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Abstract

Foraging plasticity provides a mechanism for long-lived species to adapt to rapidly changing
environments and, when individuals vary in their plasticity, can drive changes in trophic diversity. We use
chick provisioning data and stable isotope values of blood cells and plasma to test for drivers of trophic
diversity in the diet of common terns (Sterna hirundo) and Arctic terns (Sterna paradisaea) breeding in
the rapidly changing Gulf of Maine. We hypothesized that individual adult terns would differ in their
response to reduced food availability, driving higher diversity in tern chick diet in lower-resource
contexts, and that individual-level responses would influence fitness. We used the Shannon-Wiener
Diversity Index as our measure of trophic diversity for provisioning data and the size of the two-
dimensional isotope ellipse as our measure of trophic diversity for stable isotope data. We compared these
measures of trophic diversity to proxies for food availability, including the occurrence of preferred prey in
tern chick diets and the average sea surface temperature in terns’ foraging range. Additionally, we
compared shifts in isotope values across time for individually paired blood cell and plasma samples and,

on one island and year, for individually paired plasma samples taken approximately 10 days apart.

Trophic diversity measured using provisioning and stable isotope data were correlated across contexts.
Although both measures of trophic diversity were highly variable, neither was correlated with measures
of food availability. Arctic tern chicks had less-enriched 53C values, lower 6*°N values, and were fed
smaller prey than common tern chicks, but did not differ in their trophic diversity. Isotope measures of
trophic diversity were greater for plasma samples, which tended to show higher 5'°N values and more-
enriched 8°C values, than for blood cell samples. For the paired plasma samples collected on one island,
chicks shifted to higher 3°N values and less-enriched 5'*C values later in the season. Chicks that shifted
to relatively high 8*°N values also showed greater magnitude shifts to less-enriched 6*3C values and, in
Acrctic terns, fledged at a smaller mass. Our study suggests trade-offs in individual-level foraging and diet

plasticity in terns, with possible implications for fitness.
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Introduction

Behavioral plasticity produces intraspecific variation that can act as a precursor to evolution (Caspi et al.
2022). In novel environments, such as those occurring under rapid climate change, behavioral plasticity
may also allow species to adapt and persist over short timescales (Snell-Rood 2013). Foraging represents
one of the most essential suites of behaviors across animal populations. These behaviors must be highly
tuned to environmental context to be effective, and should exhibit high plasticity, but this plasticity may
be limited by the time and energy needed to learn new foraging behaviors (Mery and Burns 2010; Snell-
Rood 2013). Foraging plasticity can occur through changes in how an animal forages (e.g., the rate of
food caching in American pika Ochotona princeps: Hall and Chalfoun 2019) or through changes in what
they are foraging for (e.g., a higher reliance on capelin in humpback whales Megaptera novaeangliae:
Gulka et al. 2017). In addition to individual variation in average behavior, individuals may also vary in
their degree of behavioral plasticity (Dingemanse and Dochtermann 2013), leading to increases or

decreases in population-level trophic diversity when environmental conditions change.

Seabirds are ideal systems for studying foraging plasticity because their demographic rates and behavior
respond rapidly, and often drastically, to changes in food availability (Cairns 1988; Piatt et al. 2007,
Weimerskirch 2018; Bourgeois et al. 2022). Seabirds forage on highly mobile prey in heterogenous
marine environments and, to survive and raise chicks, must learn to use static and ephemeral cues to
identify profitable foraging habitat (Gilmour et al. 2018). As a result of their sensitivity to ocean change
and of the relative ease of studying them during the breeding season, seabirds have often been called
“marine sentinels” or “ecosystem indicators” (Boyd and Murray 2001; Boersma 2008; Sydeman et al.
2015; Scopel et al. 2018). Behavioral plasticity is particularly consequential for these and other long-lived
species, whose evolutionary rates are unlikely to keep pace with the current rate of environmental change

(Hoffmann and Sgro 2011; Quintero and Wiens 2013).
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Previous studies have found plasticity in seabird foraging behavior and diet at multiple biological, spatial,
and temporal scales. Foraging behavior can vary across populations of the same species due to differences
in local environmental context (e.g., in crested terns, Sterna bergii: McLeay et al. 2009; in Cory’s
shearwater Calonectris borealis: Paiva et al. 2010; in Macaronesian shearwater Puffinus baroli: Paiva et
al. 2016; in western gulls Larus occidentalis: Shaffer et al. 2017). For example, the depth and duration of
dives and length of foraging trips taken by Cory’s shearwater vary across productivity gradients (Paiva et
al. 2010). Within a population, intraspecific variation in diet and foraging specialization may occur and
persist across years as a means of reducing intraspecific competition (e.g., in thick-billed murre Uria
lomvia: Woo et al. 2008). Changes in food availability across (e.g., in alcids: Jenkins and Davoren 2021)
or within (e.g., in thick-billed murres Uria lomvia: Kokubun et al. 2018; in Cape Verde Shearwater
Calonectris edwardsii: Ramos et al. 2018) breeding seasons can cause all individuals to shift their diet
and/or foraging behavior, resulting in population-level changes in these parameters. In some systems,
however, intraspecific variation in seabird diet (e.g., in two species of shearwater and two species of gull:
Gulka et al. 2017; in Magellanic penguins Spheniscus magellanicus: Ciancio et al. 2021) or foraging
behavior (e.g., in great black-backed gulls Larus marinus; Maynard et al. 2021) increases when the
availability of preferred prey is low, indicating divergent individual strategies for coping with resource

decline.

If individual-level plasticity in diet and foraging behavior influences fitness (e.g., in Cory’s shearwater:
Zango et al. 2019), rapidly changing environmental conditions may drive individual variation in
contributions to population growth. In some populations, for example, plasticity may be high across
individuals but low within individuals across contexts (Woo et al. 2008; Zango et al. 2019). This low
individual-level plasticity may result from the high cost of learning new foraging behaviors or may
indicate that the fitness benefits of different foraging strategies vary over time (Woo et al. 2008). In other
populations, all individuals may show high plasticity in behavior, but this plasticity may be insufficient to

keep pace with environmental change (e.g., in thick-billed murres Uria lomvia: Whelan et al. 2022).



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

Here, we rely on stable isotope data and chick provisioning data collected across three years (2017, 2018,
2021) and five tern colonies (Table 1) to examine how the trophic diversity of terns (common tern Sterna
hirundo and Arctic tern Sterna paradisaea) varies across time, space, and species in the Gulf of Maine. In
this region, common and Arctic terns feed on a variety of fish, particularly hake (Urophycis spp.),
sandlance (Ammodytes americanus or A. dubius), and herring (Clupea spp. or Alosa spp.), and on marine
and terrestrial invertebrates (Yakola et al. 2021). Terns may be particularly sensitive to rapid
environmental change because, in addition to being central-place foragers, they are constrained to feeding
in the top 60 cm of the water column (Cabot and Nisbet 2013), limiting their foraging flexibility to

horizontal space (e.g., as in kittiwakes Rissa tridactyla: Barrett and Krasnov 1996).

In the Gulf of Maine, the foraging habitat of breeding terns is changing rapidly at multiple temporal and
spatial scales, due both to global increases in sea surface temperature (SST) and to local, climate-driven
changes in ocean circulation patterns (Scopel et al. 2019; Staudinger et al. 2019). Long-term warming in
this region surpasses nearly anywhere else in the ocean and is punctuated by short periods of extreme
events, called “marine heatwaves” (Pershing et al. 2021). As a result, SSTs in the Gulf of Maine are
quickly exceeding the thermal tolerance limits of terns’ optimal diet items, including herring and hake
(Collette and Klein-MacPhee 2002; Shackell et al. 2014), driving these fishes deeper and farther offshore.
Terns have two options to continue feeding chicks when preferred prey decline: they can change their
foraging behavior (e.g., change foraging location) to maintain a diet of preferred prey or they can switch
to less optimal prey (e.g., fish to invertebrates) (Figure 1). Chick provisioning studies in this region
suggest that warmer waters lead to declines in the abundance of preferred prey in tern diets (Yakola
2019). Dietary shifts have only been studied at the aggregate level of colony and species, however, and it
is possible that individuals differ in their response to decreased food availability, leading to changes in

trophic diversity.
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We examined trophic diversity metrics based on stable isotope data and chick provisioning watch data in
relation to each other and to environmental context, specifically sea surface temperature derived from
satellite data. We hypothesized that individual terns would differ in their response to reduced food
availability, driving higher trophic diversity among diet items fed to tern chicks in lower-resource
contexts (Predictions 1-4). Additionally, we hypothesized that adult terns’ individual-level responses to

reduced food availability would influence the fitness of their chicks (Predictions 5-6).

For stable isotope data, trophic diversity is generally quantified using measures of the two-dimensional
isotope niche, where 8'*C provides a proxy for foraging habitat and 5'°N provides a proxy for the trophic
level of diet (Hobson et al. 1994; Bourgeois et al. 2022; Bratton et al. 2022; Cherel and Carrouee 2022;
Muller et al. 2022). Blood samples, when separated into plasma and blood cell components, can provide
information on diet integrated over two timescales: 2-3 days (plasma) and 2-3 weeks (blood cells)
(Hobson and Clark 1993; Hobson et al. 1994; Vander Zanden et al. 2015). Chick provisioning studies,
during which researchers record the prey brought back to nests and fed to chicks by bill-carrying seabirds,

provide complementary information and allow for calculation of traditional diversity metrics.

Though they provide different information on diet and foraging behavior, we predicted that measures of
trophic diversity calculated using stable isotope and provisioning data would covary (P1). Additionally,
we used chick provisioning and sea surface temperature data to develop proxies for food availability, and
to test whether food availability related to trophic diversity in terns. We predicted greater trophic diversity
among tern chicks to be associated with lower food availability (P2) and an increase in trophic diversity
throughout the breeding season due to increasing sea surface temperatures and chick demands (P3).
Previous research suggests that Arctic terns have more variable diets and forage over larger areas than
common terns (Rock et al. 2007; Hall et al. 2000; Yakola et al. 2021), so we expected Arctic tern chick
diet to reflect greater trophic diversity than that observed in common tern chick diet within and across

contexts (P4).
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To test for associations between plasticity and fitness, we focused on one island in one year. On Petit
Manan Island in 2021, we collected paired isotope samples for a subset of chicks, allowing us to track
within-season shifts in diet. We predicted individual variation in the magnitude of dietary shifts over this
two-week period and trade-offs between shifts in foraging habitat and the trophic level of prey (P5).
Lastly, we expected that the degree and direction of individual plasticity would influence the fledging size

and survival of tern chicks (P6).

Materials and Methods

Study System

Maine hosts approximately 4,500 offshore islands. Ten seabird breeding islands are monitored each
breeding season by biologists associated with the Maine Coastal Islands National Wildlife Refuge
(MCINWR) of the United States Fish and Wildlife Service and the National Audubon Society Seabird
Institute. The current study focuses on data collected during 2017, 2018, and 2021 across five islands with
common and/or Arctic tern breeding colonies: Petit Manan Island, Ship Island, Seal Island, Metinic
Island, and Matinicus Rock (Table 1). These islands vary in the diversity and density of breeding seabirds
and in environmental characteristics, including latitude, distance offshore, and surrounding bathymetry.
Additionally, the three years and five islands studied showed marked differences in SST and reproductive
success (Table 1; Figure 2; Appendix S1: Table S1). While 2017 was a relatively successful year for terns
breeding in the Gulf of Maine, terns experienced poor food availability and record-low reproductive
success in 2021. In 2018, SSTs and tern diet shifted mid-breeding season, resulting in moderately low

reproductive success (Table 1; Figure 2).

Data Collection

Stable Isotopes
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We did not collect stable isotope data from tern chicks on all islands in all years and the timing of
sampling and sample size varied by year and island. During all sampling events, we collected 140-210ul
of blood from the brachial vein of tern chicks (minimum mass of 40g to minimize impact) using a 27-
gauge needle and heparinized capillary tubes (Owen et al. 2011). On Petit Manan Island in 2021, we
collected a second blood sample for all chicks that were still alive 7-16 days after the initial sample was
collected. Sample collection was approved by Gettysburg IACUC Permit # 2021S2 and US Geological
Service permit #22055. Within 12 hours of collection, we separated samples into blood cells and plasma

using a microhematocrit centrifuge. All samples were then frozen at -20C until processing.

We homogenized dried blood cell and blood plasma samples using a mortar and pestle then weighed 1ug
aliquots to the nearest thousandth of a milligram and packaged them in tin capsules for analysis. We
analyzed samples using a GV Instruments IsoPrime isotope ratio mass spectrometer coupled with an
Eurovector elemental analyzer. Values are reported as isotope ratios (**C/*2C for carbon, *N/**N for
nitrogen) in parts-per-thousand, calibrated to the international standards Vienna Pee Dee belemnite for
carbon (5'*C) and atmospheric air for nitrogen (3*°N). We ran duplicate samples to ensure sample
homogenization and ran internal laboratory standards (glycine and peptone) to test machine accuracy.
These laboratory standards have been carefully calibrated using traditional methods (Dumas combustion,

dual inlet IRMS) to IAEA standards N1 and N2 for nitrogen, and NBS 20, 21, and 22 for carbon.

The expected values for glycine fell within one standard deviation of those measured for 3*°N (expected:
10.73%o, observed 10.70+0.08%o0) and 8*3C (expected: -34.00%o, observed -33.97+0.06%o). Similarly, the
expected values for peptone fell within one standard deviation of those measured for 3'°N (expected:
7.40%o, observed 7.37+0.10%o) and 5'3C (expected: -14.73%o, observed -14.81+0.05%o). To ensure we
had properly homogenized samples, we ran 43 duplicates for blood cell samples and 15 duplicates for

plasma samples. Intra-sample variation, measured as absolute percent difference, was 2.89+2.62% for
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815N and 0.86+1.01% for 8*°C in plasma and 1.65+1.70% for 5'°N and 0.73%1.00% for 6*3C in blood

cells. For all analyses that follow, we used mean isotope values for samples with duplicates.

While blood cell samples had C:N ratios of <3.5 (mean of 3.19+0.37), indicating low lipid content,
plasma samples often had high C:N ratios (mean of 4.81+0.56). For tissue samples with high lipid
content, variation in lipids may bias 5'*C values (Post et al. 2007). We therefore calculated normalized
513C values and used the resulting values in all analyses that follow. To calculate these values, we used
the equation developed by Post et al. (2007) for aquatic species, where 8'*Cuyntreated is the original §*3C
value of the sample, C:N is the carbon to nitrogen ratio of the sample, and 8*Cromaiized is the final §*3C of
the sample used in data analysis (Equation 1).

613Cnorma|ized = 613Cuntreated - 332 + 099 ' C:N Equatlon 1

Chick Provisioning and Growth Rates

To collect information on common and Arctic tern chick diet directly, we monitored a subset of nests
throughout each breeding season during regular provisioning stints. Using a standardized protocol,
National Audubon Society staff collected these data on Matinicus Rock and Seal Island and US Fish and
Wildlife Service staff collected these data on Metinic Island, Ship Island, and Petit Manan Island. During
each stint, staff sat in a bird blind and recorded information on prey size and prey species, the time of the
feeding, and the provider and recipient of the prey item. These stints generally lasted three hours and
occurred four times a week, most often in the early morning when feeding rates are highest. We used
provisioning data metrics, including average feeding rate, average prey size, and average percent herring
and hake among provisioned items as indicators of food availability. Additionally, we calculated diversity
metrics using provisioning data to compare with those calculated using stable isotope values. These

metrics are described in more detail below (Data Analysis).

10
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At each colony, we also monitored a subset of nests (approximately 10% of the breeding population of
each species on each island) to track chick growth rates and survival. Nests were enclosed in 1 m high
fencing to prevent chicks from moving far from their nests. Nests were visited each day until all chicks
hatched, allowing for estimation of hatch date. After all chicks hatched, nests were visited every other day
to record chick status (e.g., alive, dead, unknown), mass (g), and wing chord (mm). Chicks were banded
with a nine-digit USGS Bird Banding Laboratory band within two days of hatching, which allowed us to
track individuals throughout the season. A chick was considered to have fledged if it was last observed
alive when it was at least 15 days old. The majority of the stable isotope samples used in this study were
collected from nests monitored for productivity and chick growth rates. We used data from these nest
checks to examine the fitness consequences of diet plasticity using data on chick linear growth rates

(LGR: average daily change in mass between age 3-13 days) and survival.

Sea Surface Temperature

Higher SSTs in the Gulf of Maine are associated with a lower availability of terns’ preferred prey (Yakola
2019). Therefore, we used SST as a proxy for food availability in this system. Although there are current
efforts to track the movement of Arctic and common terns in the region, we are still in the process of
collecting sufficient data to define the core foraging ranges of these species. Tern foraging distance is
likely to vary across space and time due to environmental conditions. Though is often reported to be
approximately 10-30 km for the species in this study and for related species (Becker et al. 1993; Pratte et
al. 2021), recent research suggests that Arctic terns may forage much farther from the colony, making

trips of averaging 36 km and up to 219 km at one colony in Iceland (Morten et al. 2022).

We collated SST data and conducted all statistical analyses in R Version 4.3.0. Due to a lack of site-
specific estimates, we used a conservative estimate of 20 km and created a foraging range buffer for each
island using the gbuffer function of the rgeos package (Version 0.6-4). We used these boundaries and the
dates of isotope sample collection (see below) to access SST data relevant to each island using the

11
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rxtractogon function of the rerddapXtracto package (Version 1.1.4). SST are from the Multi-scale Ultra-
high Resolution (MUR) Satellite, provided by the Jet Propulsion Lab under support by the NASA
MEaSUREs program, which provides information on SST at a 1-km spatial scale and 1-day temporal

scale.

Data Analysis

Data Preparation

For our stable isotope analysis, we calculated the size of standard isotope ellipses (Jackson et al. 2011)
using the package SIBER (Version 2.1.7) with the default settings to include 40% of the data in each
group. We separated groups based on island, year, species, and isotope type. A larger SEA. suggests
greater trophic diversity due to variation in 8'°N values and/or 3*3C values among samples. We report the
corrected version of the standard ellipse area (SEA(), which is suitable for comparison across groups with
variable sample sizes, provided that each sample has an n>3 (Jackson et al. 2011). We excluded any
groups that had an n<3 from this analysis. In cases where chicks were sampled twice (i.e., on Petit Manan

in 2021), we used data from the first sampling date for that chick in all cross-context comparisons.

To account for uncertainty and estimate credible intervals, we used the SIBER package to fit Bayesian
multivariate normal distributions to each group in the dataset (SEA&g). For these Bayesian estimates,
which use the Gibbs Sampling technique in rjags (Version 4-14), we ran 20,000 iterations with a burn-in
of 1,000 and uninformative priors. We used posterior draws from this analysis to estimate the probability
that the isotopic niche of one group was greater than that of another group. Additionally, we estimated
isotopic niche overlap using the posterior draws for SEAg. We ran 10 draws for each groupwise
comparison and, for each draw, defined niche overlap as the ratio of the overlapping area to the maximum
area of overlap. The maximum area of overlap was calculated as the summed area of the two ellipses
divided by two (i.e., 100% overlap would occur if the isotopic niches were identical). For all additional
analyses, we used the median value resulting from these 10 draws.

12
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We subset chick provisioning data and SST data for the time period relevant to blood cell samples (2-3
weeks) and SST data for the period relevant to plasma samples (2-3 days). For each group (a combination
of species, colony, and year), we first calculated the median sampling date. In some cases, all sampling
occurred within a day, while in others it occurred over a one-week period; in most cases the sampling
periods for Arctic terns and common terns were the same. For each group, we subset SST data and
calculated SSTmean for the two-week period preceding the median sampling date for comparison with
blood cell isotopes and for the two-day period preceding the median sampling data for comparison with
plasma isotopes (Appendix S1: Table S1). For example, in 2017 on Matinicus Rock, all isotope samples
for both species were collected on July 7th, so we subset SST data from 23-06-2017 to 07-07-2017 for
blood cell samples and from 07-05-2017 to 07-07-2017 for plasma samples. On Petit Manan in 2021,
samples were collected over a one-week period, with a median sampling date of July 6th, so we subset
SST data from 22-06-2021 to 06-07-2021 for blood cell samples and from 04-07-2021 to 06-07-2021 for

plasma samples (Appendix S1: Table S1).

Because blood cells represent a longer-term integration of diet than plasma, shifts in isotope signatures
between blood cells and plasma can provide insight into changes in trophic diversity throughout the
breeding season and from long (2-3 weeks) to short (2-3 days) timescales. Blood samples were often
collected from chicks in July (Julian Dates 170 to 200), as chicks often hatch in late June and are not large
enough for blood sampling until early July. In this region, July is also the month during which SSTs
increase rapidly and food availability begins to decline (Figure 2). For example, on Matinicus Rock in
2018, stable isotope samples were collected on July 5" (Julian Date 186). In the two weeks preceding
sample collection, the SSTmean surrounding this island was 13.38+1.53°C, while in the two days preceding

sample collection the SSTmean Was 15.70+0.53°C (Appendix S1: Table S1).
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We only subset provisioning data for comparison with blood cell isotope values, as provisioning watches
often did not occur within the two-day period relevant to plasma samples. We used provisioning data as a
proxy for food availability by calculating average feeding rate (prey-hrt-nest; FRmean), average prey size
(culmen lengths; PSmean), and average percent herring and hake among provisioned items (%; HRmean) for
each species throughout the two-week period prior to isotope data collection. Additionally, to provide a
provisioning data measure of trophic diversity, we calculated the Shannon-Wiener Diversity Index (H)
(Equation 2).

H' = —Zf- p;j Inp; Equation 2
Where p; is the proportion of prey species or prey group j in the diet of a tern species at each colony for a
given two-week period. The Shannon-Wiener diversity index is commonly used in diet composition
studies and ranges from 0 to H'max, where H'max = In(S). An H' value of 0 indicates no diet diversity and
greater values of H' indicate greater diet diversity. We excluded prey items that were not identified to the

species (e.g., butterfish) or group (e.g., amphipod) level for this analysis.

Hypothesis Testing

For each prediction, we tested a suite of relevant generalized linear models, and selected the best-
supported models based on Akaike’s Information Criterion (AIC). Where models were within 2 AIC, we
report results of the simpler model. Due to low sample sizes (e.g., only one sampling occasion for Ship
Island), we could not include “island” or “year” as random effects in our models, but exploratory analyses
suggested that including these variables did not improve model performance. We assessed model fit using
residual diagnostic plots; models with gaussian errors and an identity link performed similarly to other
generalized linear model alternatives. We report effect sizes as estimate[Clgs]. Where models including
predictors are supported, we include a p-value and a pseudo-R? value, calculated as 1 — (residual

deviance/null deviance). When comparing group means, we used a Wilcoxon signed-rank test due to low
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sample sizes and non-normality. We report mean values as mean=SD. To compare the variance between

paired isotope samples, we use a Pitman-Morgan test in the package PairedData (Version 1.1.1).

P1: Cross-method Comparison. We tested whether stable isotope and provisioning data provided
consistent information on trophic diversity by comparing a null model for SEA. to models including H’,
species, and their additive and multiplicative interactions. Additionally, we tested whether variation in
d13C or 3N significantly predicted variation in SEA. across contexts. Lastly, we tested for correlations
among provisioning parameters (FRmean, HRmean, PSmean) across contexts and for correlations between

these parameters, 3Crmean, and 8°Nmean.

P2: Trophic Diversity and Food Availability. We used SSTmean and HRmean as indicators of food
availability across islands and years. We tested whether these indicators of food availability were related
to measures of trophic diversity in tern chicks (H* and SEA.) using generalized linear models for the two-
week period relevant to each blood cell sampling occasion. For plasma samples, we tested for
relationships between SEA: and SSTmean for the two days leading up to isotope sample collection but

could not test for relationships with H” due to the restricted time range represented by these samples.

P3: Trophic Diversity Throughout the Breeding Season. To better understand shifts in diet throughout the
breeding season, we calculated the change in isotope values from blood cell to plasma samples for each
individual. We compared trophic diversity between the period represented by blood cell and plasma data
using two approaches: 1) changes in the variance of 3*3C and *°N between blood cell and plasma
samples, 2) changes in isotope niche size between blood cell and plasma samples. Additionally, we
calculated isotope niche overlap among blood cell and plasma samples for each island and year using the
methods described above. These analyses were restricted to chicks for which we had data on both blood

cell and plasma isotope values, so sample sizes were identical for all comparisons. This restriction
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resulted in samples for 146 of the 196 chicks included in the study; in some cases, either the blood cell or

plasma samples for a given individual did not provide sufficient material for stable isotope analysis.

P4: Interspecific Comparison. For each island by year combination with samples for both species (h = 6
for plasma, n = 7 for blood cells), we compared the mean blood cell and plasma isotope values for
common tern and Arctic tern chicks using Wilcoxon-signed rank tests and quantified overlap in their
Bayesian isotope ellipses. We used posterior draws of SEAg to calculate the probability that the isotope
ellipse of common tern chicks was greater than that of Arctic tern chicks. We compared variance in 5'C
and 3N of these two species across all samples but not for each sampling occasion, due to large

differences in sample sizes for some island by year combinations.

P5: Within-Season Isotope Shifts. We examined population and individual-level plasticity using paired
plasma samples collected from chicks approximately ten days apart on Petit Manan Island in 2021. The
first sampling period occurred in early July and the second sampling period occurred in mid-July. We
were able to collect paired samples for five common tern chicks and 14 Arctic tern chicks. Chicks ranged
from 12 to 18 days old during the first sampling occasion (Julian Dates 182 to 186; SSTmean =
12.22+0.40°C) and from 22 to 27 days old during the second sampling occasion (Julian Dates 193 to 204,

all but two between 193 and 198; SSTmean = 12.97+0.49°C).

Because residual error and individual slope estimates are confounded in the case of linear effects models
with only two measurements per individual, we could not use this approach to statistically test for
variation in individual slopes. Instead, we describe individual-level plasticity through descriptive
comparison of the slope of change in 3*°N and §'*C values for each individual chick, calculated as the
change in isotope value divided by the number of days between sampling occasions. We tested for
species-driven differences in slopes. Additionally, we calculated SEA.and compared SEAg for samples
collected during the first sampling occasion to those collected during the second sampling occasion.
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P6: Isotope Shifts and Fitness. For each individual with paired plasma samples, we tested whether diet
(8'°N) and foraging (5**C) plasticity correlated with two measures of fitness: chick survival and
asymptotic chick size. Asymptotic chick size was calculated as the average chick mass (g) and average
chick wind chord length (mm) for measurements taken between age 16 and 27 days. We did not compare
plasticity to chick growth rate because plasma samples were collected after the linear growth period (2 to
13 days). Several of the chicks sampled in this study were not part of our regular productivity plots, and
we did not record their final status, which is instead marked as “unknown”. Importantly, the need to
sample chicks twice biased our samples towards chicks that survived until the second sampling occasion,
which was a relatively low number of chicks given poor reproductive success on Petit Manan in 2021. We
tested whether the slope of change in §'°N and in 5'*C were correlated with each other and with these two

measures of chick fitness.

Results

We collected 100 blood cell samples and 90 plasma samples from Arctic tern chicks (n = 86 chicks, 14
sampled twice) and 115 blood cell samples and 102 plasma samples from common tern chicks (n = 110
chicks, 5 sampled twice) across the five study islands and three study years. When broken down into year
and island combinations, there were nine sampling occasions for each species with sample sizes ranging

from five chicks to 29 chicks for blood samples and from one chick to 29 chicks for plasma samples.

Across all islands, years, and species, 3*°N ranged from 10.40 to 14.59%o in blood cell samples (mean of
12.61+0.76%o) and from 10.91 to 15.64%. in plasma samples (mean of 13.73+0.95%o). For 5'*C, values
ranged from -22.26 to -16.52%o. in blood cell samples (mean of -19.40+0.77%o) and -22.38 to -14.75%o in
plasma samples (mean of -18.43+1.20%o) (Figure 3). The relationship between §°N and §**C varied by
isotope type and species; models containing the interaction between §*C and species explained 42% of
the variance in 6*°N for plasma samples and 35% of the variance in 3'°N for blood cell samples (Figure
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3). For common tern chicks, §'°N was positively correlated with 8*3C in both blood cell (p = 0.04, b =
0.26[0.01,0.50]) and plasma (p < 0.0001, b = 0.53[0.34,0.73]) samples. In Arctic tern chicks, §*°N was
positively correlated with §'*C in blood cell samples (p = 0.03, b = 0.19[0.02,0.36]) but negatively

correlated in plasma samples (p < 0.0001, b = -0.25[-0.37, -0.13]) (Figure 3).

During the two weeks prior to isotope data collection, the total time spent in provisioning watches ranged
from 878 minutes (Arctic terns on Petit Manan Island in 2017) to 3,320 minutes (common terns on Petit
Manan Island in 2017) (Appendix S1: Table S2). FRmean ranged from 0.95 prey-hr-nest* (common terns
on Petit Manan Island in 2021) to 3.57 prey-hr-nest? (Arctic terns on Matinicus Rock in 2017) with a
mean of 1.68 prey-hr-nest across islands, species, and years (Appendix S1: Table S2). PSmean ranged
from 0.56 culmen lengths (Arctic terns on Matinicus Rock in 2018) to 1.89 culmen lengths (common
terns on Metinic Island in 2017), with a mean of 1.25 culmen lengths. HRmean ranged from 20.89% (Arctic
terns on Matinicus Rock in 2018) to 84.11% (Arctic terns on Petit Manan Island in 2018), with a mean of

57.79% (Appendix S1: Table S2).

Trophic diversity varied greatly across islands, years, and species. SEA. ranged from 0.05%.? (blood cells
for common tern chicks on Seal Island in 2017) to 2.61%o? (plasma cells for Arctic tern chicks on Petit
Manan Island in 2021) with a mean of 0.60%o? (Figure 4; Appendix S1: Table S3). H’ ranged from 0.79
(common terns on Ship Island in 2021) to 2.08 (common terns on Seal Island in 2018), with a mean of
1.44. When calculated at the year and colony level, SSTnean for the period relevant to blood cell isotope
samples ranged from 10.44+0.61°C (Petit Manan Island in 2017) to 15.06+0.92°C (Metinic Island in
2017) and for plasma isotope samples ranged from 11.45+0.50°C (Petit Manan Island in 2017) to

16.37+0.78°C (Metinic Island in 2017) (Appendix S1: Table S1).

P1: Cross-Method Comparison. Provisioning metrics were strongly intercorrelated, and the best-
supported models for relationships among these parameters did not include species-specific intercepts or
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slopes (Table 2; Figure 5). An increase of one prey item per hour per nest was associated with a 18.6%
decrease in HRmean (> = 0.47, p = 0.002, b = -18.6[-29.19, -8.06)]. Furthermore, a one culmen length
increase in PSmean Was associated with a 38.14% increase in HRmean (r? = 0.32, p = 0.01, b = 38.14[8.88,
67.41]). Because of the strong collinearity among provisioning metrics, we focused on comparing HRmean
across contexts and species to 3°Nmean, 8*Cmean, and measures of trophic diversity. Both 6**Nmean (I? =
0.28, p =0.02, b = 19.81[2.97,36.65]) and 8**Cean (1> = 0.32, p = 0.01, b = 17.72[4.11, 31.32]) were
positively correlated with HRmean and showed stronger support than a null model for this provisioning

metric (Table 2).

H’ and blood cell SEA: were significantly correlated, and this relationship did not vary by species (Table
3); H’ increased by approximately 0.63 for every 1%o? increase in SEA; (r> = 0.24,p = 0.04, b =
0.63[0.04,1.22]). Variation in §*C was not significantly correlated with variation in §!°N across contexts
(b = 0.14[-0.08,0.45]). While greater variation in 3**N (AIC = 9.48) was correlated with larger SEA. [r? =
0.40, p = 0.005, b = 1.89[0.65,3.13]], variation in 6*3C was a stronger driver (AIC = -10.13) and explained

approximately 75% of the variation in SEA [r?= 0.75, p < 0.001, b = 1.31[0.84,1.57]).

P2: Trophic Diversity and Food Availability. There was no evidence for an impact of SSTmean ON trophic
diversity as measured using the SEA. of blood cell samples; models including SSTmean and additive and
multiplicative interactions with species were less supported than the null model (Table 4). Similarly, there
was no support for a relationship between SSTmean and the SEA. of plasma samples. As with blood cell
samples, models that included SSTmean and additive and multiplicative interactions with species were less
supported than the null model (Table 4). We found no relationship between our other measure of food
availability, HRmean, and SEA¢ (Table 4). Additionally, we found no evidence for a relationship between
provisioning study trophic diversity, H’, and food availability as measured using SSTmean OF HRmean (Table

3).
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P3: Trophic Diversity Throughout the Breeding Season. When comparing paired samples for each chick,
plasma samples had 8'°N values that were on average 1.10+0.70%o greater (range: -3.30%o to 4.48%o) and
813C values that were on average 1.04+1.11%o greater (range: -0.92%o to 3.41%o) than blood cell samples
(Figure 6). When averaged at the level of island, year, and species, the difference in 3°N between plasma
and blood cell samples was always positive (range of 0.51%. for Arctic terns on Petit Manan Island in
2021 to 2.16%o for Arctic terns on Seal Island in 2018). The average difference in §*C was positive for
all combinations except for Arctic terns on Matinicus Rock in 2018 (-0.53+1.06%o.), where approximately
half of chicks shifted to less-enriched 3*3C values and half shifted to more-enriched 3'*C values. The best-
supported model for shifts in 3*°N included shifts in 8*3C, a multiplicative interaction with species, and an
additive interaction with island (r> = 0.27, p < 0.0001; Table 5; Figure 6). Across Arctic tern chicks, the
magnitude of the shift in 3°N value between blood cells and plasma was negatively correlated with the
magnitude of the shift in 3*3C value (p = 0.03, b = -0.24[-0.36,-0.11]). In common terns, shifts in *°N

values were positively correlated with shifts in §**C values (p = 0.01, b = 0.26[0.08,0.44]).

The overlap in SEAg representing blood cell and plasma samples for the same individuals ranged from
4.1% (Arctic tern chicks on Matinicus Rock in 2018) to 38.5% (Arctic tern chicks on Petit Manan Island
in 2018) with an average overlap of 29.6% for Arctic terns and 17.04% for common terns (Appendix S1:
Table S4). The probability that the SEAg for plasma samples was greater than that of blood cell samples
ranged from 0.27 (common tern chicks on Ship Island in 2021) to 1.00 (Arctic tern and common tern
chicks on Petit Manan Island in 2021), with an average probability of 0.81 across contexts for Arctic terns

and 0.70 across contexts for common terns (Appendix S1: Table S4).

Across all paired samples, plasma samples had a larger 3°N range (4.7%o) and standard deviation
(0.97%o) than did blood cell samples (range = 3.3%o; sd = 0.82%o). Similarly, plasma samples had a larger
813C range (7.63%o) and standard deviation (1.22%o) than did blood cell samples (range = 5.74%o; sd =
0.79%o). Plasma sample variability was significantly greater for both §!°N (F = 1.40, p = 0.02) and 5'*C (F

20



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

=2.39, p <0.0001) across all samples. When broken down by sampling occasion (n = 12 occasions with
individuals with paired samples), the 3*°N and §**C values of plasma samples were more variable than

blood cell samples in most cases, but this difference was rarely significant (Appendix 1: Table S5).

P4: Interspecific Comparison. Arctic tern chicks had significantly lower plasma &'°N values (n1 = 76, n, =
97, W =1297.5, p < 0.001) and significantly lower blood cell 3*°N values (n; = 86, n, = 110, W = 2196.5,
p < 0.001) than common tern chicks. Additionally, Arctic tern chicks had significantly less-enriched
plasma §*3C values (n; = 86, n, = 110, W = 2700, p = 0.003) and significantly less-enriched blood cell
d13C values (n1 =76, np = 97, W = 2312, p < 0.001) than common tern chicks (Figure 4). When compared
at the island and year level, however, Arctic and common tern chicks were rarely significantly different in

both 5'°N and 5'*C space, with the exception of Seal Island in 2017 and 2018 (Appendix 1: Table S6).

Arctic tern chicks had a lower and more variable average HRmean (56.03£22.80%) than common tern
chicks (59.55+18.96%) across contexts and a higher and more variable FRmean (1.85+0.88 prey-hrt-nest?)
than common tern chicks (1.51+0.60 prey-hrt-nest?). Neither of these differences were significant across
contexts (HRmean: W = 39, p = 0.93; FRmean: W =52, p = 0.34). Prey size was, however, significantly
lower for Arctic tern chicks (1.09+0.29 culmen lengths) than for common tern chicks (1.41+0.23 culmen

lengths) (W = 11, p = 0.008).

Given the same island, year, and isotope type, the mean SEAg overlap between Arctic tern and common
tern chicks was 16.67% (range of 0-52.93%). The overlap between these two species was slightly higher
in plasma samples (mean = 20.03%, range of 0-52.93%) than in blood cell samples (mean = 14.15%,

range of 0-45.84%). The overlap was greatest for plasma samples on Metinic in 2018 (52.93%), the only

case with interspecific overlap of greater than 50%.
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There was little consistency in the difference in SEAg size for common tern and Arctic tern chicks across
contexts. The average probability that Arctic tern chicks had a larger isotopic niche was 0.53 for blood
cell samples (range of 0.00 to 0.98% for Petit Manan in 2017 and 2021 respectively) and 0.46 for plasma
samples (range of 0.001 to 0.96% for Metinic in 2018 and Seal in 2018 respectively) (Table S7).
Provisioning data resulted in similar average H’ values for Arctic tern (1.44+0.42) and common tern
chick diets (1.43+0.42) (W = 40, p = 1.00), though there was a greater occurrence of unknown prey items
that needed to be excluded for Arctic terns (19% of prey items) than for common terns (14% of prey
items). Additionally, across all samples, the variance in Arctic tern chick 3*°N values was not
significantly greater than that of common terns in blood cell samples (F = 0.33, p = 1.00) or plasma
samples (F = 0.64, p = 0.98). Arctic tern chicks did show greater variance in §**C values in plasma

samples than common tern chicks (F = 2.21, p < 0.005), but not in blood cell samples (F = 1.34, p = 0.14).

P5: Within-Season Isotope Shifts. Individual terns showed substantial variation in §!°N and 5**C slopes
between the first and second sampling occasion, but the overall shift was to higher 5!°N values and less-
enriched 8**C values (Figure 7). Across both species, 14 individuals showed negative 8'*C slopes and five
showed positive slopes. For 8*°N, two individuals showed a negative slope, one showed a slope within
0.01 of zero, and 16 showed positive slopes (Figure 7). SEA; was nearly three times greater during the
first sampling period (1.40%0%) than during the second sampling period (0.44%.2) for Arctic terns and
nearly four times greater during the first sampling period (2.11%o?) than during the second sampling

period (0.54%0?) for common terns (Figure 8).

Slopes for 5*°N and *3C were strongly correlated across individuals and the slope of this relationship did
not vary by species (Figure 8). A shift to less-enriched §'3C diets was associated with a shift to higher
81N diets (r> = 0.66, p<0.001, b = -0.57[-0.78, -0.36]). The average 5'*C slope of Arctic tern chicks (-
0.12+0.12%o day™) was more negative than that of common tern chicks (-0.05+0.12%o day™), but this
difference was not significant (W = 24, p = 0.34). Similarly, though the average 5'°N slope of Arctic tern
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chicks (0.12+0.07 %o day™) was double that of common tern chicks (0.06+0.11 %o day™), this difference

was not significant (W =52, p = 0.13).

P6: Isotope Shifts and Fitness. All common tern chicks with paired plasma samples were alive and of
fledging size and age during their final nest check. Among Arctic tern chicks, seven were alive, four had
died, and three had a final status of unknown. Chicks that died in the days after sampling had more
negative 6*3C slopes (-0.138+0.159 %o day) and more positive 3'°N slopes (mean of 0.16+0.07%o day™)
than did chicks that fledged (mean of -0.08+0.12 %o day™ for §*C and mean of -0.09+0.07%o day* for
81°N), but these differences were not significant (3*C: W = 17, p=0.648; §°N: W = 7, p = 0.23). There
was no significant relationship between asymptotic wing chord length, which ranged from 100.5 to 144.3
mm for common terns and 106.2 to 141.1 mm for Arctic terns, and isotope slopes (Table 6). Asymptotic
mass was positively correlated with 3*3C slope and negatively correlated with 3!°N slope in Arctic tern
chicks (range: 62.2 to 92.0 g), but not in common tern chicks (range: 102.17 to 117.5 g) (Figure 8; Table

6).

Discussion

Arctic and common terns foraging in the Gulf of Maine face rapidly changing prey landscapes. Both
species have demonstrated an ability to alter their foraging behavior and diet in response to local prey
availability across time and space (Hall et al. 2000; Scopel et al. 2018; Yakola 2019). For example,
warmer waters in the Gulf of Maine are associated with lower proportions of hake (a preferred prey item)
in the diet of common terns and Arctic terns, and with an increase in the occurrence of less-common prey
(‘Yakola 2019). Here, using multiple approaches, we show marked variation in the trophic diversity of
Arctic and common terns breeding across five islands and three years in the Gulf of Maine. Trophic
diversity metrics, calculated using isotope data, varied by an order of 50 for isotope data (SEA.) and by
an order of three for provisioning data (H’), and both species exhibited a wide range of isotope values and
feeding parameters. Additionally, using paired isotope samples, we show that individuals within these
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populations differ in their within-season responses to changing environmental conditions, with potential

implications for individual-level fitness.

Trophic Diversity Across Methods

Using multiple approaches simultaneously to study trophic ecology provides a more nuanced
understanding of diet and foraging behavior and helps to mitigate the shortcomings of any one approach
(Sydeman et al. 1997; Woo et al. 2008; Nielsen et al. 2018; Muller et al. 2022; Hoenig et al. 2022).

For terns, a burst in the delivery of small prey items (invertebrates, small larval fish) may increase
provisioning trophic diversity, as these metrics are based on counts of different prey items. However, the
same burst of small prey may have little influence on trophic diversity measured using stable isotope data,
as isotope values are based on the amount of material assimilated from prey. Isotope data will
underestimate trophic diversity when prey items have similar isotope values, such as reported for fish
species in the Gulf of Maine (Legett et al. 2023). Provisioning data may underestimate trophic diversity
when there is a large portion of unidentified prey that cannot be included in diversity calculations, and
this may be more common when preferred prey availability is low and terns forage on less common

and/or smaller prey items (i.e., invertebrates or larval fish).

Though isotope and provisioning data provide inherently different information on trophic ecology
(Nielsen et al. 2018), we found that mean isotope values were correlated with key diet parameters across
contexts for common and Arctic terns breeding in the Gulf of Maine. Specifically, a higher percent of
herring and hake in tern chick diet was associated with higher 3*°N values, likely due to fewer
invertebrates in the diet of these chicks, and to more enriched 5**C values. Additionally, we found support
for our prediction of a correlation between isotope (SEA.) and dietary (H’) measures of trophic diversity
(P1), though isotope measures of trophic diversity showed a much larger range across contexts. In some

cases, such as for seabird species that regurgitate to feed their chicks, collecting provisioning data
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alongside stable isotope data may not be possible; our findings suggest that stable isotopes can provide

insight into key diet parameters when other methods cannot be used.

The correlation between tern chick 5'°C values and diet composition may be driven by relationships
between island location and prey availability. Ship Island and Petit Manan Island are both relatively
inshore, and tern chicks on these islands had a high percent of herring and hake in their diet (>67% for all
sampling occasions), while terns breeding on islands more than 20 miles offshore, such as Matinicus
Rock and Seal Island, generally fed chicks a lower percent of herring and hake (<40% for most sampling
occasions). Previous work has noted a higher proportion of invertebrates in the diet of terns on Matinicus
Rock and Seal Island as compared to other Gulf of Maine Islands, though not all of the islands in our

study were included in this work (Yakola et al. 2021).

Patterns in 5'°C were, however, less related to island location, with values from one offshore island (Seal
Island) spanning the full range of average values across contexts (-20.9%. for Arctic terns in 2018 to -
18.53%o for common terns in 2017). Importantly, while variation in 8*3C values in seabirds is strongly
tied to spatial variation in §'*C baselines (in European shag Phalacrocorax aristotelis: Moreno et al.
2011), these values are not always correlated with foraging distance (e.g., in yellow-eyed penguins
Megadyptes antipodes: Muller et al. 2022). Arctic terns and common terns may also forage on terrestrial
invertebrates (e.g., ants, dragonflies; Yakola et al. 2021), further complicating interpretation of 3*3C

values.

Trophic Diversity Across Contexts

We did not find support for our prediction (P2) that terns would show greater trophic diversity under
conditions of lower food availability. Within a given context (i.e., on a particular island, in a particular
year), we have observed drastic changes in feeding rate and prey composition associated with increases in
SST (Sund 2023; Welch pers. comm.). However, the current study aggregated data at the colony and
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island level, and there are likely to be many other variables that influence trophic diversity across these
contexts. For example, the within-season phenology of Arctic and common tern diet in the Gulf of Maine
varies by island (e.g., herring decreases in the diet of terns throughout the season on some islands and
increases in others) and with pre-breeding season environmental conditions (e.g., the date of the spring
thermal transition) (Yakola et al. 2021). Additionally, the islands studied vary in their breeding seabird
density and community composition, so interspecific competition and the ability to alter foraging

behavior and diet may vary across contexts (e.g., Patterson et al. 2022).

Our findings contrast with previous research suggesting that the trophic diversity of seabirds (e.g., Cape
Verde Shearwater Calonectris edwardsii adults: Ramos et al. 2018; three alcid species: Jenkins and
Davoren 2021) and other marine predators (e.g., in humpback whales: Gulka et al. 2017; Atlantic cod
Gadus morhua: Berard and Davoren 2020) increases with decreasing food availability. In Magellanic
penguins, for example, isotope niche decreased with forage fish biomass and the occurrence of forage fish
in the diet across 12 breeding colonies and seven years (Cianco et al. 2021). In some seabird systems,
however, a reduction in trophic diversity has been linked to low food availability (e.g., in the little
penguin Eudyptula minor: Kowalczyk et al. 2013), stressing the importance of local context in driving

these relationships.

Much of the previous work showing increases in trophic diversity of seabirds during periods of reduced
food availability has focused on adult seabirds. In some seabird species, adults feed their chicks higher
quality prey than they consume themselves (e.g., in common guillemot Uria aalge: Wilson et al. 2005; in
crested terns Sterna bergii: McLeay et al. 2009; in southern rockhopper penguins Eudyptes chrysocome:
Rosciano et al. 2019). Because poor-quality food items can reduce chick growth rate and survival in
common terns (e.g., Szostek and Becker 2012; Reichert et al 2014) and Arctic terns (e.g., Suddaby and
Ratcliffe 1997; Morten et al. 2022), adults may attempt to buffer chicks from changes in food availability,
leading to less pronounced shifts in trophic diversity in chicks than in adults.

26



653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

Trophic Diversity Across Tissue Types

The change in isotope values between blood cells and plasma varied across individuals, but were nearly
always positive for both §**C and 5'°N. There are no published values for trophic discrimination factors in
the blood cell components of terns, but controlled feeding studies on alcids suggest a lower trophic
discrimination factor in plasma than in blood cells, which would suggest a shift to less-enriched **C and
lower 8'°N values, all else being equal (Jenkins et al. 2020). Rather, the shifts we found are in line with
previous findings that terns alter their behavior, foraging for higher-trophic items closer to the colony, as
their chicks grow. In Royal (Thalasseus maximus maximus) and Cayenne (T. sandvicensis eurygnathus)
terns (Marinao et al. 2019) and in Sandwich terns Sterna sandvicensis (Stienen et al. 2000) adults meet
growing chicks’ needs by feeding them larger prey. In common terns, chick energy requirements are
thought to peak at around 15 days (Klaassen 1994). The size of provisioned prey increases as chicks age
(Wiggins and Morris 1987), and provisioning rates increase and then decrease as chicks age (Rossell et al.
2000). Similarly, Arctic and common terns breeding in northeast England alter feeding rate, prey size, and
foraging areas with chick age (Robertson et al. 2014). Specifically, to maintain higher feeding rates,
Acrctic terns and common terns shifted their core foraging areas closer to the colony and reduced the size

of their foraging area as the breeding season progressed (Robertson et al. 2014).

We found some support for our prediction (P3) that trophic diversity would be greater among plasma
samples than blood cell samples, as they represent diet integrated over a shorter time period representing
a later part of the chick rearing period. Intraspecific diversity in diet and foraging behavior is often higher
at shorter timescales (Woo et al. 2008). Across all paired samples, plasma had more-enriched and more
variable 8"3C values, higher and more variable 5*°N values, and larger isotope ellipses. However, the
variability of plasma isotope values was not significantly higher than that of blood cell isotope values at

the level of sampling occasion, which may have been due to a low number of paired samples at the island,
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year, and species level.

In previous seabird studies, measures of trophic diversity calculating using plasma samples are greater
than those calculated using blood cell samples (in two species of shearwater: Carvalho and Davoren 2020;
in three species of alcid: Jenkins and Davoren 2021). These differences may not be completely driven by
true changes in trophic diversity across time, however. Controlled feeding studies of adult Atlantic puffins
(Fratercula arctica) and common murres (Uria aalge) found that plasma samples had a larger isotopic
niche than did blood cell samples, even though individuals were fed similar diets for 80 days before
sample collection (Jenkins et al. 2020). Though collecting samples of different tissue types provide a
promising means of examining within-individual shifts in diet over time (e.g., Klaasen et al. 2010), this
type of work must be interpreted with caution and would benefit from more controlled feeding studies

that compare variation in isotope values across tissue types.

Trophic Diversity Across Species

Across all samples, we found lower 8*°N values and less-enriched §**C values in Arctic tern chicks than
in common tern chicks. For any given island and year, the two species were rarely different along both
isotope axes, but overlap in two-dimensional isotope space was low (average of 17%). Lower 8*°N values
in Arctic tern chicks are consistent with findings of previous research (Yakola et al. 2021) and with
observations that we have made on the islands in this study (Welch pers. comm), both of which suggest
that Arctic terns in the Gulf of Maine have a diet with a higher abundance of invertebrates than that of
common terns. Though we did not find a large difference in the average percent herring and hake in the
diet of common tern and Arctic tern chicks across contexts in this study, we did find that Arctic terns fed

smaller prey than common terns on average.

The less-enriched 8'3C values of Arctic terns as compared to common terns are likely due to differences
in the foraging habitat of these two species. Arctic terns breeding in Nova Scotia forage on the ocean side
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of their colonies, in deeper water than common terns, which forage in shallow waters between the colony
and the mainland (Rock et al. 2007). Though the foraging areas of these two species were shown to
overlap in other systems (e.g., in Northeast England: Robertson et al. 2014), preliminary tagging data for
the Gulf of Maine suggests patterns similar to those seen in Nova Scotia (Gownaris, unpublished data).
Additionally, these results are consistent with findings on the adult pre-breeding diet of common terns
and Arctic terns in the Gulf of Maine, as egg membrane samples for Arctic terns showed consistently

lower 8'°N values and less-enriched §'3C values than did common terns (Bratton et al. 2022).

Contrary to our prediction (P4), however, we did not find a significant difference in the SEA. size or H’
values of these two species. Additionally, though the isotope values of Arctic tern chicks differed from
that of common tern chicks, the variability in these values did not differ among the two species. Earlier
studies on tern breeding colonies in the Gulf of Maine, including one island in this study (Matinicus
Rock) showed that the diet of common terns was more diverse than that of Arctic terns (Hall et al. 2000).
More recent studies (Yakola et al. 2021) did not find a difference between the H’ values of provisioned
prey of these two species. Our H’ values were lower than those found by Yakola et al. (2021), which
considered diet over longer time periods and a larger number of islands, only some of which overlapped
with this study, for Arctic terns (our study: 1.45, their study: 1.74) and common terns (our study: 1.27,
their study: 1.57). Other recent studies have shown a larger isotope niche for Arctic terns than for
common terns in the Gulf of Maine, but these studies focused on pre-breeding adults (Bratton et al. 2022),

which are likely to exhibit different foraging behaviors than they do while provisioning chicks.

Individual-Level Shifts in Diet

As predicted (P5), we found that individuals varied in their diet plasticity over a two-week period on Petit
Manan in 2021. The data from the majority of tern chicks showed a shift to higher 5'°N values and less-
enriched 8**C values during this period, in contrast to a shift to more-enriched 6*3C values from blood
cells to plasma. The magnitude of these shifts was surprisingly large given that seabirds often show
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relatively consistent diet over short time scales (Woo et al. 2008). One common tern chick, for example,
showed a A3®N of 2.2%. over a nine-day period, suggesting a change of nearly one trophic level in diet
using the often-assumed trophic discrimination factor of 3.4%. (but see Stephens et al. 2023 for a

discussion of variation in trophic discrimination factors).

Though the isotope values of most tern chicks shifted in the same direction, the slopes of these shifts were
highly variable across individuals. Shifts in 5°N and 6*3C between paired plasma samples showed a
strong negative correlation on Petit Manan Island, with individuals that shifted to higher 6*°N values
showing 8*3C values indicative of farther-offshore foraging. In comparison, shifts between paired blood
cell and plasma isotope values were negatively correlated for Arctic terns, but were positively correlated
for common terns. Shifts between paired blood cell and plasma samples are, however, more complex to
interpret than those between paired plasma samples. The paired plasma samples represent isotope values
for chicks of similar age, on just one island, and of the same tissue type. Interestingly, variation in isotope
slopes among individuals resulted in lower trophic diversity, as measured using the isotope ellipse, during
the second sampling period as compared to the first sampling period. Individuals became particularly
constrained in 5'*C-space during the second sampling period, potentially suggesting a movement of prey

to more-offshore habitats (Figure 8).

The correlation between shifts in §'°N and §'3C values for terns on Petit Manan in 2021 suggests the
presence of alternative mechanisms for coping with changing food availability (Figure 1). We found
similar trade-offs in foraging behavior and diet among provisioning metrics, which showed that a
decrease of herring and hake in the diet of terns corresponded with an increase in feeding rate. These
trade-offs may have implications for chick fitness. In partial support of our prediction (P6), the magnitude
of shifts in isotope values did not impact chick survival but did impact the asymptotic mass of Arctic tern
chicks. This relationship was not significant for common tern chicks, for which the sample size for paired
plasma samples was low.
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Surprisingly, steeper slopes to more positive §°N values were associated with a lower fledging mass in
Arctic tern chicks. Because 3'°N slopes were strongly correlated with 3*3C slopes, this may indicate that
traveling farther to capture high trophic-level prey is a less beneficial strategy for Arctic tern parents on
Petit Manan Island than is maintaining a high feeding rate of less-preferred prey. For black terns
(Chlidonias niger), feeding rates show a negative correlation with the occurrence of large fish in the diet
of chicks, and insect deliveries to chicks increased as chicks aged and helped to buffer chick growth and
survival against variability in prey (Gilbert et al. 2005). Though contrary to what might be expected,
incorporating near-colony, low-trophic level prey may be a beneficial strategy that helps terns to maintain
chick fledging mass. Chicks that fledge at a larger size are more likely to survive and recruit to the colony
in common terns (Ludwigs and Becker 2006) and other seabird species (Forester’s terns Sterna forsteri:
Ackerman et al. 2008; tufted puffin Fratercula cirrhata: Morrison et al. 2009). Importantly, all of the
chicks that we sampled for this part of the study were past their linear growth phase; our findings may

have differed if we had sampled young chicks with higher energetic needs.

Changes in 3'°N and 83C signatures, and relationships to asymptotic chick mass, could be confounded by
starvation. This possibility is particularly acute for 8*3C, as starvation could lead chicks to break down
and incorporate 33C-depleted lipid stores (e.g., in tufted puffins Fratercula cirrhata: Williams et al.
2007). Starvation was the major cause of mortality in chicks in 2021, and many of the chicks sampled
were of low mass for their age (range: 62 g to 118 g with a mean of 86 g across all chicks). Chick mass
increased (between 5 and 17 grams) between the two sampling occasions for chicks sampled twice, with
the exception of two chicks that each lost two grams; all of these measurements took place during the
asymptotic phase of mass growth. Importantly, we did not find higher or more variable C:N ratios for
plasma samples collected during the second sampling period (mean of 4.90+0.42) than for those collected
during the first sampling period (mean of 5.16+0.39), suggesting that reductions in *C were not due to
incorporation of lipids in underfed chicks.
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Conclusions

We found high variation in the trophic diversity of Arctic tern and common tern chicks across five islands
and three years characterized by different environmental conditions. Though trophic diversity was not
correlated with indicators of food availability, we did find evidence that individuals differed in the
magnitude of the shift between paired blood cell and plasma samples and between paired plasma samples,
indicating intraspecific variation in trophic plasticity. Additionally, correlations among provisioning
parameters and among shifts in isotope values indicated trade-offs, where smaller, lower-trophic level diet
items were associated with foraging habitats closer to the breeding colony and with higher feeding rates.
Contrary to what would often be expected, a greater-magnitude shift to higher trophic levels was

associated with a smaller fledging size in Arctic terns on Petit Manan Island in 2021.

Studies have historically examined shifts in diet using isotopes in different tissue types, which may be
more difficult to interpret due to differences in trophic discrimination factors (Quillfeldt et al. 2008) and
lipid content (Jenkins et al. 2020). Our study is the first to collect paired samples of the same type and
indicative of diet over short time periods for the same individuals, allowing us to examine shifts in diet
without these potentially confounding variables. Though the conclusions we could reach using paired
plasma samples was limited due to a low sample size, we found evidence that individual-level foraging

plasticity may be influencing tern fitness through impacts on chick fledging size.
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1068  Tables

1069  Table 1: Locations of the five islands studied showing annual productivity data (chicks fledged per nest)

1070  and linear growth rates of chicks (in parentheses; g-day™) for common terns (COTE) and Arctic terns

1071  (ARTE). Combinations in grey were not included in this study; only productivity data are shown for these

1072 combinations.

2017 2018 2021 2017 2018 2021
Lat Long (COTE) |(COTE) |(COTE) | (ARTE) (ARTE) | (ARTE)

Petit Manan 44367 | -67.865 | 1.48 (6.94) | 0.83(7.51) | 0.43(5.09) | 0.78 (6.69) | 0.69 (6.49) | 0.16 (4.06)
Ship 44,235 | -68.440 0.39 0* | 0.94 (7.51) NA NA NA
Seal 43.888 | -68.740 | 1.15 (5.90) | 0.48 (3.65) 0.32 | 1.13 (5.40) | 0.76 (3.65) 0.22
Metinic 43.883 | -69.125 | 1.48 (6.07) | 0.83(5.61) 0.43 | 1.58 (6.38) | 0.96 (4.30) 0.64
Matinicus Rock | 43.783 | -68.855 | 1.57 (6.40) 0.54 0.28 | 0.89 (5.79) | 0.55 (3.82) 0.25

1073

1074

*In 2018 the entire common tern colony on Ship Island abandoned and no chicks survived
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Table 2: Comparison of generalized linear models linking the percent herring and hake in the diet of terns

(HRmean) to prey size (PSmean), feeding rate (FRmean), and average isotope values for each sampling

occasion.
Model logLik AlC AIC - AIChu
~1 -79.33 162.66 0.00
Relationships between HRmean and PSmean

~PSmean -75.82 157.63 -5.02

~PSmean + Species -74.86 157.73 -4.93

~PSmean * Species -74.71 159.43 -3.23
Relationships between HRmean and FRmean

~FRmean -73.68 153.37 -9.29

~FRmean + Species -73.60 155.20 -7.46

~FRmean * Species -73.60 157.19 -5.46
Relationships between HRmean and 3**Crean

~8Crmean -75.82 157.64 -5.01

~88Crean + Species -75.27 158.53 -4.12

~8Crean * Species -74.74 159.48 -3.18
Relationships between HRmean and 6" Nimean

~8%Nmean -76.37 158.75 -3.91

~8Nmean * Species -76.18 160.37 -2.29

~8Nmean + Species -75.35 160.70 -1.96
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1081  Table 3: Comparison of Akaike information criterion (AIC) for generalized linear models linking the
1082  Shannon-Wiener Diversity Index of prey provisioned by terns (H’) to their stable isotope ellipse (SEA)
1083  and to two measured of food availability, mean sea surface temperature (SSTmean) and mean percent

1084  herring and hake (HRmean).

Model logLik AlC AIC - AIChu

Relationships H' and Blood Cell SEA:

~SEA. -6.56 19.12 -3.01
~SEA + Species -6.47 20.94 -1.20
~1 -9.07 22.13 0.00
~SEA: * Species -6.34 22.69 0.56

Relationships Between H' and SST mean

~1 -9.07 22.13 0.00
~SSTmean -9.04 24.08 1.95
~SSTmean + Species -9.04 26.08 3.95
~SSTmean * Species -9.03 28.06 5.93

Relationships Between H' and HRmean

~1 -9.07 22.13 0.00
~HRmean -8.44 22.88 0.75
~HRmean + Species -8.44 24.87 2.74
~HRmean * Species -8.36 26.72 4.59
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Table 4: Comparison of Akaike information criterion (AIC) for generalized linear models linking the size

of the stable isotope ellipse (SEA.) for terns to measures of food availability, including mean sea surface

temperature (SSTmean) and mean percent herring and h

ake (H Rmean) .

Model logLik AlC AIC - AIChu

Relationships Between Blood Cell SEA: and SSTmean

~1 -4.57 13.14 0.00

~SSTmean -4.54 15.08 1.94

~SSTmean + Species -4.29 16.58 3.45

~SSTmean * Species -3.96 17.93 4.79

Relationships Between Plasma SEA: and SSTmean

~1 -16.48 36.96 0.00

~SSTmean -16.48 38.96 2.00

~SSTmean + Species -16.46 40.93 3.97

~SSTmean * Species -16.44 42.89 5.93
Relationships Between Blood Cell SEA: and HRmean

~1 -4.57 13.14 0.00

~HRmean -4.24 14.48 1.34

~HRmean + Species -3.91 15.82 2.69

~HRmean * Species -3.56 17.12 3.99
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1092  Table 5: Comparison of Akaike information criterion (AIC) for generalized linear models linking the

1093  magnitude of the shift in §**C values from blood cell isotope samples to plasma isotope samples for terns

1094  to the magnitude of the shift in A3*°N values across islands and species.

Model logLik AlIC AIC - AIChu

~A3PN + Island * Species -139.38 296.75 -33.55
~A3"™N * Island + Species -136.94 297.88 -32.42
~AS™N * Island * Species -130.19 298.39 -31.91
~A3*™N * Island -141.39 304.78 -25.53
~AS8N + Island -147.60 309.20 -21.10
~A3"N * Species -154.69 319.38 -10.92
~AS®N + Species -158.64 325.28 -5.03
~AS®N -160.24 326.47 -3.83
~1 -163.15 330.30 0.00
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Table 6: Estimates from generalized linear models comparing the slope of the change in isotope values

between paired plasma samples of Arctic tern (ARTE) and common tern (COTE) chicks to their

asymptotic mass (Mass ASM; g) and wind chord length (Wing ASM; mm).

Species Isotope Feature Estimate [Clgs] p value

ARTE dC Mass ASM 50.84 [17.82, 83.86] 0.01
ARTE dC Wing ASM -3.98 [-61.95, 53.98] 0.89
ARTE SN Mass ASM -89.56 [-147.78, -31.33] 0.01
ARTE SN Wing ASM -5.68 [-107.88, 96.51] 0.91
COTE dC Mass ASM 15.49 [-41.26, 72.24] 0.62
COTE dC Wing ASM -44.79 [-202.48, 112.91] 0.61
COTE 3N Mass ASM -7.97 [-73.72,57.79] 0.82
COTE SN Wing ASM 0.38 [-184.8, 185.57] 1.00
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Figure Captions

Figure 1: When increasing sea surface temperatures (SST) drive declines in food availability, terns
breeding in the Gulf of Maine can prey switch (Panel A) or alter their foraging behavior, including trip
distance (Panel B), to continue feeding chicks optimal diet items. Individuals may vary in their response.
In this illustrative example, the tern symbolized by green data points feeds chicks a higher proportion of
invertebrates (Panel A) at higher SSTs but does not need to travel as far to capture these lower-value prey
(Panel B). In contrast, the tern symbolized by yellow data points increases foraging distance (Panel B) to
continue provisioning their chicks with fish (Panel A) at higher SSTs. Because the trophic level of diet
and foraging habitat of an individual influence their isotope signatures, an increase in the space between
the green and yellow lines in Panels A and B should drive an increase in the size of the isotope niche in
this population through changes in variation in 5!°N and/or §**C (Panel c). Photographs taken by N.

Gownaris.

Figure 2: Spatially averaged sea surface temperatures (top panel) across three breeding seasons for a 20
km buffer surrounding the five study islands studied (bottom panel). Sea surface temperature values are
also shown spatially for July 15%, 2021 (bottom panel) to provide a visual of these buffers. Sea surface
temperature data are taken from the Multi-scale Ultra-high Resolution (MUR) Satellite, provided by JPL
under support by the NASA MEaSUREs program, which provide information on SST at a 1-km spatial
scale and 1-day temporal scale. Island and year combinations in grey were not included in this study.
Blood samples were separated into blood cells and plasma for combinations with a solid border or dashed
border. At Petit Manan Island in 2021 (dashed border), paired plasma samples were also collected for

fourteen Arctic tern and five common tern chicks.

Figure 3: Relationships between the '*C values and 5'°N values of paired blood cell and plasma isotope

samples for Arctic tern (ARTE) and common tern (COTE) chicks sampled across five islands and three
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years in the Gulf of Maine. The relationship between 8'°N and §'*C values varied by isotope type and
species. For common tern chicks, 3*°N values were positively correlated with §*3C values in both blood
cell (b= 0.26[0.01,0.50]) and plasma (b = 0.53[0.34,0.73]) samples. In Arctic tern chicks, 3*°N values
were positively correlated with §*3C values in blood cell samples (b = 0.19[0.02,0.36]) but negatively

correlated in plasma samples (b = -0.25[-0.37,-0.13).

Figure 4: Stable isotope ellipses for common tern (COTE) and Arctic tern (ARTE) chicks across the 10
island-by-year combinations in this study. Samples were collected during the month of July and sample
sizes varied from one to 29 depending on isotope type, island, and year, with a total of 100 blood cell
samples and 90 plasma samples from Arctic tern chicks (n = 86 chicks, 14 sampled twice) and 115 blood
cell samples and 102 plasma samples from common tern chicks (n = 110 chicks, 5 sampled twice).
Ellipses were only calculated for sampling occasions that resulted in at least three samples, which was
true for all but Metinic Island plasma samples in 2017. The corrected stable isotope ellipse, which

accounts for sample size, varied in size from 0.05%o? to 2.61%o> with a mean of 0.60%o?

Figure 5: Relationships between the percent herring and hake in the diet (HRmean) 0f common and Arctic
tern chicks in the Gulf of Maine and A) mean prey size (PSmean), B) mean feeding rate (FRmean), C) mean
813C value, and D) mean 8'°N value. Each point represents an island, year, and species combination. We
subset provisioning data for the two weeks preceding stable isotope sample collection, as blood cell
samples represent diet over a two-to-three-week period. Percent herring and hake in the diet is a key
indicator of food availability in this system, and was positively correlated with mean prey size
(38.14[8.88, 67.41]), 8'°C (17.72[4.11, 31.32]), and 3'°N (19.81[2.97,36.65]), but negatively correlated

with mean feeding rate -18.6[-29.19, -8.06)]).

Figure 6: Shifts in 8*C and 8*°N values of Arctic tern (ARTE) and common tern (COTE) chicks
breeding in across five island and three years in the Gulf of Maine. These data represent paired samples
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for individuals for which we were able to analyze both blood cell and plasma components. This restriction
resulted in samples for 146 of the 196 chicks included in the study. The magnitude and direction of the
shift varied across individuals but plasma samples had 8'°N values that were on average 1.10+0.70%o
greater (range: -3.30%o to 4.48%o) and 8'3C values that were on average 1.04+1.11%o greater (range: -
0.92%o to 3.41%o) than blood cell samples. The best-supported model for shifts in 3*°N included shifts in
813C, a multiplicative interaction with species, and an additive interaction with island (r? = 0.27, p <

0.0001).

Figure 7: Shifts in the isotope signtures of paired plasma samples for Arctic tern chicks (ARTE; n = 14)
and common tern chicks (COTE; n = 5), where each line represents one chick. The first sampling period
occurred in early July when chicks were between 12 and 18 days old and the second sampling period
occurred in mid-July, approximately 10 days later. Chicks greater than 15 days with a final status of
“alive” were considered fledged if they were not seen on subsequent nest checks. Several of the chicks
sampled in this study were not part of our regular productivity plots, and we did not record their final
status, which is instead marked as “unknown”. Slopes, calculated as the change in isotope value divided
by the number of days between samples, varied across individuals. The mean 3*3C slope of Arctic tern
chicks was -0.11+0.12 %o day* and of common tern chicks was -0.05+0.11 %o day™. For 5'°N, the mean

slope of Arctic tern chicks was 0.12+0.07 %o day and of common tern chicks was 0.06+0.10 %o day™.

Figure 8: Shifts in the isotope values (A) and in the stable isotope ellipses (B) of paired plasma samples
for Arctic tern (ARTE; n = 14) and common tern (COTE; n = 5) chicks on Petit Manan Island in 2021 and
relationship between fledging mass and these shifts for §*C (C) and 3'°N (D). The first sampling period
(Sample 1) occurred in early July when chicks were between 12 and 18 days old and the second sampling
period (Sample 2) occurred in mid-July, approximately 10 days later. Slopes for 8*°N and §**C were
strongly correlated across individuals (b = -0.57[-0.78, -0.36]) and the slope of this relationship did not
vary by species (A). Trophic diversity, as measured using the size of the stable isotope ellipse, was lower
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for samples taken during the second sampling occasion than for those taken during the first sampling
occasion (B). Asymptotic mass was positively correlated with C) 3C slope and negatively correlated
with D) 6*°N slope in Arctic terns (range: 62.2 to 92.0 g), but not in common terns (range: 102.17 to

117.5 g).
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Appendix 1: Table Supplements

Table S1: Mean sea surface temperature (SSTmean) during the period represented by stable isotope data
(blood cells or plasma) for each sampling occasion across five islands in the Gulf of Maine.

Sampling | SSTmean Start Date SSTmean Start Date

Island Species | Year | Date Plasma Plasma Blood Cells Blood Cells

Matinicus ARTE 2017 | 7/7/2017 | 13.98 £ 0.62 7/5/2017 | 13.28 + 0.88 6/23/2017
Matinicus ARTE 2018 | 7/5/2018 | 15.70 £ 0.53 7/3/2018 | 13.38 £ 1.53 6/21/2018
Matinicus COTE 2017 | 7/7/2017 | 13.98 £ 0.62 7/5/2017 | 13.28 + 0.88 6/23/2017
Metinic ARTE 2017 | 7/17/2017 | 16.37 £0.78 7/15/2017 | 15.06 + 0.92 7/3/2017
Metinic ARTE 2018 | 7/2/2018 | 14.51 £ 0.96 6/30/2018 | 12.90 + 0.99 6/18/2018
Metinic COTE 2017 | 7/17/2017 | 16.37 £ 0.78 7/15/2017 | 15.06 + 0.92 7/3/2017
Metinic COTE 2018 | 7/2/2018 | 15.07 £ 0.65 6/30/2018 | 12.90 £+ 0.99 6/18/2018
Petit Manan | ARTE 2017 | 7/5/2017 | 11.46 £0.50 7/3/2017 | 10.44 £ 0.61 6/21/2017
Petit Manan | ARTE 2018 | 7/16/2018 | 12.88 + 0.33 7/14/2018 | 12.44 + 0.55 7/2/2018
Petit Manan | ARTE 2021 | 7/5/2021 | 12.07 £ 0.46 7/3/2021 | 12.41 £ 0.59 6/21/2021
Petit Manan | COTE 2017 | 7/5/2017 | 11.46 £ 0.50 7/3/2017 | 10.44 £ 0.61 6/21/2017
Petit Manan | COTE 2018 | 7/16/2018 | 12.88 + 0.33 7/14/2018 | 12.44 + 0.55 7/2/2018
Petit Manan | COTE 2021 | 7/6/2021 | 12.28 £ 0.42 7/4/2021 | 12.46 + 0.56 6/23/2021
Seal ARTE 2017 | 7/20/2017 | 15.74 £ 0.61 7/18/2017 | 14.65 + 1.01 7/6/2017
Seal ARTE 2018 | 7/13/2018 | 14.35+0.44 7/11/2018 | 14.09 + 0.85 6/29/2018
Seal COTE 2017 | 7/20/2017 | 15.74 £ 0.61 7/18/2017 | 14.65+ 1.01 7/6/2017
Seal COTE 2018 | 7/13/2018 | 14.35+ 0.44 7/11/2018 | 14.09 + 0.85 6/29/2018
Ship COTE 2021 | 7/28/2021 | 14.62 £ 0.30 7/26/2021 | 14.99 + 0.49 7/14/2021
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1199

Table S2: Average provisioning metrics, including Shannon-Weiner Diversity Index (H’), prey size

(culmen length; PSmean), feeding rate (prey-hr -nest; FRmean), and percent herring and hake (%; HRmean),

of prey fed to tern chicks in the two weeks prior to isotope sampling. Total time (minutes) is the time

spent in provisioning watches over this two-week period.

Island Year Species | H' | PSmean FRmean HRmean | Total Time
Matinicus 2017 | ARTE |1.22 1.09 3.57 40.00 2880
Matinicus 2017 | COTE | 0.90 1.22 2.94 32.12 2880
Matinicus 2018 | ARTE | 0.90 0.56 2.95 20.89 2700
Metinic 2017 | ARTE | 0.88 1.54 1.07 82.76 1440
Metinic 2017 | COTE | 1.53 1.89 1.46 61.25 1440
Metinic 2018 | ARTE | 1.99 0.71 2.08 40.15 1491
Metinic 2018 | COTE | 1.91 1.21 1.79 36.36 1271
Petit Manan 2017 | ARTE | 1.39 1.21 1.25 75.31 878
Petit Manan 2017 | COTE | 1.32 1.57 1.66 79.67 3320
Petit Manan 2018 | ARTE | 1.18 1.12 1.11 84.11 1632
Petit Manan 2018 | COTE | 1.23 1.53 1.33 77.72 2095
Petit Manan 2021 | ARTE | 1.74 1.15 1.76 67.26 2801
Petit Manan 2021 | COTE | 1.62 1.21 0.95 71.78 3000
Seal 2017 | ARTE | 1.68 1.18 1.36 58.03 2521
Seal 2017 | COTE | 151 1.48 1.21 67.67 2520
Seal 2018 | ARTE | 1.95 1.23 1.50 35.75 2584
Seal 2018 | COTE | 2.08 1.23 1.19 37.59 2730
Ship 2021 | COTE | 0.80 1.32 1.06 71.83 2010
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1200  Table S3: Sample sizes (n), average isotope values (§**Cmean and 8**Crean), and the total area (TA),
1201  standard ellipse area (SEA), and corrected standard ellipse area (SEAc) for each isotope group.

Island Year | Species | Isotope [ N | 8Cmean | " Nmean | 8°Csq | 8°Nsg | TA SEA | SEAc
Matinicus 2017 | ARTE | Blood 9 -20.17 12.21 0.25 0.23 0.36 0.18 0.20
Matinicus 2017 | ARTE | Plasma | 10 -19.67 12.90 0.33 0.27 0.53 0.26 0.30
Matinicus 2017 | COTE | Blood 9 -20.27 12.10 0.22 0.16 0.19 0.11 0.13
Matinicus 2017 | COTE | Plasma 10 -19.87 13.10 0.18 0.25 0.26 0.14 0.16
Matinicus 2018 | ARTE | Blood 7 -20.29 12.01 0.16 0.43 0.25 0.19 0.23
Matinicus 2018 | ARTE | Plasma 7 -20.82 13.85 1.09 0.44 2.30 141 1.69
Metinic 2017 | ARTE | Blood 9 -20.04 12.48 0.52 0.23 0.67 0.38 0.43
Metinic 2017 | COTE | Blood 8 -19.19 12.58 0.38 0.25 0.39 0.22 0.26
Metinic 2017 | COTE | Plasma 1 -20.47 13.44 | NA NA NA NA NA
Metinic 2018 | ARTE | Blood 5 -19.79 12.11 0.12 0.39 0.15 0.15 0.20
Metinic 2018 | ARTE | Plasma 7 -19.00 13.44 0.24 0.32 0.33 0.24 0.29
Metinic 2018 | COTE | Blood 5 -20.11 12.24 0.70 0.33 0.85 0.71 0.95
Metinic 2018 | COTE | Plasma 7 -18.85 13.45 1.11 0.54 2.00 151 1.81
Petit Manan | 2017 | ARTE | Blood 8 -19.57 12.04 0.16 0.16 0.13 0.07 0.09
Petit Manan | 2017 | ARTE | Plasma 10 -18.55 12.80 0.19 0.35 0.23 0.10 0.12
Petit Manan | 2017 | COTE | Blood 9 -19.20 12.23 0.35 0.35 0.55 0.34 0.38
Petit Manan | 2017 | COTE | Plasma 10 -18.31 13.14 0.37 0.44 0.98 0.43 0.48
Petit Manan | 2018 | ARTE | Blood 7 -20.19 12.84 0.64 0.20 0.47 0.30 0.37
Petit Manan | 2018 | ARTE | Plasma 9 -18.13 13.70 0.25 0.45 0.49 0.28 0.32
Petit Manan | 2018 | COTE | Blood 9 -18.76 12.51 0.43 0.42 0.99 0.54 0.61
Petit Manan | 2018 | COTE | Plasma 9 -18.00 14.40 0.53 0.46 1.21 0.69 0.79
Petit Manan | 2021 | ARTE | Blood 25 -19.11 12.24 0.63 0.35 2.25 0.66 0.69
Petit Manan | 2021 | ARTE | Plasma | 25 -17.38 12.74 1.35 0.72 9.17 2.50 2.61
Petit Manan | 2021 | COTE | Blood 25 -19.05 12.94 0.32 0.37 1.24 0.37 0.38
Petit Manan | 2021 | COTE | Plasma | 25 -17.60 14.22 0.90 0.66 6.81 1.82 1.90
Seal 2017 | ARTE | Blood 9 -18.97 12.45 0.29 0.17 0.21 0.11 0.12
Seal 2017 | COTE | Blood 10 -18.54 12.63 0.12 0.12 0.09 0.05 0.05
Seal 2018 | ARTE | Blood 9 -20.85 11.39 0.68 0.41 1.58 0.87 1.00
Seal 2018 | ARTE | Plasma 8 -19.63 13.55 0.31 0.74 1.16 0.68 0.79
Seal 2018 | COTE | Blood 6 -19.61 12.12 0.85 0.42 1.14 0.87 1.08
Seal 2018 | COTE | Plasma 6 -18.56 13.93 0.52 0.26 0.14 0.10 0.13
Ship 2021 | COTE | Blood 29 -18.89 14.07 0.66 0.20 2.06 0.41 0.43
Ship 2021 | COTE | Plasma | 29 -18.18 15.10 0.57 0.21 141 0.35 0.36
1202

66



1203  Table S4: The percent overlap in the stable isotope Bayesian ellipse (SEAg) of plasma and blood cell
1204  samples from each sampling occasion and the probability that plasma samples had a larger SEAg than
1205  blood cell samples for that sampling occasion.

Island Year Species | % SEAs Overlap Probability of Larger SEAs

Matinicus 2017 | ARTE 33.70 0.76
Matinicus 2017 | COTE 14.67 0.70
Matinicus 2018 | ARTE 4.09 1.00
Metinic 2018 | COTE 4.86 0.94
Petit Manan 2017 | ARTE 29.19 0.76
Petit Manan 2017 | COTE 5.54 0.71
Petit Manan 2018 | ARTE 38.50 0.43
Petit Manan 2018 | COTE 26.96 0.58
Petit Manan 2021 | ARTE 37.20 1.00
Petit Manan 2021 | COTE 25.04 1.00
Seal 2018 | ARTE 35.18 0.91
Ship 2021 | COTE 25.19 0.27
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Table S5: Output of Pitman-Morgan Test comparing variance between blood cell and plasma samples for

each sampling occasion.

F Value p-value F Value p-value

Island Species Year | Variance 8°°N | Variance 8°°N | Variance 8°C | Variance §°C

Matinicus ARTE 2017 1.13 0.43 1.79 0.21
Matinicus COTE 2017 2.22 0.14 0.73 0.67
Matinicus ARTE 2018 1.06 0.47 44.52 <0.01
Metinic COTE 2018 2.87 0.17 3.42 0.13
Petit Manan ARTE 2017 2.51 0.14 1.13 0.44
Petit Manan COTE 2017 1.72 0.23 1.25 0.38
Petit Manan ARTE 2018 4.16 0.05 0.15 0.98
Petit Manan COTE 2018 1.20 0.41 1.13 0.44
Petit Manan ARTE 2021 4.28 <0.01 4.60 <0.01
Petit Manan COTE 2021 3.18 <0.01 8.18 <0.01
Seal ARTE 2018 29.52 <0.01 0.16 0.98
Ship COTE 2021 1.06 0.44 0.74 0.78
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Table S6: Outputs of Wilcoxon signed-rank tests comparing isotope signatures of common terns and

Arctic terns across five islands in the Gulf of Maine.

Year Island Isotope ZRTE gOTE X;/”C) p (63C) YngN) p (6°N)
2017 | Matinicus | Blood 9 9 44 0.80 50 0.44
2017 | Matinicus | Plasma 10 10 69 0.17 31 0.17
2017 | Metinic Blood 9 8 3 <0.01 27 0.39
2018 | Metinic Blood 5 5 11 0.84 10 0.69
2018 | Metinic Plasma 7 7 9 0.05 24 1.00
2017 | PMI Blood 8 9 14 0.04 24 0.28
2017 | PMI Plasma 10 10 29 0.12 23 0.04
2018 | PMI Blood 7 9 0 <0.01 50 0.05
2018 | PMI Plasma 9 9 33 0.55 10 0.01
2021 | PMI Blood 25 25 229 0.11 48 <0.01
2021 | PMI Plasma 25 25 329 0.76 36 <0.01
2017 | Seal Blood 9 10 5 <0.01 17 0.02
2018 | Seal Blood 9 6 6 0.01 2 <0.01
2018 | Seal Plasma 8 6 2 <0.01 9 0.06
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Table S7: The percent overlap in the stable isotope Bayesian ellipse (SEAg) of Arctic tern and common

tern samples and the probability that Arctic terns had a larger SEAg than did common terns.

Isotope Island Year % SEAg Overlap Probability of Larger SEAs
Blood Matinicus 2017 17.99 0.848
Plasma Matinicus 2017 14.01 0.912
Blood Metinic 2017 17.37 0.824
Blood Metinic 2018 0.00 0.011
Plasma Metinic 2018 52.93 0.001
Blood PMI 2017 0.00 0.001
Plasma PMI 2017 0.00 0.005
Blood PMI 2018 0.00 0.181
Plasma PMI 2018 5.56 0.036
Blood PMI 2021 45.84 0.981
Plasma PMI 2021 29.90 0.876
Blood Seal 2017 26.94 0.978
Blood Seal 2018 5.02 0.428
Plasma Seal 2018 17.79 0.955
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