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Foraging niche partitioning 
in sympatric seabird populations
Christina Petalas1,2*, Thomas Lazarus1, Raphael A. Lavoie3, Kyle H. Elliott1 & 
Mélanie F. Guigueno2

Sympatric species must sufficiently differentiate aspects of their ecological niche to alleviate 
complete interspecific competition and stably coexist within the same area. Seabirds provide a unique 
opportunity to understand patterns of niche segregation among coexisting species because they form 
large multi-species colonies of breeding aggregations with seemingly overlapping diets and foraging 
areas. Recent biologging tools have revealed that colonial seabirds can differentiate components 
of their foraging strategies. Specifically, small, diving birds with high wing-loading may have small 
foraging radii compared with larger or non-diving birds. In the Gulf of St-Lawrence in Canada, we 
investigated whether and how niche differentiation occurs in four incubating seabird species breeding 
sympatrically using GPS-tracking and direct field observations of prey items carried by adults to 
chicks: the Atlantic puffin (Fratercula arctica), razorbill (Alca torda), common murre (Uria aalge), and 
black-legged kittiwake (Rissa tridactyla). Although there was overlap at foraging hotspots, all species 
differentiated in either diet (prey species, size and number) or foraging range. Whereas puffins and 
razorbills consumed multiple smaller prey items that were readily available closer to the colony, 
murres selected larger more diverse prey that were accessible due to their deeper diving capability. 
Kittiwakes compensated for their surface foraging by having a large foraging range, including 
foraging largely at a specific distant hotspot. These foraging habitat specialisations may alleviate high 
interspecific competition allowing for their coexistence, providing insight on multispecies colonial 
living.

The competitive displacement principle states that complete competitors, sharing identical overlapping ecological 
niches, cannot stably coexist in the same habitat at the same  time1–3. Sympatric species must sufficiently partition 
their limiting resources, a phenomenon known as niche  differentiation4–7. If we consider a species hypervolume 
(its ecological niche within an N-dimensional niche space), where each dimension corresponds to a state of the 
environment which allows a species to exist, niche differentiation implies that there is limited overlap within 
hypervolumes between coexisting  species5,8,9. Niche differentiation permitting coexistence within the same 
habitat has been observed in a diverse range of taxa, from plankton to large  carnivores10–13. Seabirds are intrigu-
ing in this regard because they often form large island colonies of breeding aggregations composed of several 
populations of species with seemingly overlapping diets (consisting largely of small fish) and foraging  areas14,15.

While multi-species seabird colonies offer advantages such as defense against  predators16, they also increase 
the chance for high interspecific competition due to similarities in many life-history  traits17–19. This competi-
tion may peak during the breeding season when there are increased demands for food because individuals are 
restricted to forage within a limited range of the colony while needing to supplement themselves and their 
 young20,21. In some multi-species seabird colonies, interspecific competition for nesting space may regulate 
the population  size18, whereas for others that differentiate in nesting location may have competition occurring 
primarily at  sea22–24.

Recent biologging tools have been used to show how colonial seabirds segregate components of their foraging 
strategies across  space17 and prey  choice25, leading to reduced interspecific  competition26–31. Such segregation 
is associated with divergence in morphology potentially driven by ‘the ghost of competition past’14,32,33. That is, 
competition at the time of contact between two species in the past may have led to selection for morphologies 
(and, thus, foraging behaviour) that minimize competition. Current morphology (i.e. wingspan, mass, wing area) 
determines travelling distances and depths; flight costs increase with wing-loading, while dive depth increases 
with body mass due to higher oxygen  stores14,34,35. Seabirds also vary morphologically in their bill depths which 
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plays a role in determining the prey species, sizes, and numbers they can  handle36,37. Single prey loaders should 
forage closer to the colony than multiple prey loaders due to the constraint of transit  time38.

We examined whether and how niche partitioning occurs in four seabird species that breed sympatrically in 
the Gulf of St-Lawrence in Eastern  Canada39 to understand the ecological processes that may partially alleviate 
the competition associated with colonial living. Specifically, we investigated diet using direct field observations 
of prey items carried by chick-rearing adults and spatial niches using GPS-tracking. At the Mingan Archipelago, 
three diving auk species, the Atlantic puffin (Fratercula arctica), razorbill (Alca torda), common murre (Uria 
aalge), as well as a non-diving pelagic larid species, the black-legged kittiwake (Rissa tridactyla), nest in close 
proximity with overlapping incubation and chick-rearing breeding stages while feeding mainly on forage  fish39,40. 
We studied spatial foraging characteristics on incubating razorbills, murres and kittiwakes on Île à Calculot des 
Betchouanes (Betchouanes) using GPS-tracking and visual diet composition during chick-rearing on bill-loading 
species (puffins, razorbills and murres) on Betchouanes and Île de la Maison. These species have low competition 
for nest sites; puffins breed exclusively in burrows, razorbills and murres breed in rock crevices, and kittiwakes 
nest on cliff ledges. The species vary in terms of morphology determining their prey loading, flying, and diving 
capabilities which may constrain each species’ foraging niche. Bill depth morphology will determine the amount 
and size of prey a species can load in a foraging trip during the chick-rearing stage when they bring back prey 
within their bills to their chicks. Murres are single prey loaders while the other species are multiple prey loaders. 
We expect that single prey loading murres would forage the largest sized prey while few prey loading razorbills 
would load an intermediate size and multiple prey loading puffins would be foraging the smallest prey items. 
Murres also have the highest mass and wing-loading (mass per unit area of the wing), followed by razorbills, 
puffins, and kittiwakes,  respectively41. Thaxter et al. showed that murres forage closer to the colony than razorbills 
due to their higher wing-loading, but because the study happened during the species’ chick-rearing stage, the 
effect may be partly due to murres being single prey  loaders33. By studying seabird foraging movements during 
incubation, we eliminated the confounding effect of prey loading. That is, during incubation all birds can forage 
on all suitable fish, whereas during chick-rearing single prey loaders are constrained to bring a single prey back 
to their offspring, limiting foraging range. We expected that murres would forage closest to the colony, followed 
by razorbills and kittiwakes, respectively.

These trade-off differences in prey loading combined with birds’ flight and diving capabilities during foraging 
trips may have evolved to differentiate seabird niches to alleviate high interspecific competition and allow for 
multispecies colonial  living29,38,42,43. Gaining insight on multispecies colonial living by understanding the link 
between foraging behaviour and population parameters could inform researchers on population sensitivity to 
environmental disasters. This could allow us to predict from an applied conservation perspective where seabirds 
are at sea and how they adequately respond to an environmental  emergency44. Seabird communities have been 
tracked in most regions of  Canada19,28,45, however, we are unaware of any published tracking studies in Quebec, 
and so we also provide the first fine-scale tracking information on seabird distributions along Canada’s longest 
provincial shoreline.

Results
GPS analysis. We analyzed the spatial dimension using GPS results from three incubating seabird species 
on Betchouanes island including razorbills, kittiwakes, and murres. We installed 11 GPS units on razorbills and 
recovered 4, 23 GPS units on kittiwakes and recovered 6, and 16 GPS units on murres and recovered data from 
12. From this we obtained 122 complete foraging trips within the incubating breeding state (Supplementary 
Table S1). Kittiwakes travelled farthest, followed by murres and razorbills. The average duration of a foraging trip 
for each species were: 8.5 ± 0.9 h for razorbills, 17.7 ± 2.4 h for murres, and 8.6 ± 1.6 h for kittiwakes (Fig. 1). Fur-
ther, the Foraging Range Index (FRI) of each species provides an estimate of the average distance (km) from the 
colony that the birds are foraging (see methods). FRIs differed among all three analyzed species tested (Kruskal–
Wallis test: χ2 = 65.6, df = 3, p < 0.001) (Fig. 1). FRIs differed between kittiwakes and both razorbills and murres 
(Wilcoxon test: razorbills: W = 1356, p < 0.001; murres: W = 1002, p < 0.001), and between murres and razorbills 
(Wilcoxon test: W = 1623, p < 0.001). These differences in FRI were found even after accounting for individual as 
a random effect (LME, F(2, 15) = 18.27, p < 0.001).

There was spatial segregation of all utilization distribution (UD) foraging ranges between all three species 
tested (Fig. 2). We calculated Bhattacharyya’s affinity (BA) indices for each species overlap comparison and 
obtained values ≤ 0.5, suggesting that the probability of foraging overlap was low between all species. Similarly, 
obtained UDOI values were ≤ 0.1 in all cases except between the home range (95% contours) between murres and 
kittiwakes (UDOI > 0.3), while their core foraging area (50% contours) overlapped considerably less (UDOI = 0.1, 
Table 1). Our randomization procedure (see methods) yielded all BA and UDOI indices to be significantly 
(p < 0.001) lower than the null expectation for 25%, 50%, 75% or 95% UDs (Supplementary Table S2).

The foraging space differed between razorbills, murres, and kittiwakes (Fig. 3). There was a difference between 
the species tested along PC1 and PC2 (Kruskal–Wallis tests: χ2 = 43.9, df = 2, p < 0.001; χ2 = 42.9, df = 2, p < 0.001, 
respectively). A pairwise comparison of all three species showed, that they were significantly different from each 
other along the PC1 axis (Wilcoxon test: murre-kittiwake: W = 901, p = 0.02; razorbill-kittiwakes: W = 1247, 
p < 0.001; murre-razorbills: W = 1514, p < 0.001). The kittiwakes were significantly different than razorbills and 
murres along the PC2 axis (Wilcoxon test: W = 165, p < 0.001; W = 153, p < 0.001, respectively). Nonetheless, the 
foraging space of razorbills was almost entirely included within the foraging space of murres, which in turn was 
included within the foraging space of kittiwakes.

Diet. We performed direct field observations on bill-loading auk species: puffins, murres, and razorbills dur-
ing the chick-rearing breeding stage. All three seabird species were included at Betchouanes and two at Ile 
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Figure 1.  (A) Maximum distance travelled (km) during a trip for all foraging trips against the duration of the 
trip (h). (B) Foraging range indexes for foraging trips of razorbills (RAZO), murres (COMU), and kittiwakes 
(BLKI). n refers to total number of foraging trips for each respective species.

Figure 2.  Utilization distribution contours (50, and 95% UD) of foraging locations of three species breeding 
on Île à Calculot des Betchouanes, in the Mingan Archipelago, Northern Quebec. Numbers indicate hotspot 
regions. Note that there are surrounding islands around Île à Calculot des Betchouanes that are too small to be 
depicted on map.
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de la Maison (razorbills and puffins). Bird species foraged on significantly different prey species (Table 2) on 
both Betchouanes (puffins-razorbills: χ2 = 25. 8, df = 2, p < 0.001; puffins-murres: χ2 = 102.2, df = 9, p < 0.001; and 
murres-razorbills: χ2 = 117.3, df = 8, p < 0.001) and Île de la Maison (puffins-razorbills: χ2 = 22.6, df = 2, p < 0.001) 
(Supplementary Fig. S1). On Île de la Maison, we almost exclusively observed capelin (Mallotus villosus) and 
sandlance (Ammodytidae sp.). On Betchouanes, more varied diets were observed for all species, but this was 
mainly due to the presence of murres, which had a more diverse diet than other species. The murre diet was 
dominated by capelin, sandlance and gadids, while razorbills and puffins primarily foraged on sandlance and 
capelin. Murre diet also included a number of rarer species. Exclusively on Betchouanes, puffins diet included 
eelpout (Gymnelus hemifasciatus) and razorbill diet included Atlantic herring (Clupea herengus). The number of 
prey items loaded within a single foraging trip varied significantly between the two islands for both razorbills ( χ
2 = 8.8, df = 1, p = 0.003) and puffins ( χ2 = 17.8, df = 2, p < 0.001) with more sandlance and fewer capelin on Île de 
la Maison. Four regurgitations were observed on Betchouanes from four kittiwakes, which exclusively consisted 
of capelin and sandlance.

The number of prey items loaded within the bills of species varied. Puffins and razorbills returned with 
3.1 ± 0.1 SE and 3.0 ± 0.2 SE prey items, respectively, while murres strictly carried a single prey upon returning 
from a foraging trip. The numbers of prey loaded on Île de la Maison and Betchouanes varied for both puffins 

Table 1.  The estimated overlap (utilization distribution overlap index: UDOI and Bhattacharyya’s affiniy: BA) 
in utilization distributions (UD %s) between three seabird species.

UD (%)

Black-legged Kittiwake/Razorbill
Black-legged Kittiwake/Common 
Murre Razorbill/Common Murre

Observed BA Observed UDOI Observed BA Observed UDOI Observed BA Observed UDOI

25 0 0 0 0 0 0

50 0 0 0.0545 0.003 0.1378 0.019

75 0.0859 0.008 0.3068 0.106 0.2479 0.062

95 0.2576 0.088 0.5291 0.386 0.4036 0.173

Figure 3.  Principal Component Analysis (PCA) for seabirds in the Mingan Archipelago based on the following 
metrics: departure time from colony, maximum trip distance, duration of each trip, Foraging Range Index (FRI), 
distance at which bird first stops in foraging trip, number of patches visited, and commuting index (CI).
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and razorbills. On Île de la Maison, prey loading was significantly different between puffins and razorbills (Quasi-
Poisson test: t = − 3.2, sd = − 0.5, p = 0.002) but was not significant on Betchouanes (Quasi-Poisson test: t = 0.8, 
sd = 0.08, p = 0.4). Razorbills brought fewer prey on Île de la Maison than on Betchouanes, while puffins loaded 
fewer prey from a single trip on Betchouanes than on Île de la Maison (Wilcoxon tests: W = 1334.5, p = 0.02; 
W = 4592.5, p = 0.05, respectively) (Fig. 4).

The size of prey between all species varied significantly (Kruskal–Wallis test: χ2 = 261.9, df = 2, p < 0.001; 
Wilcoxon test: puffins-murres: W = 1309, p < 0.001; puffins-razorbills: W = 1758, p < 0.001; murres-razorbills: 
W = 16,175, p < 0.001). Murres were foraging on average the largest fish sizes (116.4 ± 1.5 mm), the puffins, the 
smallest (64.1 ± 1.2 mm). The razorbills were foraging on average intermediate sizes of roughly 105.1 ± 4.02 mm.

We analyzed prey number in relation to prey size for both puffins and razorbills on both islands (Fig. 4). On 
Betchouanes, prey size decreased as number increased for razorbills (F-statistic test: F-statistic: p < 0.001, 5.192 
on 1 and 140 df), and for every additional prey foraged within a single trip the size decreased by 7.372 mm.

Discussion
Highly competitive environments, like large colonies of seabird species, should favor the evolution of adapta-
tions to reduce niche overlap as a mechanism allowing for  coexistence4,46. We found that the seabird species at 
the Mingan Archipelago differentiated in their spatial and dietary foraging characteristics, which may alleviate 
competition and permit multi-species colonial living (Table 3).

There was little overlap in utilization distributions, where UDOI and BA values were relatively low indicating 
segregation in foraging areas (Table 1). Razorbills forage relatively close to the colony compared with murres and 
kittiwakes (Figs. 1, 2). In Scotland at the Isle of May, razorbills tend to fly farther, and favour diving in relatively 
shallower water away from the colony, compared to  murres47. Murres have 30% higher wing loading than razor-
bills leading to predictions that murres dive deeper and forage closer than razorbills who forage farther from 
the  colony43,48. However, our data revealed that while both species had similar commuting behaviour, making 
many stops during a single foraging trip, incubating murres were typically foraging much farther than incubating 

Table 2.  Frequency of occurrence, total numerical abundance and mass percent of diet for three seabird 
species breeding on islands in the Mingan Archipelago. Given the large colony sizes (see “Materials and 
methods”), it is unlikely that the same individual was incorporated twice. However, because individuals were 
not marked, we cannot know for certain.

Overall diet composition

Frequency of 
occurrence

Numerical 
Abundance Mass

n (%) n (%) (g) (%)

Atlantic Puffin

Capelin 60 41.09 193 40.46 687.0 58.18

Sandlance 66 45.20 190 39.83 301.41 25.53

Larval Sp 19 13.01 92 19.29 184 15.58

Unknown 1 0.68 2 0.42 8.35 0.71

Total 146 100 477 100 1180.77 100

Razorbill

Capelin 18 22.22 61 25.10 447.49 36.71

Sandlance 58 71.60 165 67.90 628.76 51.57

Atlantic Herring 2 2.47 9 3.70 76.03 6.24

Unknown 3 3.70 8 3.29 66.83 5.48

Total 81 100 243 100 1219.11 100

Common Murre

Capelin 165 50.92 165 50.92 2259.74 61.24

Sandlance 42 12.96 42 12.96 247.71 6.71

Atlantic Cod 9 2.78 9 2.78 104.91 2.84

Gadidae Sp 36 11.11 36 11.11 428.14 11.60

Daubed Shanny 6 1.85 6 1.85 30.88 0.84

Stichidae Sp 11 3.39 11 3.39 175.59 4.76

Rock Gunnel 5 1.54 5 1.54 37.66 1.02

Atlantic Hagfish 1 0.31 1 0.31 0.05 0.001

American Shad 2 0.62 2 0.62 20.86 0.56

Atlantic Herring 14 4.32 14 4.32 127.99 3.47

Arctic Shanny 2 0.62 2 0.62 4.06 0.11

Pholidae Sp 1 0.31 1 0.31 1.65 0.04

Unknown 30 9.26 30 9.26 250.62 6.79

Total 324 100 324 100 3689.88 100
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razorbills and appeared to forage a wide range of habitats and prey species (Fig. 2, Table 2). One explanation for 
the difference is that murres are exclusively single prey loaders while razorbills can return with many prey items, 
and so we would expect that chick-rearing (but not incubating) murres would make many, short trips near the 
colony to feed their offspring because they cannot bring back many prey items all at once. Thus, murres are fly-
ing farther distances during the incubation because they are larger, and therefore fly faster and need to consume 
more energy per day but less often. There was more periodicity in foraging in auks than the kittiwakes, with 
auks leaving to forage later in the day than kittiwakes (Fig. 3). Also, spatial and dietary results further suggest 
that razorbills occupy a small niche space within the larger and more variable murre niche with respect to (1) 
their foraging areas (Fig. 2) and (2) their prey species preferences (Table 2). These razorbills seem to be more 
selective in the prey species foraged (primarily capelin and sandlance) while murres show greater flexibility in 
their prey choice (13 prey species foraged on). Hence, at the Mingan archipelago the studied razorbills may be 
partitioning aspects of their ecological niche by being more selective and less variable in their feeding habitats 
and prey choice than murres, which in turn are more flexible in their ecological niche.

Kittiwakes, like murres, were variable within their feeding habitats and foraged the farthest distances from 
the colony than other species. Kittiwakes tended to forage at particular locations, unlike murres (Fig. 2). Perhaps 
kittiwakes are travelling these longer distances to forage in specific patches that have predictable high densities 
of prey because they expend the least energy for flight (lowest wing loading) and can intake high energy loads 
(multi-prey loaders). Therefore, these kittiwakes, being surface feeders, may be compensating for relatively lower 
food availability near the colony by increasing their foraging range and distance from the colony and allocating 
more of their time to foraging in locations of higher prey  densities49.

Murres were contained largely within the horizontal foraging space of the kittiwakes, where both species had 
relatively similar utilization distributions with two main hotspots (Fig. 2): 1: near the colony (a hotspot shared 
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Figure 4.  Prey size vs. prey number for both Atlantic Puffins (red) and Razorbills (blue) (A) on Île de la Maison 
(IDM), (B) on Betchouanes (BETCH). Each point represents one foraging observation. Figure includes feeding 
observations of capelin and sandlance.

Table 3.  Foraging and diet characteristics of the four studied species in the Mingan Archipelago.

Average foraging 
distance (FRI, km)

Average flight 
duration (h)

Average number of 
prey items loaded

Average size of prey 
items (mm)

Total number 
of foraged prey 
species

Atlantic Puffin 3 64 5

Razorbill 5.3 8.5 3 105 4

Common Murre 18.4 17.7 1 116 13

Black-legged Kit-
tiwake 35.3 8.6
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among all species) and, 2: ≈ 60 km west of Betchouanes. The second hotspot is a freshwater plume input to the 
marine water. Elsewhere, these convergent fronts aggregate  prey50 and simultaneously attract marine predators, 
like  seabirds51. This overlap in habitat distribution at this particular hotspot between the murres and kittiwakes 
may be overcome within the vertical dimension, by differing diving depths which has been shown to play an 
important role in niche  segregation43. Indeed, murres have the highest diversity, including many benthic prey 
items, suggesting that they are, unlike all other species studied here, able to access deeper seafloor.

Auks dive to different depths within the water  column52, exploiting different niches, and their activity under-
water while chasing prey also  differs53. Razorbills and puffins were observed to be multi-prey loaders, despite 
some studies finding razorbills to strictly load a few prey items at a  time40,48. Future studies should gain insight 
on the foraging depths of each species while also conducting isotopic analysis on captured and recaptured indi-
viduals which could reveal whether there is niche differentiation in the vertical dimension and whether species 
like razorbills are able to saturate themselves while remaining close to the colony without having to travel farther 
distances, respectively.

Niche differentiation implies that there is limited overlap within ecological niches between coexisting species. 
Past competition could have played a role in producing the interspecific variation present in species’ ability to 
exploit habitats differently, permitting for their coexistence. The seabirds analyzed in the Mingan Archipelago 
partly may be overcoming such interspecific competition by segregating the dietary and spatial dimensions of 
their hypervolume (Table 3). Although there were some similarities in foraging hotspots, we observed clear 
species-specific foraging differences in diet, such as prey species, size and number. Whereas puffins and razorbills 
may forage multiple smaller prey items (Fig. 4) that were readily available to them closer to the colony, murres 
selected larger more diverse prey which were accessible due to their deeper diving capability and larger bills, 
while the kittiwakes compensated for their shallow surface dives by foraging largely at a specific distant hotspot. 
These foraging habitat specialisations may be a consequence of interspecific competition and ultimately provid-
ing further insight on multi-species colonial living.

Materials and methods
GPS tracking. Data was collected in 2019 at the Mingan Archipelago colony (Gulf of St-Lawrence in North-
ern Quebec, Canada) at two sub-colonies separated by ≈ 70 km; Betchouanes (50°11′ N, 63°13′ W) and Île de 
la Maison (50°13′ N, 64°12′ W). Betchouanes is a small (≈ 10.22 ha, maximum altitude ≈ 10 m) migratory bird 
sanctuary island situated ≈ 2.6 km east of the mainland covered by grasses and hosts various seabirds including 
three auk species colonies: Atlantic puffin (population size: 468 individuals), common murres (724 individuals), 
razorbills (1323 individuals) and a larid species; the black-legged kittiwake (252 individuals)39. Île de la Maison 
is a small privately-owned island (≈ 4.63 ha, maximum altitude ≈ 4 m) situated ≈ 4.8 km east from the main-
land. The topography is characterized by a low central plateau with sparse vegetation surrounded by sand where 
puffins breed in burrows on the outskirts of the plateau and razorbills intermittently within abandoned puffin 
burrows and small boulder areas.

GPS loggers were attached to incubating breeding adults on Betchouanes and Île de la Maison between the 
10th of June and 13th of July 2019 (Supplementary Table S1). All GPS loggers were attached onto the lower back 
feathers of the birds using Tesa tape and tie wraps except for the kittiwake, which were either attached onto the 
lower back feathers or the four central rectrices. These loggers corresponded to less than 3% of the body mass 
of all GPS-equipped species. The URIA-loggers allowed us to download the tracking data without having the 
necessity to recapture the bird by installing a base station fitted with a solar panel that would receive tracking 
data wirelessly whenever a GPS-equipped bird would return to their nest. The CatLog2-loggers were water-
proofed in heat-shrink plastic tubing and were removed from the birds at recapture between 2 and 7 days after 
initial deployment. The CatLog2 and URIA -loggers were programmed to record latitude and longitude every 
5 and 15 minutes, respectively.

Several techniques were used to capture and recapture the seabirds on both islands. For razorbills, we installed 
wooden nest boxes on both islands within areas where they would naturally breed which were equipped with 
an automated closing door that would shut by a remote trigger. Puffins were mostly captured by hand within 
their breeding burrows. Murres were captured within their boulder breeding sites using either our hands or a 
leg hook. The kittiwakes were captured using mist nets, noose matts (recapture only), a noose pole, and hand 
nets. For all captured and recaptured GPS-equipped birds we measured bill size using calipers and weight using 
a gravity scale. All work was carried out in compliance with the ARRIVE guidelines, specifically as approved by 
the Eastern Wildlife Animal Care Committee, Environment and Climate Change Canada (#19RL01) and fol-
lowed all relevant guidelines and regulations for working with live vertebrates.

Diet sampling of auk species. We conducted feeding watches on all three bill-loading auk species dur-
ing the chick-rearing phase in order to investigate differences in  diet40,54 (Supplementary Table S3). No feeding 
observations were made for the kittiwake because they regurgitate their prey instead of carrying it within their 
bills. On both islands, a blind was installed near the vicinity of the major breeding sites of GPS-equipped birds. 
Eight total feeding watches were conducted (4 on each island) where 1–3 observers recorded prey-carrying sea-
birds during 4–6-h shifts from the 1st to 12th of July 2019. For each bird observed returning to its nest carrying 
prey in its bill we used binoculars and cameras to record bird species, number of prey items foraged, prey spe-
cies, approximate size of prey (estimated relative to bill size), and an observer uncertainty score of prey species 
identification (out of 100).

Spatial analysis. We excluded both puffins and Île de la Maison from GPS analysis due to insufficient sam-
ple sizes and lack of data collected because of GPS malfunction and issues with data recovery. GPS data were 
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analyzed using R  software55 using the ‘adehabitatHR56’ and ‘geosphere57’ packages. The GPS data was cleaned by 
discarding positions that had fewer than four satellites and/or duplicated positions. To distinguish when forag-
ing behaviour was occurring within each trip and to analyze differences between each species in their trips, we 
categorized each behaviour as being either at the colony, flying, or foraging. These species splash down in the 
vicinity of the colony to rest, wash off, or preen in the  water58. Thus, we assumed that each species was not forag-
ing when they were within:1000 m (razorbills), 3000 m (murres), and 5000 m (kittiwakes) of the colony. This 
was decided for each species based on the frequency of distances from the colony and how far each species was 
travelling (Fig. 5). Complete foraging trips were then defined as trips made beyond this splash down with more 
than four GPS positions.

To estimate a conservative instantaneous speed threshold and discern between flying and foraging behaviour, 
we used the average flight speed of each tested species: murres, 80 km/h59,60, razorbills, 80 km/h61, and kittiwakes, 
47 km/h62,63, and assumed a drift speed of 5 km/h (based on distributions of instantaneous speeds). We calculated 
a speed threshold for each species:

Each species threshold (murres and razorbills: 9.41 km/h, and kittiwakes: 9.04 km/h) was then averaged 
to a common threshold of 9.29 km/h. We then discriminated that anything equal to or above this speed was 
considered as flying (Fig. 5).

(1)Speed Threshold =
2
(

Drift Speed ∗ Average Flight Speed
)

Drift Speed + Average Flight Speed
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Figure 5.  Examples of razorbill, common murre, and black-legged kittiwake GPS activity with all recorded 
foraging trips. We differentiated between being at the colony (green), flying (black), and foraging (red). The 
dotted line refers to 1000 m (razorbill), 3000 m (murre), and 5000 m (kittiwake) distance from the colony used 
to discriminate splashdown from foraging. Note the different scale for kittiwakes.
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We computed different foraging trip metrics for each tested species in order to detect interspecific differences 
of foraging characteristics. This included: maximum distance from the colony (km), trip duration (h), foraging 
range index (FRI, km), distance at which the first stop was made in a trip (km), the total number of food patches 
visited within a trip, and the time of day when a bird would depart from the colony to forage. The Foraging Range 
Index (FRI) of each species provides an estimate of the average distance (km) from the colony that the birds 
are  foraging64. A higher FRI indicates that a species travels farther away from the colony to forage than other 
species. We also calculated a Commuting Index (CI), which reflects degree of commuting within foraging trips:

with MAD being the mean absolute deviance of the relative distance from the colony while birds were considered 
foraging (below the speed threshold):

where n is the total number of GPS positions when foraging in a trip, Xi a GPS foraging position, and 
−

X the 
average GPS position while foraging. The relative distance from the colony on a scale between 0 and 1 for each 
foraging trip; 0 being at the colony and 1 being the furthest point from the colony. This deviation can provide 
us with an approximation of how much the birds were spending commuting during their trips (CI indexed 
between 0 and 1; 0 indicating that there was no commuting during the trip, 1 being that all foraging was being 
done at a specific distance from the colony). FRI, CI, and distances from colony were compared among species 
using Kruskal–Wallis tests and then subsequently Wilcox-Mann–Whitney tests with Bonferroni  Correction65–67.

Since we observed multiple successive trips from a single individual, we analyzed all foraging metrics using 
linear mixed-effect models that were applied using the function ‘lmer’ in the ‘lme468’ package to overcome issues 
of pseudo-replication within individuals. Log-transformed foraging parameters were considered as a dependent 
variable and species were added to the model as fixed factors while bird identity was included as a random factor.

To analyse the intensity of foraging at different locations and the distribution patterns within the foraging 
range of each bird species we used bivariate normal kernel density analyses (‘kernelUD’ function) using the ‘ade-
habitatHR 0.4.14’  package56. After transforming data using the kernel function into a raster, we used a smoothing 
parameter within the same package ‘h’ using the ad hoc method ‘href’ to obtain utilization distributions (UD) 
of core range 25, 50, 75, 95% contour polygons within the home range of each tested  species56. Maps were con-
structed using ‘ggplot269’, ‘ggspatial70’, ‘rnaturalearth71’, ‘rnaturalearthdata72’ and ‘sf73’ packages.

We investigated whether there was partitioning within the horizontal foraging dimension by estimating the 
degree of overlap between each species. We used two different methods within the ‘kerneloverlaphr’ function to 
analyse the degree to which two species share space: (1) the Utilization Distribution Overlap Index (UDOI) and 
(2) the Bhattacharyya’s Affinity (BA)  method74,75. The BA (0 signifying no overlap in UDs and 1 identical), and 
the UDOI (0 signifying no overlap and 1 identical overlap with a uniform distribution) are statistical measures 
for the degree of similarity amongst UDs and the amount of space-use shared among species, respectively. We 
used a randomization  procedure75 to test for statistical differences between the estimated overlap in UD for both 
measures. This simulation involved pairwise comparisons of the overlap index between species by randomly 
assigning each species to an individual foraging trip to calculate the random overlap index for both BA and 
UDOI  methods75. The simulation then runs 1000 times to obtain a randomized value which can be statistically 
tested against our observed overlap index using Wilcox-Mann–Whitney  tests66.

We performed a Principal Components Analysis (PCA) on all seven foraging metrics (departure time of 
day, duration of foraging trip, number of stops, maximum distance, FRI, distance of first stop, CI) to analyze 
interspecific discrepancies in foraging space, using ‘corrplot’, ‘FactoMineR’, and ‘factoextra’  packages76–78. We 
analyzed the first two principal components as only those axes had eigenvalues greater than 1. We then conducted 
a Wilcox-Mann–Whitney test to test the difference between species along the PC1 and PC2  axes66.

Diet analysis. Pictures taken during the feeding observations were analyzed (Supplementary Table  S3). 
Since the colonies are large and the possibility of observing the same bird twice are low, we assumed that there 
was only one feeding observation per individual. Pictures that were blurry or had a low prey species certainty 
score (< 50% confidence) were discarded (635 samples kept). We used the following equation to estimate prey 
size foraged by each seabird species:

We calculated the average bill length (mm) for each species using our measurements of the culmen (puf-
fin = 49.1 mm ±0.43 ; razorbill = 34.3 ± 0.39 mm; murre = 43.9 mm). We used ImageJ to estimate of the prey-to-
bill ratio (in pixels)79.

We then calculated the frequency of occurrence, numerical abundance and mass energy of prey species for 
each studied seabird species. Frequency of occurrence refers to the total number of observed individuals bringing 
back a particular prey species while the numerical abundance is the total number of a prey species items brought 
back for a given seabird. Further calculations provided us with estimations of the mass of each prey species using 
 equations40,80–85. For example, mass of capelin was estimated using the following equation:

(2)CI = 1− 2 ∗MAD,

(3)MAD =
1

n

n
∑

i=1

∣

∣Xi − X
∣

∣,

(4)Prey length (mm) =
Prey length

(

pixels
)

Bill length
(

pixels
) ∗ Bill length (mm)

(5)Mass of capelin =
(

2.7× 10
−5

)

× prey length2.76,
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 where mass is given in g and length in  mm40. Unknown species were estimated from the average of all species’ 
mass and larval species mass were assigned a weight of 2 g.

All diet analyses were performed in R 3.6.1  software55. To evaluate whether and to what extent the different 
seabird species were segregated in their diets in terms of loading, we analyzed if they were differing in foraged: 
(1) prey species, (2) estimated prey size, and/or (3) prey number. The relationship between each bird species 
(individually and by colony) and prey species were analyzed with ‘plotly86’ and ‘dplyr87’ packages. We removed 
all prey species that had less than five observations to calculate the significance of the relationship between prey 
and the bird species using χ2 squared tests. The relationship between bird species and the number of prey items 
were analyzed using quasi-Poisson  tests88. The relationship between the number of prey and prey size for puffins 
and razorbills was analyzed using a linear regression analysis F-statistic  test89. The relationship between bird 
species and prey size was analyzed using Kruskal–Wallis tests and then subsequently Wilcox-Mann–Whitney 
tests with Bonferroni  Correction65–67. All figures were then constructed using ‘ggplot269’ and ‘ggsignif90’ packages.

Ethical statement. All animal experimentation met the Canadian Council for Animal Care wildlife guide-
lines for ethical treatment of animals (authorization from the Eastern Wildlife Animal Care Committee, Envi-
ronment and Climate Change Canada; #19RL01). Permits to capture, band, and handle birds were approved by 
the Bird Banding Office (#10711-D, 10711-G). Access to site were permitted by Parks Canada (#MIN-2019–
32098) and Canadian Wildlife Service (access to a Migratory Bird Sanctuary; #RE-70).

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding 
author on request.

Received: 6 October 2020; Accepted: 15 December 2020

References
 1. Gause, G. F. Experimental populations of microscopic organisms. Ecology 18, 173–179 (1937).
 2. DeBach, P. & Sundby, R. A. Competitive displacement between ecological homologues. Hilgardia 34, 105–166 (1963).
 3. Johnson, C. A. & Bronstein, J. L. Coexistence and competitive exclusion in mutualism. Ecology 100, e02708 (2019).
 4. Gause, G. F. Experimental analysis of Vito Volterra’s mathematical theory of the struggle for existence. Science 79, 16–17 (1934).
 5. Hutchinson, G. E. Concluding remarks Cold Spring Harbor Symp. Quant. Biol. 22, 415–427 (1958).
 6. MacArthur, R. H. Population ecology of some warblers of northeastern coniferous forests. Ecology 39, 599–619 (1958).
 7. Kooyers, N. J., James, B. & Blackman, B. K. Competition drives trait evolution and character displacement between Mimulus spe-

cies along an environmental gradient. Evolution 71, 1205–1221 (2017).
 8. Whittaker, R. H., Levin, S. A. & Root, R. B. Niche, Habitat, and Ecotope. Am. Nat. 107, 321–338 (1973).
 9. Wilson, R. P. Resource partitioning and niche hyper-volume overlap in free-living Pygoscelid penguins. Funct. Ecol. 24, 646–657 

(2010).
 10. Berendse, F. Interspecific competition and niche differentiation between Plantago Ianceolata and Anthoxanthum odoratum in a 

natural hayfield. J. Ecol. 71, 379–390 (1983).
 11. Peterson, A. T. & Holt, R. D. Niche differentiation in Mexican birds: using point occurrences to detect ecological innovation. Ecol. 

Lett. 6, 774–782 (2003).
 12. Preez, B., Purdon, J., Trethowan, P., Macdonald, D. W. & Loveridge, A. J. Dietary niche differentiation facilitates coexistence of 

two large carnivores. J. Zool. 302, 149–156 (2017).
 13. Pratte, I., Robertson, G. J. & Mallory, M. L. Four sympatrically nesting auks show clear resource segregation in their foraging 

environment. Mar. Ecol. Prog. Ser. 572, 243–254 (2017).
 14. Cody, M. L. Coexistence, coevolution and convergent evolution in seabird communities. Ecology 54, 31–44 (1973).
 15. Hjernquist, M. B., Hjernquist, M., Hjernquist, B. & Thuman Hjernquist, K. A. Common Guillemot Uria aalge differentiate their 

niche to coexist with colonizing Great Cormorants Phalacrocorax carbo. Atlantic Seabird 7, 83–89 (2005).
 16. Gaston, A. J. Seabirds: A Natural History (Yale University Press, New Haven, 2004).
 17. Frere, E., Quintana, F., Gandini, P. & Wilson, R. P. Foraging behaviour and habitat partitioning of two sympatric cormorants in 

Patagonia, Argentina. Ibis 150, 558–564 (2008).
 18. Linnebjerg, J. F., Reuleaux, A., Mouritsen, K. N. & Frederiksen, M. Foraging ecology of three sympatric breeding alcids in a declin-

ing colony in southwest Greenland. Waterbirds 38, 143–152 (2015).
 19. Symons, S. C. Ecological Segregation Between Two Closely Related Species: Exploring Atlantic Puffin and Razorbill Foraging Hotspots 

(M. Sc. thesis, University of New Brunswick) (2018).
 20. Jenkins, E. J. & Davoren, G. K. Seabird species-and assemblage-level isotopic niche shifts associated with changing prey availability 

during breeding in coastal Newfoundland. Ibis https ://doi.org/10.1111/ibi.12873  (2020).
 21. Gaston, A. J., Ydenberg, R. C. & Smith, G. E. J. Ashmole’s halo and population regulation in seabirds. Mar. Ornithol. 35, 119–126 

(2007).
 22. Sánchez, S. et al. Within-colony spatial segregation leads to foraging behaviour variation in a seabird. Mar. Ecol. Prog. Ser. 606, 

215–230 (2018).
 23. Elliott, K. H. et al. Central-place foraging in an Arctic seabird provides evidence for Storer-Ashmole’s halo. Auk 126, 613–625 

(2009).
 24. Wakefield, E. D. et al. Space partitioning without territoriality in gannets. Science 341, 68–70 (2013).
 25. Linnebjerg, J. F. et al. Sympatric breeding auks shift between dietary and spatial resource partitioning across the annual cycle. PLoS 

ONE 8, e72987 (2013).
 26. Masello, J. F. et al. Diving seabirds share foraging space and time within and among species. Ecosphere 1, 1–28 (2010).
 27. Hinke, J. T. et al. Spatial and isotopic niche partitioning during winter in chindstrap and Adélie penguins from the South Shetland 

Islands. Ecosphere 6, 1–32 (2015).
 28. Gulka, J., Ronconi, R. A. & Davoren, G. K. Spatial segregation contrasting dietary overlap: niche partitioning of two sympatric 

alcids during shifting resource availability. Mar. Biol. 166, 155 (2019).
 29. Ricklefs, R. E. & White, S. C. Growth and energetics of chicks of the Sooty Tern (Sterna fuscata) and Common Tern (S. hirundo). 

Auk 98, 361–378 (1981).

https://doi.org/10.1111/ibi.12873


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2493  | https://doi.org/10.1038/s41598-021-81583-z

www.nature.com/scientificreports/

 30. Lance, M. M. & Thompson, C. W. Overlap in diets and foraging of Common Murres and Rhinoceros Auklets after the breeding 
season. Auk 122, 887–901 (2005).

 31. Maynard, L. D. & Davoren, G. K. Inter-colony and interspecific differences in the isotopic niche of two sympatric gull species in 
Newfoundland. Mar. Ornithol. 48, 103–109 (2020).

 32. Thaxter, C. B. et al. Influence of wing loading on the trade-off between pursuit-diving and flight in common guillemots and 
razorbills. J. Exp. Biol. 213, 1018–1025 (2010).

 33. Thaxter, C. B. et al. Modelling the effects of prey size and distribution on prey capture rates of two sympatric marine predators. 
PLoS ONE 8, e79915 (2013).

 34. Shoji, A., Aris-Brosou, S. & Elliott, K. H. Physiological constraints and dive behavior scale in tandem with body mass in auks: A 
comparative analysis. Comp. Biochem. Physiol. A 196, 54–60 (2016).

 35. Guigueno, M. F., Shoji, A., Elliott, K. H. & Aris-Brosou, S. Flight costs in volant vertebrates: A phylogenetically-controlled meta-
analysis of birds and bats. Comp. Biochem. Physiol. A 235, 193–201 (2019).

 36. Robertson, G. S., Bolton, M. & Monaghan, P. Influence of diet and foraging strategy on reproductive success in two morphologi-
cally similar sympatric seabirds. Bird Study 63, 316–329 (2016).

 37. Gaston, A. J. & Jones, I. L. The Auks: Alcidae (Oxford University Press, USA, 1998).
 38. Orians, G. H. & Pearson, N. E. On the theory of central place foraging. Analysis of ecological systems. Ohio State Univ. Press 

Columbus 2, 155–177 (1979).
 39. Rail, J. F. & Cotter, R. C. Seventeenth census of seabird populations in the sanctuaries of the North Shore of the Gulf of St. Lawrence, 

2010. Can. Field-Nat. 121, 287–294 (2015).
 40. Lavoie, R. A., Rail, J. F. & Lean, D. R. Diet composition of seabirds from Corossol Island, Canada, using direct dietary and stable 

isotope analyses. Waterbirds 35, 402–419 (2012).
 41. Elliott, K. H. et al. High flight costs, but low dive costs, in auks support the biomechanical hypothesis for flightlessness in penguins. 

Proc. Natl. Acad. Sci. USA 110, 9380–9384 (2013).
 42. Croll, D. A., Gaston, A. J., Burger, A. E. & Konnoff, D. Foraging behavior and physiological adaptation for diving in Thick-billed 

Murres. Ecology 73, 344–356 (1992).
 43. Thaxter, C. B. et al. Sex-specific food provisioning in a monomorphic seabird, the common guillemot Uria aalge: nest defence, 

foraging efficiency or parental effort?. J. Avian Biol. 40, 75–84 (2009).
 44. Gremillet, D. & Boulinier, T. Spatial ecology and conservation of seabirds facing global climate change a review. Mar. Ecol. Prog. 

Ser. 391, 121–137 (2009).
 45. Domalik, A. D., Hipfner, J. M., Studholme, K. R., Crossin, G. T. & Green, D. J. At-sea distribution and fine-scale habitat use patterns 

of zooplanktivorous Cassin’s auklets during the chick-rearing period. Mar. Biol. 165, 177 (2018).
 46. Lack, D. Ecological Isolation in Birds (Blackwell, Oxford, 1971).
 47. Wanless, S., Harris, M. P. & Morris, J. A. A comparison of feeding areas used by individual Common Murres (Uria aalge), Razorbills 

(Alca torda) and an Atlantic Puffin (Fratercula arctica) during the breeding season. Colonial Waterbirds 13, 16–24 (1990).
 48. Paredes, R., Jones, I. L., Boness, D. J., Tremblay, Y. & Renner, M. Sex-specific differences in diving behaviour of two sympatric 

Alcini species: thick-billed murres and razorbills. Can. J. Zool. 86, 610–622 (2008).
 49. Kotzerka, J., Garthe, S. & Hatch, S. A. GPS tracking devices reveal foraging strategies of Black-legged Kittiwakes. J. Ornithol. 151, 

459–467 (2009).
 50. John, M. A. S., MacDonald, J. S., Harrison, P. J., Beamish, R. J. & Choromanski, E. The Fraser River plume: some preliminary 

observations on the distribution of juvenile salmon, herring, and their prey. Fish. Oceanogr. 1, 153–162 (1992).
 51. Phillips, E. M., Horne, J. K., Adams, J. & Zamon, J. E. Selective occupancy of a persistent yet variable coastal river plume by two 

seabird species. Mar. Ecol. Prog. Ser. 594, 245–261 (2018).
 52. Shoji, A. et al. Foraging behaviour of sympatric razorbills and puffins. Mar. Ecol. Prog. Ser. 520, 257–267 (2015).
 53. Chimienti, M. et al. Taking movement data to new depths: inferring prey availability and patch profitability from seabird foraging 

behavior. Ecol. Evol. 7, 10252–10256 (2017).
 54. Gaglio, D., Cook, T. R., Connan, M., Ryan, P. G. & Sherley, R. B. Dietary studies in birds: testing a non-invasive method using 

digital photography in seabirds. Methods Ecol. Evol. 8, 214–222 (2017).
 55. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. 

http://www.R-proje ct.org/. (2019)
 56. Calenge, C. The package adehabitat for the R software: a tool for the analysis of space and habitat use by animals. Ecol. Model. 197, 

516–519 (2006).
 57. Hijmans, R. J. Geosphere: Spherical Trigonometry. R Package Version 1.5–10 (2019).
 58. Burger, A. E. Arrival and departure behavior of common murres at colonies: evidence for an information halo?. Colonial Waterbirds 

20, 55–65 (1997).
 59. Bradstreet, M. S. W. & Brown, R. G. B. Feeding studies. In Population Estimation, Productivity, and Food Habits of Nesting Seabirds 

at Cape Pierce and the Pribilof Islands, Bering Sea (ed. Johnson, S. R.) 257–306 (Anchorage, Alaska, 1985).
 60. Vaughn, H. R. H. Flight speed of guillemots, razorbills and puffins. Br. Birds 31, 123 (1937).
 61. Fifield, D. A., Lewis, K. P., Gjerdrum, C., Robertsoan, G. J. & Wells, R. Offshore seabird monitoring program. Environ. Stud. Res. 

Funds Rep. 183, 68 (2009).
 62. Pennycuick, C. J. Actual and “optimum” flight speeds: field data reassessed. J. Exp. Biol. 200, 2355–2361 (1997).
 63. Elliott, K. H. et al. Windscapes shape seabird instantaneous energy costs but adult behavior buffers impact on offspring. Mov. Ecol. 

2, 17 (2014).
 64. Gaston, A. J. et al. Modeling foraging range for breeding colonies of thick-billed murres Uria lomvia in the Eastern Canadian 

Arctic and potential overlap with industrial development. Biol. Conserv. 168, 134–143 (2013).
 65. Kruskal, W. H. & Wallis, W. A. Use of ranks in one-criterion variance analysis. J. Am. Stat. Assoc. 47, 583–621 (1952).
 66. Neuhäuser, M. Wilcoxon–Mann–Whitney Test. In International Encyclopedia of Statistical Science (ed. Lovric, M.) (Springer, Berlin, 

Heidelberg, 2011).
 67. Haynes, W. Bonferroni Correction in Encyclopedia of Systems Biology (Dubitzky, W., Wolkenhauer, O., Cho, K.H., Yokota, H.) 

(Springer, New York, 2013).
 68. Bates, D., Maechler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1–48 (2015).
 69. Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, New York, 2016).
 70. Dunnington, D. ggspatial: Spatial Data Framework for ggplot2. R package version 1.1.4. https ://CRAN.R-proje ct.org/packa ge=ggspa 

tial (2020).
 71. South, A. rnaturalearth: World Map Data from Natural Earth. R package version 0.1.0. https ://CRAN.R-proje ct.org/packa ge=rnatu 

ralea rth (2017).
 72. South, A. rnaturalearthdata: World Vector Map Data from Natural Earth used in ‘rnaturalearth’. https ://CRAN.R-proje ct.org/packa 

ge=rnatu ralea rthda ta (2017).
 73. Pabesma, E. Simple features for R: standardized support for spatial vector data. R J 10, 439–446 (2018).
 74. Fieberg, J. & Kochanny, C. O. Quantifying home-range overlap: The importance of the utilization distribution. J. Wildl. Manag. 

69, 1346–1359 (2005).

http://www.R-project.org/
https://CRAN.R-project.org/package=ggspatial
https://CRAN.R-project.org/package=ggspatial
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=rnaturalearth
https://CRAN.R-project.org/package=rnaturalearthdata
https://CRAN.R-project.org/package=rnaturalearthdata


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:2493  | https://doi.org/10.1038/s41598-021-81583-z

www.nature.com/scientificreports/

 75. Delord, K. et al. Movements of three alcid species breeding sympatrically in Saint Pierre and Miquelon, northwestern Atlantic 
Ocean. J. Ornithol. 161, 359–371 (2019).

 76. Wei, T. & Simko, V. R package "corrplot": Visualization of a Correlation Matrix (Version 0.84) (2017). https ://githu b.com/taiyu n/
corrp lot.

 77. Lê, S., Josse, J. & Husson, F. FactoMineR: an R package for multivariate analysis. J. Stat. Softw. 25, 1–18 (2008).
 78. Kassambara, A. & Mundt, F. factoextra: Extract and Visualize the Results of Multivariate Data Analyses. https ://CRAN.R-proje 

ct.org/packa ge=facto extra , (Version 1.0.3) (2016).
 79. Rasband, W. S. ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https ://image j.nih.gov/ij/ (1997–2018).
 80. Lambert, J. D. & Bernier, B. Observations on 4RST capelin in the Gulf of St. Lawrence (A retrospective, 1984–1987). CAFSAC Res. 

Document 89 (1989).
 81. Elliott, K. H. & Gaston, A. J. Mass-length relationships and energy content of fishes and invertebrates delivered to nesting Thick-

billed Murres Uria lomvia in the Canadian Arctic, 1981–2007. Mar. Ornithol. 36, 25–34 (2008).
 82. Noble, V. R. & Clark, D. S. Seasonal length: weight relationships of Grenadiers, Chimaeras, and Atlantic Herring caught by Fisheries 

and Oceans Canada’s Maritimes Region Ecosystem Surveys, using different measurement techniques at sea. Can. Data Rep. Fish. 
Aquat. Sci. 1291, 4–14 (2019).

 83. Silva, J. F., Ellis, J. R. & Ayers, R. A. Length-weight relationships of marine fish collected from around the British Isles. Science 150, 
109 (2013).

 84. Morin, R., Ricard, D., Benoît, H. & Surette, T. A review of the biology of Atlantic hagfish (Myxine glutinosa), its ecology, and its 
exploratory fishery in the southern Gulf of St. Lawrence (NAFO Div. 4T). DFO Canadian Science Advisory Secretariat, v + 39 
(2017).

 85. Erguden, D., Turan, F. & Turan, C. Length–weight and length–length relationships for four shad species along the western Black 
Sea coast of Turkey. J. Appl. Ichthyol. 27, 942–944 (2011).

 86. Sievert, C. plotly for R. https ://plotl y-book.cpsie vert.me. [p506] (2018).
 87. Wickham, H., François, R., Henry, L. & Müller, K. dplyr: A Grammar of Data Manipulation. R package version 0.8.3. https ://

CRAN.R-proje ct.org/packa ge=dplyr  (2019).
 88. Zeileisk, A., Kleiber, C. & Jackman, S. Regression models for count data in R. J. Stat. Softw. 27, 1–25 (2008).
 89. Chambers, J. M. Linear models. In Statistical Models (eds Chambers, J. M. & Hastie, T. J.) (Wadsworth and Brooks/Cole, Belmont, 

1992).
 90. Ahlmann-Eltze, C. ggsignif: Significance Brackets for ggplot2. https ://CRAN.R-proje ct.org/packa ge=ggsig nif (2019).

Acknowledgements
The authors wish to thank Christine Drouin, Valérie Jeanson, Francis St-Pierre, Christian Marcotte, Captain 
Louis Richard, Aurore Pérot, Pierre Saint-Hillaire, Christophe Buidin, and Yann Rochepault.

Author contributions
C.P., T.L., K.E., R.L., and M.G. conceived and designed the research. C.P., T.L., and R.L. conducted the fieldwork. 
C.P. and T.L. analyzed the samples. C.P. wrote the manuscript, with inputs from T.L., K.E., R.L., and M.G. All 
authors commented on manuscript drafts.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-81583 -z.

Correspondence and requests for materials should be addressed to C.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://imagej.nih.gov/ij/
https://plotly-book.cpsievert.me
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=dplyr
https://CRAN.R-project.org/package=ggsignif
https://doi.org/10.1038/s41598-021-81583-z
https://doi.org/10.1038/s41598-021-81583-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Foraging niche partitioning in sympatric seabird populations
	Results
	GPS analysis. 
	Diet. 

	Discussion
	Materials and methods
	GPS tracking. 
	Diet sampling of auk species. 
	Spatial analysis. 
	Diet analysis. 
	Ethical statement. 

	References
	Acknowledgements


