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Understanding species interactions among top marine predators and interactions with

their prey can provide important insight into community-level responses to changing prey

availability and the role of apex predators as indicators of ecosystem change. On the

northeast Newfoundland coast, marine predators rely on capelin (Mallotus villosus), a

dominant forage fish, as a food source. Capelin migrate into coastal regions to spawn

during July, essentially transforming the food supply from low during early summer (i.e.,

pre-spawning) to high later in the summer (i.e., spawning). During July-August, 2016, we

used stable isotopic ratios of nitrogen (δ15N) and carbon (δ13C) to investigate shifts in

dietary niche metrics at the predator group-level (trophic position, dietary niche breadth)

and community-level (niche overlap, trophic diversity) for multiple marine predators under

varying capelin availability. Predator groups included non-breeding shearwaters (great

shearwater Ardenna gravis, sooty shearwater A. grisea), humpback whales (Megaptera

novaeangliae), and gull chicks (herring gull Larus argentatus, great black-backed gull

Larus marinus). We also tested the sensitivity of community-level dietary metrics to a

variety of published trophic discrimination factors. Tissue samples from shearwaters

(blood cellular component), gull chicks (whole blood), and whales (skin), representing

average diets over 2–3 weeks, were collected during three periods (early, mid, late)

corresponding to increasing capelin availability. Isotopic niche breadth (Standard Ellipse

Area, SEAb) narrowed and trophic position shifted toward higher δ
15N for all predator

groups as capelin availability increased, suggesting a higher reliance on capelin. Trophic

diversity (distance to centroid) decreasedwith increased capelin availability, while pairwise

niche overlap between predator groups was highly variable and sensitive to trophic

discrimination factors. Findings suggest that although capelin is the dominant forage

fish during the summer, predators rely on capelin as prey to varying degrees. Combining

species- and community-level metrics of dietary niche and trophic diversity may provide

a more complete picture of predator responses to prey availability and, thus, may be

important monitoring tools to indicate changes in the food supply of marine predators.
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INTRODUCTION

Understanding the complexities underlying the structure and
function of marine ecosystems and the impacts of anthropogenic
factors, specifically fisheries activities, are key challenges in
marine ecology (Moreno et al., 2016). With global-scale
overexploitation of large predatory fish (Myers and Worm,
2003, 2005), lower trophic levels (e.g., forage fish species) are
increasingly targeted for commercial harvest (Pauly et al., 1998;
Essington et al., 2006). Indeed, forage fish now comprise more
than one-third of the world’s marine fish catch (Smith et al.,
2011; Pikitch et al., 2012). The impact on higher trophic levels
of marine food webs under wasp-waist control are of particular
concern, as significant amounts of energy are funneled through
only a few forage fish species (Smith et al., 2011; Pikitch et al.,
2012).

As predators are sensitive to changes in prey availability (Piatt
et al., 2007; Cury et al., 2011), they may act as sentinels or
indicators of ecosystem change (Cairns, 1987; Diamond and
Devlin, 2003). Which predator species serve as qualitative and/or
quantitative indicators, however, requires an understanding of
the aspects of predator biology (e.g., foraging behavior, diet,
breeding success) that respond quickly to changes in the prey base
(Cairns, 1987), and aspects of prey availability (e.g., abundance,
accessibility) that elicit predator responses (Grémillet and
Charmantier, 2010). For seabirds, many parameters proposed as
indicators exhibit non-linear relationships with prey availability
(e.g., Piatt et al., 2007; Cury et al., 2011). Therefore, despite a
growing literature of seabird responses to changing prey regimes,
many challenges remain before using predators as indicators.
Suggested approaches include incorporating multiple species and
trophic levels along with multivariate approaches (Piatt et al.,
2007).

As marine predator diets are easy and cheap to obtain
relative to large-scale, ship-based fish surveys, using predator
diets to indicate ecosystem changes remains in focus. Stable
isotope analysis, primarily of carbon and nitrogen, has become
an important technique to estimate the dietary niche of
species (Newsome et al., 2007). Stable isotopic ratios of carbon
(13C:12C) and nitrogen (15N:14N) within consumer tissues
reflect those of their prey, providing a proxy of assimilated
diet and reflecting both trophic position and foraging habitat
(Perkins et al., 2014). A variety of niche metrics provide
diverse insights, with niche position representing both prey
types and trophic levels of prey consumed and niche breadth
indicating the prey variety (Hutchinson, 1978). By examining
multiple species simultaneously, single-species responses to
shifts in prey availability can be extended to community-level
responses (Bearhop et al., 2004), revealing variation in dietary
niche overlap, or the degree of similarity in resource use,
as well as trophic diversity and redundancy within a food
web (Layman et al., 2007a). Additionally, multi-species studies
allow comparisons of responses among generalist and specialist
species, as indicated by dietary niche breadth. Overall, these
studies provide a better understanding of potential competitive
interactions and how these interactions may change with varying
prey availability (Chesson and Kuang, 2008).

Comparing isotopic niche among phylogenetically different
predator species, however, requires an understanding of trophic
discrimination, or the degree to which isotopic ratios are
changed during incorporation into consumer tissues, based on
physiological factors, such as isotopic routing and fractionation
(Caut et al., 2009). Trophic discrimination factors for most
species are unknown, likely because controlled dietary studies of
captive animals are required. Therefore, studies often use trophic
discrimination factors from closely related species (Carle et al.,
2014) or averages across different taxa (e.g., Steenweg et al.,
2011; Ceia et al., 2012; Lavoie et al., 2012), despite many factors
contributing to variation in trophic discrimination (e.g., prey
type, age, breeding status, nutritional state, sex; Bond and Jones,
2009).

The goal of this study was to simultaneously investigate
dietary niche dynamics of multiple marine predators both
at the species- and community-level, to determine whether
these metrics can indicate changes in prey availability. In the
northwest Atlantic, capelin (Mallotus villosus) is the dominant
forage fish linking lower and upper trophic levels (Carscadden
et al., 2002). Spawning capelin migrate inshore annually to
spawn in coastal Newfoundland during July, where they
overwhelm the prey base and transform the predator food supply
from limited (i.e., pre-spawning) to unlimited (i.e., spawning;
Davoren et al., 2012; Davoren, 2013a). Our study focused on
dominant marine predators on the northeast Newfoundland
coast (Davoren, 2013a), including three non-breeding species
(great shearwater Ardenna gravis, sooty shearwater Ardenna
grisea, humpback whale Megaptera novaeangliae) and two
breeding species (herring gull Larus argentatus, great black-
backed gull Larus marinus). Shearwaters and humpback whales
arrive in coastal Newfoundland when capelin migrate inshore to
spawn (Davoren, 2013a), suggesting possible reliance on capelin
as prey. In contrast, breeding gulls in coastal Newfoundland
consume a wide variety of prey species and are typically
characterized as generalists at the population-level (Pierotti
et al., 1991; Bond, 2016), but also exhibit dietary shifts under
varying capelin availability (e.g., Stenhouse and Montevecchi,
1999; Massaro et al., 2000). Using isotopic niche as a proxy
of dietary niche, we hypothesized that predator group-level
dietary niche metrics (i.e., niche breadth, trophic position) as
well as community-level nichemetrics (i.e., niche overlap, trophic
diversity) are influenced by varying capelin availability. First,
we predicted that niche breadth of each predator group would
shift from broad to narrow and trophic position would change
to reflect an increased reliance on capelin as capelin availability
changed from low during early July (i.e., pre-spawning) to high
during late July-August (i.e., spawning). Second, we predicted
that generalist predators (i.e., gulls) would exhibit a larger
change in niche breadth relative to specialist predators (i.e.,
shearwaters, whales), if generalists shifted to a primarily capelin-
based diet. Finally, we predicted higher dietary niche overlap
between predators and lower trophic diversity of the predator
community as capelin availability increased. As published trophic
discrimination factors for our study species are not available, a
secondary objective was to assess the sensitivity of community-
level nichemetrics to the discrimination factors used, by applying
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a variety of currently available trophic discrimination factors
from closely related species. Overall, further elucidation of
predator-prey interactions among marine top predators and
forage fish, along with interactions among predators, under
changing prey availability regimes, will provide insight into
changes in key ecosystem processes (e.g., energy flow pathways)
resulting from overexploiting forage fish.

METHODS

Study Site and Field Methods
This study was conducted off the northeast coast of
Newfoundland during July and August, 2016, in a region
where annually persistent biological hotspots form near pre-
spawning staging areas and spawning sites of capelin (Davoren,
2013a). From the pre-spawning staging area around Greenspond
Island, capelin migrate northward ∼20 km to spawn at sites
around Gull Island within 1–2 days (Davoren, 2013b), with
marine predators following the capelin north (Figure 1). During
the study period, we sampled tissues from multiple marine
predators, along with capelin and another prey fish species
(sandlance, Ammodytes sp.) for stable isotope analysis. All
research was approved by the University of Manitoba, Fort
Garry Campus Animal Care Committee in accordance with the
Canadian Council of Animal Care (protocol number: F16-017).

First, gull chicks were hand-captured at breeding colonies on
South Cat Island (49.307091◦N 53.429359◦W; n = 30) and Gull
Island (49.256936◦N 53.429359◦W; n = 18; Figure 1). A few
chicks were resampled throughout the season, but these repeat
samples were excluded from analysis. Shearwaters were captured
at sea nearby a capelin pre-spawning staging area (Greenspond
Island; 49.071837◦N 53.571453◦W; n = 28) and spawning site
(Gull Island; n = 20; Figure 1). Shearwaters form rafts on the
sea surface at night and were captured using a spotlight and
long-handled dip-net, similar to Ronconi et al. (2010b). Blood
(1–2mL) was sampled from gull chicks and adult shearwaters
from the tarsal vein using a 25-gauge syringe. Blood samples
from shearwaters were stored in EDTA tubes, kept on ice, and
later centrifuged (<8 h) to separate plasma from the cellular
component. In contrast, gull chick blood was placed in 2mL
plastic vials and frozen. For analysis, the cellular component
of shearwater blood samples and whole blood of gull chicks
were used. Whole blood and the cellular component have very
similar stable isotopic ratios (Cherel et al., 2005), allowing direct
comparison. Although, EDTAmay affect the stable isotopic ratios
of blood (Lemons et al., 2012), EDTA tends to stay in the plasma
when blood is centrifuged, and thus the effect on the cellular
component should be negligible (Käkelä et al., 2007). Humpback
whale skin was sampled at sea nearby the capelin pre-spawning
staging area (Greenspond Island; n = 18) and spawning sites
(Gull Island; n = 12; Figure 1). Whale skin was biopsied from
a small boat using a Matrix Grizzly crossbow (draw weight 200
lbs) following the methods described in Brown et al. (1995).
All samples were frozen until analysis. All tissues sampled have
similar tissue turnover rates (or half-life), estimated to be 2–
3 weeks for shearwaters (cellular component; Barquete et al.,
2013), gull chicks (whole blood; Bearhop et al., 2002; Ogden

et al., 2004), and whales (skin; Todd, 1997; Browning et al.,
2014).

The presence of spawning capelin in the study area was
determined during the study period by monitoring persistently
used beach and deep-water (15–40m) spawning sites of capelin
during July, following methods described in Crook et al.
(2017). In brief, beach spawning sites were monitored to
determine the presence of spawning capelin at night during
high tide, while deep-water spawning sites were monitored by
boat (commercial fishing vessel, Lady Easton) every 3–5 days.
The period of capelin presence in the study area (i.e., high
capelin availability) began when fish were first observed at
spawning sites until fish were no longer observed. To compare
predator stable isotopic ratios with those of capelin and the
primary alternative prey fish species, sandlance, fish samples
were collected opportunistically from fisherman at Greenspond
Island, with fish collected from seine nets and sediment grabs
near spawning sites around Gull Island (capelin: n = 15
sandlance: n = 8). Additional samples were collected using
dip nets at spawning beaches (capelin: n = 7, sandlance: n
= 2). After collection, ∼1–2 g of dorsal muscle tissue was
removed (without the skin), and stored in a 2mL plastic vial and
frozen.

Stable Isotope Analysis
Prior to analysis, all tissue samples were freeze-dried for 48 h
(Haro et al., 2016) and then homogenized with a mortar and
pestle. Owing to the high lipid content in whale skin and fish
muscle, as indicated by C:N > 3.5, lipids were extracted from
these samples to reduce biases resulting from 13C depletion of
lipids (Post et al., 2007). Lipid extraction was conducted using
petroleum ether in a Soxhlet for 8 h (Dobush et al., 1985).
Samples were then oven dried for 48 h at 60◦C (Witteveen
et al., 2009). As the cellular component and whole blood of
seabirds have a low lipid content (i.e., C:N< 3.5), lipid extraction
from these samples was unnecessary (Post et al., 2007). A
0.400–0.600 mg subsample was removed from each dried and
homogenized sample, sealed in a 5 × 9mm tin capsule and
placed in a plastic tray with labeled divides (Witteveen et al.,
2009; Haro et al., 2016). Carbon and nitrogen isotopic ratios
were quantified using a continuous flow mass spectrometer
coupled with an elemental analyzer (University of Windsor,
Ontario). Results are represented as ratios in δ notation of
sample values relative to universal standards of Vienna Pee Dee
Belemnite for carbon and atmospheric N2 for nitrogen (Bond and
Jones, 2009). Precision assessed using the standard deviation of
replicate analysis was ≤0.19‰ for δ

15N and ≤0.17‰ for δ
13C.

Instrumental accuracy mean was ≤0.24‰ for δ
15N and ≤0.06‰

for δ
13C.

Data Analysis
To examine temporal shifts in species-specific and community-
level dietary niche metrics, stable isotope samples were divided
into three periods, representing averaged diet during overlapping
periods, that correspond to low capelin availability (i.e., “early,”
early-mid July) and high availability (i.e., “mid,” mid-late July;
“late,” early-mid August) in the study area. Samples were divided
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FIGURE 1 | Map of study area on the northeastern Newfoundland coast, Canada indicating the location of the study area (box), the location of beach (black triangle)

and deep-water (black diamond) spawning sites of capelin, along with sampling areas for gull chicks (triangle), shearwaters (diamond), and whales (circle).

into these three periods based on capelin presence/absence in
the study area, sampling date of predator tissues and published
tissue-specific turnover rates for each predator (Figure 2; Hobson
et al., 1993; Todd, 1997). Due to similarity in isotopic ratios
(Ronconi et al., 2010a), great and sooty shearwaters were
grouped in the analysis, as were great black-backed and herring
gull chicks. This resulted in comparing three predator groups
(shearwaters, gulls, and whales) during three periods (early, mid,
and late; Figure 2). Gull chicks fledged before the late period,
thereby restricting analysis to shearwaters and whales during this
period. As higher metabolism of gull chicks relative to adult
shearwaters and whales likely influences their isotopic ratios
(Bearhop et al., 2000), we did not directly compare isotopic ratios
among predator groups, but rather changes in niche breadth over
time within each predator group.

Dietary niche breadth of each predator group within each
period was quantified as the Standard Ellipse Area (SEA) of
δ
15N and δ

13C using Stable Isotope Bayesian Ellipses (SIBER,
Jackson et al., 2011) in R (R Core Team, 2016). While Standard
Ellipse Areas corrected for small sample size (SEAc) are shown
in isoplots and used for calculating dietary niche overlap and
trophic diversity, analyses of niche breadth were run in the
Bayesian framework (SEAb) to describe the range of possible

values (posterior distribution). We use the mode of SEAb as
an estimate of the most likely value of niche breadth for each
predator group in each period. The δ

15N of each predator group
within each period was used as a proxy of trophic position
and a linear regression was used to examine the relationship
between trophic position and time (ordinal sampling date)
for each predator group. Additionally, δ

15N and δ
13C were

compared separately among periods (i.e., early, mid, late) for
each predator group using one-way ANOVAs. To examine
dietary niche position of predator groups in relation to capelin
stable isotopic ratios, a best-fitting trophic discrimination factor
was chosen for each group based on taxonomy and previous
knowledge of diet. Values of 1.86‰ for δ

15N and 0.46‰ δ
13C

for rockhopper penguins were applied to shearwater samples
(Cherel et al., 2005), 3.1‰ for δ

15N and −0.30‰ δ
13C for

ring-billed gull chicks (Hobson and Clark, 1992) were applied
to gull chick samples, and 2.82‰ for δ

15N and 1.28‰ δ
13C

for fin whales (Borrell et al., 2012) were applied to humpback
whale samples.

To quantify dietary niche overlap between predator groups for
each period, the percent overlap of the 95% probability ellipse
area was used. While some studies have calculated niche overlap
using the standard ellipse area, which represents ∼40% of data

Frontiers in Marine Science | www.frontiersin.org 4 October 2017 | Volume 4 | Article 324

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Gulka et al. Dietary Niche of Multiple Marine Predators

FIGURE 2 | Periods over which diets were reflected by stable isotope samples of herring and great black-backed gull chicks (whole blood; green), great, and sooty

shearwaters (blood cellular component; red), and humpback whales (skin; blue) based on tissue half-life of 2–3 weeks and sampling dates (black dotted lines).

Samples from each species or predator group were divided into periods corresponding to low capelin availability (“early,” light bar) and high availability (“mid,” hatched

bar; “late,” dark bar). Shading represents capelin presence in the study area.

points (i.e., isotopic ratios from 40% of individuals sampled),
we used the 95% probability ellipse area (i.e., isotopic ratios
from 95% of individuals sampled) to encompass the individual
variation within predator groups. Overlap was then quantified
using pairwise predator group comparisons with the following
formula:

%Overlap =
Area of Overlap

Ellipse Area 1 + Ellipse Area 2− Area of Overlap
× 100

We also examined community-level dietary niche overlap by
calculating mean distance to centroid as a proxy of the average
isotopic (trophic) diversity of the community (Layman et al.,
2007a), calculated from the communityMetricsML function in
SIBER (Layman et al., 2007a). This function first calculates
a community-wide centroid using the mean δ

15N and δ
13C

for all individuals in the community and then calculates the
average of the Euclidean distance from the centroid of each
predator group to the community centroid. Mean trophic
diversity values were compared among periods to examine
quantitative and relative changes in trophic diversity over time.
As there were no samples from gull chicks during the late
period, this community analysis focused on early and mid
periods when samples were available from all three predator
groups.

To examine the sensitivity of values of community-level
trophic diversity and pairwise niche overlap to different
trophic discrimination factors, we quantified both metrics for
all possible combinations of published discrimination factors
that were relevant to our predator groups. Seven published
discrimination factors were available for seabirds and three
for cetaceans (Supplementary Table 1). An average of all
trophic discrimination factors available was also calculated for
cetaceans and seabirds separately and used in the analysis,
similar to other studies that have used an average of multiple
species when species-specific discrimination factors were not

available (Steenweg et al., 2011; Lavoie et al., 2012). Including
average values, there were three trophic discrimination values
applied to gull chicks, five values applied to shearwaters,
and five values applied to whales based on species taxonomy
and ecology. As such, pairwise comparisons of dietary niche
overlap using different discrimination factors between gulls
and whales yielded 15 niche overlap values (5 × 3 values),
shearwaters and whales yielded 25 niche overlap values (5
× 5 values), and shearwaters and gulls yielded 15 niche
overlap values (5 × 3 values), for a total of 55 pairwise
comparisons for each capelin availability period (i.e., early,
mid), except the late period when gull chicks were not
sampled. Additionally, comparisons of trophic diversity using
these same discrimination factors resulted in 75 values (5
× 5 × 3 values) for the early and mid capelin availability
periods.

RESULTS

Mean δ
15N ratios increased from early to mid and from mid to

late periods for all predator groups, with decreasing variation for
whales and gulls (Table 1). This trend was only significant for
gull chicks [F(1, 49) =28.611, p < 0.0001], however, but not for
shearwaters [F(2, 47) = 2.958, p = 0.062] or whales [F(2, 29) =

2.3775, p = 0.112]. All predator groups showed an increase in
δ
15N with date, which was significant for gull chicks [F(1, 48) =
27.66, adjusted R2 = 0.3523, p < 0.01] and shearwaters [F(1, 46)
= 4.84, adjusted R2 = 0.0755, p = 0.03], but not for whales
[F(1, 28) = 3.33, adjusted R2 = 0.0743, p = 0.08]. Gulls had
the largest increase in δ

15N from early to mid periods, while
whales exhibited the highest δ

15N values of any group (Table 1).
There was relatively little change in δ

13C among periods, with
no significant differences among periods for gull chicks [F(1, 49)
= 0.001, p = 0.980], shearwaters [F(2, 47) = 2.477, p = 0.095] or
whales [F(2, 29) = 0.751, p= 0.482]. Similarly, the change in δ

13C
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TABLE 1 | Mean ± SE carbon (δ13C) and nitrogen (δ15N) stable isotopic ratios,

sample size (n), and carbon:nitrogen (C:N) ratios for shearwaters (great and sooty;

cellular component), gull chicks (herring and great black-backed; whole blood),

and humpback whales (skin) during periods corresponding to low capelin

availability (i.e., “early” is early-mid July) and high availability (i.e., “mid” is mid-late

July; “late” is early-mid August).

Species Period n δ
13C (‰) δ

15N (‰) C:N

Shearwaters Early 28 −19.57 ± 0.05 13.52 ± 0.13 3.27 ± 0.01

Mid 14 −19.40 ± 0.08 13.94 ± 0.14 3.27 ± 0.02

Late 6 −19.39 ± 0.06 14.07 ± 0.22 3.25 ± 0.02

Gull chicks Early 33 −19.64 ± 0.10 13.42 ± 0.13 3.44 ± 0.01

Mid 17 −19.62 ± 0.09 14.50 ± 0.12 3.51 ± 0.04

Whales Early 8 −18.95 ± 0.07 14.67 ± 0.31 3.43 ± 0.03

Mid 15 −18.91 ± 0.05 15.07 ± 0.13 3.41 ± 0.02

Late 7 −18.84 ± 0.04 15.34 ± 0.17 3.36 ± 0.03

with date was not significant for any predator group [gull chicks:
F(1, 48) = 0.047, adjusted R2 = −0.02, p = 084; shearwaters:
F(1, 46) = 3.77, adjusted R2 = 0.0557, p = 006; whales: F(1, 28) =
1.98, adjusted R2 = 0.0328, p= 0.17].

Niche breadth narrowed from early to mid and late periods
for all predator groups (Figures 3, 4), but to varying degrees.
Based on Bayesian iterations, there was a high probability that
SEAb decreased from early to mid periods for gull chicks (98.1%),
whales (88.9%), and shearwaters (83.2%), as well as from mid
to late period for whales (96.0%) and shearwaters (79.0%). In
all cases, SEAb and SEAc showed the same pattern (Figure 3).
Whales had the narrowest niche breadth during all periods, as
indicated by the mode of SEAb (Figure 3), whereas gull chicks
had the widest niche breadth and the greatest narrowing of
breadth from early to mid sampling periods. Once data were
corrected for trophic discrimination, there was a shift in dietary
niche, resulting in a higher overlap with capelin stable isotopic
ratios (Figure 4).

The sensitivity analysis examining the influence of trophic
discrimination factors on the community-wide trophic diversity
produced 75 trophic diversity measures per period (i.e., early,
mid). Although the values of mean distance to centroid, used as
a proxy of community trophic diversity, varied widely based on
the trophic discrimination factor used for each predator group,
93.3% of the trophic diversity values decreased from the early
(mean ± SE: 0.86 ± 0.03‰; range: 0.36–1.33‰) to the mid
period (0.75 ± 0.03‰; range: 0.16–1.21‰), with a mean decline
of 0.11± 0.01‰ between periods.

The sensitivity analysis examining the influence of trophic
discrimination factors on pairwise predator group niche overlap
produced 15–25 niche overlap values per period. Niche overlap
values showed high sensitivity to trophic discrimination factors,
ranging from 0.4 to 66.8% overlap between paired predator
groups (Table 2). Overlap between shearwaters and whales
decreased over time, whereas gull-whale overlap increased
slightly and shearwater-gull overlap remained similar between
periods (Table 2). All comparisons showed a great deal of
variation depending on the trophic discrimination factor, in both
range of values and proportion of values that yielded no overlap
between predator groups (Table 2).

FIGURE 3 | Shifts in dietary niche breadth among periods corresponding to

low capelin availability (“early”) and high availability (“mid” and “late”) for herring

and great black-backed gull chicks (Top), great, and sooty shearwaters

(Middle) and humpback whales (Bottom) using a Bayesian framework. The

mode of the standard ellipse area (SEAb) is indicated (black dot; numerical

value given above), along with credible intervals, and standard ellipse area

corrected for small sample size (SEAc, red x).

DISCUSSION

When capelin availability in the study area increased from early
(early-mid July) to mid and late (mid-July to mid-August), all
predator groups exhibited a narrowing of dietary niche breadth,
indicating reduced prey diversity (Layman et al., 2007a). At the
community-level, a similar pattern was found, with the relative
change in mean trophic diversity (mean distance to centroid)
decreasing from low (early) to high (mid) capelin availability
periods. The reduction in dietary niche breadth and trophic
diversity were also associated with an increasing trend in trophic
position (i.e., δ

15N). As basal resources likely did not vary over
the short period (1–2 months) and spatial scale (<50 km) of this
study, an increase in δ

15N suggests that marine predators were
feeding at a higher trophic level during the periods when capelin
availability was high (mid and late) relative to low (early). This
trophic level shift may reflect an increased dietary reliance on
capelin, evidenced by isotopic ratios of all predators shifting to
be more similar to capelin isotopic ratios. Although our sampling
did not allow for diet reconstruction to confirm this reliance
on capelin through mixing models (e.g., MixSIAR, Moore and
Semmens, 2008) and it is possible that other prey species exhibit
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FIGURE 4 | Shifts in dietary niche of herring and great black-backed gull

chicks (green), great, and sooty shearwaters (red) and humpback whales (blue)

during periods corresponding to low capelin availability (“early,” A) and high

availability (“mid,” B; “late,” C). Ellipses represent SEAc, corrected using the

most appropriate trophic discrimination factor. Capelin and sandlance isotopic

ratios are represented as mean ± SD.

similar isotopic ratios, capelin dominates the mid trophic level
in coastal Newfoundland when they arrive inshore to spawn,
suggesting that the most likely interpretation is an increased
reliance on capelin.

While many seabird studies have examined relationships
between diet and prey availability, studies often focus on changes
in the proportion of prey types in the diet (e.g., Ainley et al.,
1996; Becker et al., 2007) and changes in the presence/absence
of a particular prey type in the diet (e.g., Litzow et al., 2002;
Thayer and Sydeman, 2007; Wanless et al., 2007), but often
lack explicit information on changes in the variety of prey
consumed (i.e., dietary niche). Additionally, many studies often
lack independent, quantitative estimates of prey abundance (e.g.,
Scioscia et al., 2014; Webb and Harvey, 2014). Some studies,
however, have shown similar narrowing of dietary niches under
changing availability of key prey species. For instance, Kowalczyk
et al. (2015) examined shifts in dietary niche breadth and trophic
position of little penguins Eudyptula minor in a study area with
a similar pulsed prey resource (spawning anchovy, Engraulis

australis) and found that inter-annual variation in niche breadth
was associated with fluctuations in the abundance of anchovy and
other prey species. Similarly, multiple seabird species exhibited
a wider and more omnivorous diet in years with lower fish
abundance in Alaska (Baird, 1990). Marine mammals also are
known to narrow their niche breadth in relation to ontogenetic-
related accessibility of preferred prey (e.g., Yurkowski et al., 2016)
and inter-annual increases in prey (e.g., Soto et al., 2006). At
the community-level, trophic diversity decreased as forage fish
availability increased in a suite of marine species in an Arctic food
web (David Yurkowski, pers. comm.). When availability of main
prey species decline, however, predator species with a narrow
niche (i.e., specialists) may be unable to switch to other prey types
(Martin, 1989) or may lack suitable alternative prey (Ainley et al.,
1995; Layman et al., 2007b), leading to reduced breeding success
and population declines.

While the dietary niches of all predator groups narrowed
with increasing capelin availability, the degree of narrowing
varied, suggesting differing reliance on capelin. As predicted, the
niche breadth of gull chicks decreased more relative to other
predator groups after capelin arrived in the study area, but
remained broader than shearwaters and whales, suggesting that
diet diversity remained relatively high. This supports previous
findings that gulls are dietary generalists at the population-
level (Fox et al., 1990; Pierotti and Annett, 1990; Steenweg
et al., 2011; Ronconi et al., 2014). In our study, gull chicks
also represented the only predator group whereby foraging
(by parents) was constrained within range of the breeding
colony (Orians and Pearson, 1979). When spatially constrained
during breeding, gulls in coastal Newfoundland have shown
dietary shifts in response to changing capelin availability within
foraging ranges (Stenhouse and Montevecchi, 1999; Massaro
et al., 2000). Such foraging range constraints could also explain
the larger increase in δ

15N for gull chicks as capelin availability
increased compared to non-breeding species, given that non-
breeding predators may be able to access capelin before capelin
moves into gull foraging ranges. Therefore, the narrower dietary
niches of non-breeding whales and shearwaters may result from
their ability to forage over broader spatial scales as well as to
continuously maintain contact with capelin patches, whereas
parental gulls may lose track of capelin patches when returning to
the colony to provision chicks, resulting in a more diverse chick
diet.

Interestingly, humpback whales had the narrowest niche
breadth of all predator groups, especially during the late period,
which suggests a lower variety of prey in the diet and possibly
a higher reliance on capelin. Although humpback whale diet
in coastal Newfoundland has not been well-studied, limited
dietary evidence suggests that their main prey type is capelin
(Todd, 1997), which is corroborated by positive associations
of whale and capelin abundance (Whitehead and Carscadden,
1985; Piatt et al., 1989). Similarly, non-breeding shearwaters
congregate in coastal Newfoundland (Brown et al., 1981) and
are associated with capelin spawning aggregations (Davoren,
2013a), suggesting that they rely on capelin as prey. Indeed,
great and sooty shearwaters had a narrower niche breadth in
years of higher relative capelin biomass (PCC unpubl. data).
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TABLE 2 | Isotopic niche overlap between shearwaters (great and sooty), gull chicks (herring and great black-backed), and humpback whales based on 95% probability

ellipse area of isotopic niche, indicating the number of niche overlap values produced from pairwise comparisons using all relevant discrimination factor values (n), %

overlap based on chosen (i.e., most appropriate) trophic discrimination factor, mean ± SE % overlap of all pairwise comparisons, proportion of comparisons that showed

no overlap, and the range of % overlap values that were non-zero for all comparisons.

Species Period n % overlap Mean % overlap Proportion no overlap % overlap range

Shearwater-Whale Early 25 54.9 11.7 ± 3.3 0.52 4.0−54.9

Mid 25 37.4 4.7 ± 1.8 0.64 1.9−37.4

Late 25 26.6 3.5 ± 1.5 0.68 0.4−26.6

Gull-Whale Early 15 6.9 11.7 ± 2.5 0.20 1.4−26.9

Mid 15 8.3 14.6 ± 3.4 0.20 0.4−39.8

Gull-Shearwater Early 15 12.0 25.9 ± 3.2 0.00 2.8−43.0

Mid 15 20.5 26.0 ± 5.4 0.07 1.9−66.8

Study periods corresponded to low capelin availability (“early,” pre-spawning, early-mid July) and high availability (“mid,” spawning, mid-late July; “late,” spawning, early-mid August).

Overall, varying responses among predator groups provide
insight into group-level reliance on capelin and, thus, potential
sensitivity of each predator group to a reduction in capelin
availability.

Measures of niche overlap among predator groups and
community-level trophic diversity were sensitive to diet-tissue
trophic discrimination factors. As these values were unavailable
for our study species, we relied on published discrimination
factors for other seabird and whale species. In pairwise
comparisons, the degree of overlap was highly variable depending
on the discrimination factor used, evidenced by niche overlap
ranging from 0 to 67% between predator groups. In contrast to
our prediction, niche overlap between predator groups decreased
with increasing capelin availability, evidenced by the higher
proportion of niche overlap values equal to zero (i.e., no niche
overlap) along with lower or similar mean percent niche overlap
as capelin shifted from low to high availability. Decreased
niche overlap conflicts with our findings of decreasing trophic
diversity and increasing trophic level as capelin availability
increased, both of which suggest a shift to a more similar,
likely capelin-based diet, among all predator groups. These
divergent trends may result from dietary niche overlap being
highly sensitivity to both varying niche breadth of predator
groups and sample sizes among periods (Montevecchi et al.,
2006), which are further exacerbated by the use of different
trophic discrimination factors. Owing to the sensitivity of
pairwise niche overlap, this metric does not appear to be a good
tool to examine the influence of prey availability on marine
predator interactions. In contrast, although values of mean
trophic diversity varied with the trophic discrimination factor
applied, the majority (93%) of trophic diversity values decreased
between periods of low (early) and high (mid) capelin availability.
As such, the change in mean trophic diversity proved useful
and less sensitive to the trophic discrimination factor applied,
thus revealing a clearer community-level response to varying
prey availability along with potential changing interactions
among predators.

In conclusion, trophic position, dietary niche breadth, and
trophic diversity appear to be robust measures of both predator
group-specific and community-level dietary niche responses to
changing prey availability, and thus, may act as important

monitoring tools. Indeed, narrowing of dietary niche and trophic
diversity suggest that top predators exploited similar resources,
thereby decreasing inter- and intraspecific niche variation and
increasing trophic redundancy (Layman et al., 2007b). As stable
isotope analyses provided a low effort, non-destructive method
to capture an integrated view of the dietary niches of many
species simultaneously, it provides a community-level view of
dietary niche dynamics on multiple temporal scales. Our study
and others (e.g., Bond and Jones, 2009), however, emphasize
that using stable isotopes as a dietary tool requires calibration
and careful consideration of factors (e.g., lipid extraction,
discrimination factors) leading to appropriate interpretations
of stable isotopic ratios. We recommend that future studies
integrate independent, quantitative measures of prey availability
with diets of many marine predators from multiple trophic levels
to further increase our understanding of the degree to which
dietary niche breadth of marine predators and community-level
metrics of trophic diversity shift under varying prey regimes.
Such multi-species approaches will provide insight into the
realized niche of top predators, potential competitive interactions
among predators, as well as how dietary niche metrics derived
from stable isotopes might be used to indicate dynamics in forage
fish abundance, energetic pathways in food webs, and marine
ecosystem health.
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