. Squares represent birds caught

on their nests and circles those caught at the sewage outfall stream.

Blood values were adjusted for discrimination factor (see ‘‘Materials

and methods’’ section for details). Numbers indicate sample size for

food sources (most food sources were collected in 2008, see

‘‘Materials and methods’’ section)
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value almost as large as lemmings (25–30 %; Fig. 3a). The

contribution of these two food sources differed little

between years of high and low lemming abundance. The

contribution of the marine environment to the diet was

around 20 % but varied greatly among individuals. These

estimates were robust and not strongly affected by the

isotopic discrimination values that we used. Indeed, the

sensitivity analysis based on extreme discrimination values

gave similar results compared to those obtained when

average values were used (Table 3).

For birds captured at the nest in July, we also found a

substantial contribution of anthropogenic food sources to

their diet but that proportion differed markedly between the

high (2003) and low (2008) lemming year (Fig. 3b). The

proportion of anthropogenic sources was much higher

(41 %; range 15–59 %) in the year when lemmings were

scarce than when lemmings were abundant (16 %;

10–21 %), whereas lemming proportion in the diet fol-

lowed exactly the opposite trend (42 %; 35–51 % during

the year of high lemming abundance vs. 24 %; 5–41 %

during the low year). The variance in the proportion of all

food sources was also higher in the low than in the high

lemming year. These results were not sensitive to the

assumption that nesting skuas were not using the marine

environment. Indeed, the trends remained the same when

marine sources were included even though the contribution

of anthropogenic food sources decreased slightly (Figure

S2, ESM).

Breeding activity

The clutch size at Alert tended to be higher during the year

of high lemming abundance (1.92 ± 0.05 eggs [SE],

n = 26 nests) than during the low year (1.70 ± 0.10,

n = 10 nests; DAICc with null model was 0.63). Egg vol-

ume was also slightly greater during the year of high

lemming abundance (38.1 ± 0.7 cm3, n = 50 eggs) com-

pared to the low year (35.1 ± 0.6 cm3, n = 17; DAICc with

Table 1 Model selection of the effects of year (high vs low lemming

abundance), date, blood component (plasma vs red blood cells, RBC),

sex and biologically relevant two-way interactions on the d13C (a) and

d15N (b) values of long-tailed skua blood (n observations = 115; 61

RBC and 54 plasma from 52 different individuals used as a random

factor)

Model Np DAICc xi

a) d13C

1. Year*date ? year*blood ? date*blood ? sex*blood 11 0.0 0.4

2. Year*date ? year*blood ?year*sex ? date*blood ? sex*blood 12 1.2 0.2

3. Year*date ? year*blood ? date*blood ? sex*date ? sex*blood 12 1.8 0.2

4. Year*date ? year*blood ? year*sex ? date*blood ? sex*date ? sex*blood 13 2.9 0.1

5. Year*blood ? date*blood ? sex*blood 10 2.9 0.1

6. Year*date ? year*blood ? date*blood 9 4.7 0.0

7. Year*blood ? year*blood*sex ? date*blood 12 5.6 0.0

8. Year*date ? year*blood ? date*blood ? sex 10 5.6 0.0

9. Year*blood ? date*blood 8 7.7 0.0

10. Null model 3 238.6 0.0

b) d15N

1. Year ? date ? blood 6 0.0 0.2

2. Year*date ? blood 7 0.3 0.2

3. Year ? date ? blood ? sex 7 1.5 0.1

4. Year*blood ? date 7 1.7 0.1

5. Year ? date*blood 7 1.9 0.1

6. Year*date ? date*blood 8 2.1 0.1

7. Year*blood ? date*blood 8 3.6 0.0

8. Year*date ? year*blood ? date*blood 9 3.9 0.0

9. Year*blood ? date*blood ? sex 9 5.2 0.0

10. Year*date ? year*blood ? sex 10 5.5 0.0

11. Year*blood ? year*sex ? date*blood 10 6.1 0.0

12. Null model 3 149.9 0.0

The time period in the analysis extends from 30 May to 11 July. In the presence of an interaction between two factors, each individual factor was

also retained in the model. Np = number of parameters, DAICc = difference in AICc between the current and preferred model, xi = AICc weight

in favor of the model

198 Polar Biol (2014) 37:193–203
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null model was 1.83). Similar results hold when clutch size

was taking into account in the model. Finally, nest density

was 2.6 times higher in the year of high lemming abun-

dance (2003: 0.40 nest/km2, n = 26 nests) than during the

year of low abundance (2008: 0.15 nest/km2, n = 10 nests;

Figure S1 in the ESM).

At all other known sites where breeding density of skuas

was recorded, nesting skuas were either totally absent or

present at very low density (\0.02 nests/km2) in years of

low lemming abundance but nested at densities ranging

from 0.63 to 0.92 nest/km2 in high lemming years (Fig. 4).

Thus, difference in skua nesting density between years of

high and low lemming abundance was[30-fold at all these

sites.

Discussion

Based on repeated measures of isotopic ratios during

2 years of contrasting lemming abundance, we found

evidence that long-tailed skuas breeding at Alert use and

benefit from allochthonous resources of human origin.

Indeed, we found support for most of our initial predic-

tions. Anthropogenic food resources from the sewage

outfall stream of the military base contributed to the diet of

skuas, and this contribution increased in nesting birds when

lemmings were scarce. This alternative food source

apparently dampened the effect of lemming population

fluctuations on the annual breeding density of skuas at

Alert compared to other Arctic sites.

Inter- and intra-year variations in diet

The strong seasonal decline in blood isotopic ratios

occurred because skuas switch from a marine (enriched in

both 13C and 15N; Fig. 1) to a predominantly terrestrial diet

when they come ashore to breed. Moreover, the higher

d13C and d15N values of RBC compared to plasma show

that the signature in RBC was lagging behind plasma in

adjusting to this recent diet switch because RBCs have a

lower turnover rate than the plasma (Hobson and Clark

1993; Inger et al. 2006). Overall, individuals captured at

the sewage outfall showed a significant but highly variable

contribution of the marine environment to their diet. These

birds represent a more heterogeneous sample than those

captured on the nest because they are a mixture of transient

and resident individuals (Julien et al. 2013) and potentially

include breeders and non-breeders. We also captured them

over a longer time period at the sewage outfall (*1 month)

than on the nest (*10 days), with individuals captured

earlier presumably showing a higher contribution of the

marine environment to their diet due to a more recent

habitat shift than those captured later on.

Although our study involved only two contrasting years

of lemming abundance, we showed that the anthropogenic

contribution to the skua’s diet was of considerable impor-

tance and more than doubled in nesting birds during a year

of very low lemming abundance. Moreover, d13C of

plasma showed a steeper seasonal decline in 2003 (the high

lemming year) than in 2008, presumably because lem-

mings, which have a low isotopic signature, made a greater

contribution to the diet in that year as the breeding season

progressed. The fact that we detected little increase in the

contribution of lemmings to the diet of skuas captured at

the sewage outfall in the high lemming year compared to

nesting birds may be due to the timing of their capture.

Indeed, birds were captured at the sewage outfall early in

the season, mostly before the onset of laying. As move-

ments of pre-laying birds are not constrained by the need to

incubate and protect their nest, they may exploit a more

diverse prey base than nesting birds.

The high variance (i.e., inter-individual variation) in the

relative contribution of different food sources during the

Table 2 Parameter estimates (slopes with SE and 95 % confidence

intervals) averaged across all models in Table 1 of the effects of blood

components (1 = red blood cells (RBC); 0 = plasma), year (1 = low

lemming—2008; 0 = high lemming—2003), sex (1 = M, 0 = F) and

date (in standardized day of the year) on d13C and d15N values

d13C Beta SE 95 % CI

(Intercept) -25.98 0.23 -26.42 -25.53

Year 1.66 0.25 1.18 2.25

Date -0.83 0.10 -1.04 -0.63

Blood 3.53 0.27 3.00 4.05

Sex -0.48 0.27 -1.02 0.05

Year*date 0.38 0.17 0.05 0.70

Year*blood -0.84 0.27 -1.37 -0.31

Date*blood -0.32 0.12 -0.56 -0.08

Sex*blood 0.71 0.25 0.21 1.21

Random effects

Individual standard deviation 0.37

Residual standard deviation 0.64

d15N Beta SE

(Intercept) 5.53 0.19 5.15 5.90

Year 0.86 0.22 0.43 1.29

Date -1.26 0.10 -1.45 -1.07

Blood 1.35 0.19 0.98 1.71

Sex -0.13 0.23 -0.58 0.31

Year*date 0.26 0.19 -0.11 0.62

Year*blood -0.2 0.31 -0.81 0.4

Date*blood 1.35 0.19 0.98 1.71

Random effects

Individual standard deviation 0.40

Residual standard deviation 0.75
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year of low lemming abundance could be explained by

differences in individual foraging strategies when the pre-

ferred prey is scarce. For example, in years when low

lemming abundance reduces the number of breeding skuas,

some individuals might prefer feeding on arthropods

around their nest rather than leaving the territory to forage

farther away, while others could prefer taking advantage of

the high availability of anthropogenic food away from their

territory.

Blood d13C values appeared to differ between sexes in

birds caught at the sewage outfall early in the season, but

not in breeding birds. This could be explained by different

arrival dates of the sexes or by different foraging behavior

shortly after arrival on the tundra. In Greenland, De Korte

and Wattel (1988) reported that the two sexes used dif-

ferent foraging strategies during the breeding season,

which could explain differences in diet composition.

Even though our data supported our initial predictions,

we recognize that they are based on only 2 years of data

with contrasting lemming abundance. However, we choose

these 2 years a priori because of (1) a large difference in

lemming abundance, (2) similar capture and nest searching

efforts, and (3) availability of large number of blood

samples. Thus, there was no bias in the selection of those

2 years with respect to the results that we present. More-

over, while we found no evidence that lemming isotopic

signatures differed between years, sample size was small

and most samples were collected in 2008. Although annual

differences in isotopic signatures of prey could be a

potential source of bias in our study, sampling of lemming

isotopic signatures across several years on Bylot Island

(73�080N, 79�590W) showed little annual variation (Gau-

thier et al. unpub. data). Future studies should thus aim to

verify the patterns found in this study using larger sample

sizes over more years.

Allochthonous resources and breeding productivity

Skua reproduction is dependent on food (especially lem-

mings) availability. Indeed, a strong relationship between
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Fig. 2 Seasonal change in d13C or d15N values for red blood cells

(RBC) and plasma of long-tailed skuas caught at Alert in years of

high (2003, black symbols and solid line) and low (2008, white

symbols, dashed line) lemming abundance. Squares represent birds

caught on their nests and circles those caught at the sewage outfall.

Blood values were adjusted for discrimination factors (see ‘‘Materials

and methods’’ section for details). Date was back-transformed (from

standardized days) to produce this figure. This transformation induced

a slight change in slopes, explaining the non-parallel slopes between

years for the d15N where only additive effects were retained

(Table 1b)
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the annual lemming abundance and the number of breeding

pairs was shown at several Arctic sites (Maher 1970; An-

dersson 1976, 1981; Gilg et al. 2006). Skua nest density

was relatively low at Alert compared to other sites in a high

lemming year. This is probably because Alert is the

northernmost site, and thus, ecosystem productivity is

presumably lowest at such latitude. It is, however,

remarkable to note that skua nest density was higher at

Alert than at all other sites in a low lemming year, with

several sites reporting a total absence of nesting activity in

those years. Clutch size and egg size have also been

reported to vary in relation to food availability (Andersson

1976, 1981). In contrast to these studies, clutch and egg

size varied only slightly between 2 years of contrasting

lemming abundance at Alert. Because Alert is a site where

birds consistently had access to an allochthonous food

source for breeding likely explains the maintenance of

reproduction in years when lemmings are scarce unlike at

other sites. These results suggest that allochthonous

resources of human origin can subsidize the local popula-

tion of an avian predator breeding in a harsh arctic envi-

ronment and dampen natural fluctuations in food

abundance due to cyclic lemming populations.
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Fig. 3 Diet reconstruction using SIAR mixing models based on

plasma isotopic signatures of long-tailed skuas at Alert in years of

high (2003) and low (2008) lemming abundance. In upper part,

a birds caught at the sewage outfall stream (30 May to 23 June; 2003

n = 10 and 2008 n = 27). In lower part, b birds caught at their nests

(3–11 July 2003 n = 7 and 2008 n = 10; marine subsidies were

excluded from this specific analysis, see ‘‘Materials and methods’’

section for details). Median (white dot), 50, 75, and 95 % credible

intervals (dark gray, light gray, and white boxes, respectively) of the

probability distributions of food proportions in diet are presented

Fig. 4 Comparison of long-tailed skua nest density (N/km2) recorded

at Alert (present study), Bylot Island (73�080N, 79�590W; Therrien

et al. 2014), Lake Hazen on Ellesmere Island (81�500N, 70�250W;

Maher 1970), northeast Greenland (72�300N 24�000W; Gilg et al.

2006) and northern Sweden (68�270N, 20�200E; Andersson 1976)

during years of high (black) and low lemming abundance (gray).

‘‘0’’ = no nesting activity found. Numbers in parentheses indicate the

number of years of data at each site and error bars are standard errors

based on yearly values

Table 3 Diet reconstruction

using SIAR mixing models

based on plasma isotopic

signatures of long-tailed skuas

caught at the sewage outfall

according to different values of

discrimination

We simulate all the

combinations of extreme

discrimination values for d15N

(2.8 and 4.2 %) and d13C (1.1

and 2.3 %) given in Bearhop

et al. (2002). Average values

(1.7 % for d15N and 3.2 % for

d13C) are equivalent to Fig. 3a

Discriminant factor Lemming year Sources

C (%) N (%) Anthropogenic Lemmings Arthropods Marine

2.3 4.2 High 0.18 0.35 0.34 0.13

Low 0.24 0.26 0.26 0.23

1.1 2.8 High 0.23 0.25 0.30 0.22

Low 0.26 0.19 0.20 0.36

2.3 2.8 High 0.18 0.26 0.39 0.18

Low 0.23 0.29 0.27 0.31

1.1 4.2 High 0.23 0.33 0.26 0.17

Low 0.27 0.26 0.18 0.19

1.7 3.2 High 0.21 0.30 0.32 0.17

Low 0.25 0.22 0.23 0.30
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Implications of allochthonous subsidies

Consumption of food of human origin can sometimes

negatively affect breeding success and reproductive output

in seabirds (Pierotti and Annett 1991; Annett and Pierotti

1999; Grémillet et al. 2008). However, in many situations,

the use of anthropogenic food sources, like human garbage,

can have a positive effect on population size of opportu-

nistic predators, including gulls and skuas (Pons and Migot

1995; Contesse et al. 2004; Weiser and Powell 2010).

The consequences of allochthonous subsidies can be

dramatic and have cascading effects on other species in the

food web. For instance, Weiser and Powell (2010) showed

a positive relationship between the occurrence of garbage

in the diet of Glaucous Gull (Larus hyperboreus) and their

fledging rate and sub-adult survival in northern Alaska.

They suggested that this could increase local gull popula-

tions, which in turn could affect their natural prey species,

including several species of shorebirds and waterfowl of

conservation concern in Alaska. The same pattern may

occur at our study site. Indeed, if anthropogenic food

sources contribute to maintain a larger and more stable

long-tailed skua population locally, this could lead to

increased predation on other species present in the area,

such as the Red Knot (Calidris canutus), a declining spe-

cies considered of Special Concern by the Committee on

the Status of Endangered Wildlife in Canada (COSEWIC

2011) and recently listed under Canada’s Species at Risk

Act. Indeed, given the high daily consumption rates mea-

sured for breeding long-tailed skua (Gilg et al. 2006;

Therrien et al. 2014), even a slight increase in breeding

density could strongly affect alternate prey species such as

shorebirds. On the other hand, the availability of the

anthropogenic source could divert skuas from seeking

alternate prey in years of low lemming abundance, thereby

providing survival benefits for shorebirds in the area. A full

examination of these trophic links will require further

studies at the food web level.

The functional significance of top predators in a food

web depends on the main forces driving ecosystems. If

food webs are bottom-up controlled, change in abundance

of top predators will have little impact on the food web but

greater impacts are expected if they exert a strong top-

down control on lower trophic levels (Lecomte et al. 2009).

There is increasing evidence that predators play a role in

controlling Arctic food webs (Gilg et al. 2003; Gauthier

et al. 2004; Legagneux et al. 2012; McKinnon et al. 2013).

It has been suggested that allochthonous resources may

enhance the functional role of predators in the tundra

ecosystem due to its low productivity and biodiversity and

relatively simple structure (Gauthier et al. 2011), which

may be the case at Alert. Allochthonous food subsidies

could allow predators to reach higher densities than those

predicted based solely on the primary productivity of the

autochthonous system, which could in turn have indirect

and cascading effects on other trophic levels. Therefore, a

full understanding of the food web dynamic requires taking

into consideration both autochthonous and allochthonous

sources (Jefferies 2000; Leroux and Loreau 2008).

Acknowledgments We thank the Canadian Armed Forces and

Environment Canada for permission to work at Alert and the staff of

the Canadian Forces Station for their very professional and extensive
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