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ABSTRACT: Two complementary approaches were used to assess year-round variation in the diet
of sea otters Enhydra lutris around Prince of Wales Island (POW) in southern Southeast Alaska, a
region characterized by mixed-bottom habitat. We observed sea otters foraging to determine diet
composition during the spring and summer. Then, we obtained sea otter vibrissae, which record
temporal foraging patterns as they grow, from subsistence hunters to identify year-round changes
in sea otter diets via stable isotope analysis of carbon (8'C) and nitrogen (§'°N). We compared the
stable isotopes from sea otter vibrissae and sea otter prey items that were collected during spring,
summer, and winter. Overall, year-round sea otter diet estimates from stable isotope signatures
and visual observations from spring and summer were dominated by clams in terms of biomass,
with butter clams Saxidomus gigantea the most common clam species seen during visual observa-
tions. Our results indicate that these sea otters, when considered together at a regional level
around POW, do not exhibit shifts in the main prey source by season or location. However, sea
otter diets identified by stable isotopes had a strong individual-level variation. Behavioral varia-
tion among individual sea otters may be a primary driving factor in diet composition. This study
provides quantitative diet composition data for modeling predictions of invertebrate population
estimates that may aid in the future management of shellfisheries and subsistence hunting and
the development of co-management strategies for this protected species.
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1. INTRODUCTION

The importance of sea otters Enhydra lutris in shap-
ing nearshore marine ecosystems is well documented
along the northeast Pacific coast (Estes & Palmisano
1974, Hughes et al. 2013, Rechsteiner et al. 2019, Hale
et al. 2019). Sea otters are keystone predators with vo-
racious appetites capable of causing major ecological
shifts in nearshore marine ecosystems (Estes et al.
2016). Unlike most marine mammals, sea otters lack
blubber for warmth. Instead, sea otters maintain very
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high metabolic rates, resulting in the need to consume
19-39 % of their body weight in food per day, depend-
ent on reproductive status (Costa 1982, Davis 2020).
Sea otter predation can control populations of sea
urchins Strongylocentrotus spp. in rocky habitats, re-
lieving grazing pressure on kelps. Decreased grazing
increases kelp cover, which in turn provides habitat
for juvenile fishes and invertebrates (Estes &
Palmisano 1974, Estes & Duggins 1995). Trophic cas-
cades have also been documented in seagrass com-
munities, where sea otter presence is positively corre-
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lated with eelgrass Zostera marina biomass (Raymond
etal. 2021, Hughes et al. 2013).

Sea otter recolonization patterns impact nearshore
ecosystems (Estes & Duggins 1995). Sea otters once
inhabited nearshore Pacific Ocean ecosystems from
Japan to Baja California. However, due to hunting for
lucrative fur markets in Russia and China, by the late
19th century, only 11 populations remained of the
once-continuous distribution. In 1911, sea otter hunt-
ing was prohibited by the International Fur Seal
Treaty (Burris & McKnight 1973). The nearshore eco-
system lacked a keystone predator while sea otters
were absent, allowing commercially valuable species
such as geoduck clams Panopea generosa, red sea ur-
chins Mesocentrotus franciscanus, Dungeness crabs
Metacarcinus magister, and sea cucumbers Aposti-
chopus californicus to flourish (Pritchett & Hoyt 2008,
Larson et al. 2013, Hoyt 2015). In Southeast Alaska,
the Alaska Department of Fish and Game and the US
Atomic Energy Commission initiated a translocation
program to restore sea otters to their historical range.
In total, about 400 sea otters were relocated to 6 loca-
tions in Southeast Alaska in the 1960s (Burris & McK-
night 1973, Jameson et al. 1982). Since then, sea otter
range and abundance in Southeast Alaska have in-
creased. Aerial counts estimated that approximately
25000 sea otters were present in Southeast Alaska in
2011, and very few locations within Southeast Alaska
were estimated to be at carrying capacity at the time
of that survey (Tinker et al. 2019).

Length of time since recolonization in Southeast
Alaska plays an important role in sea otter diet diver-
sity (Hoyt 2015). At newly recolonized sites, sea
otters consume fewer species as compared to sites
where sea otters have been present for more exten-
ded periods of time. Sea otters in a newly colonized
rocky habitat consume red sea urchins at very high
rates before moving on to smaller, less calorically rich
prey sources (e.g. sea cucumbers). As sea otter popu-
lations increase and reach carrying capacity, overall
prey diversity increases (Hoyt 2015).

Although time since recolonization affects sea otter
diets at a population level (Hoyt 2015), sea otters
often exhibit diet variations on an individual level
(Tinker et al. 2008). In regions of California where
sea otters are at or near carrying capacity, sea otters
often specialize on a small subgroup of prey items
(Estes et al. 2003, Tinker et al. 2008, Newsome et al.
2009). Sea otter individuality is also evident in rocky
substrate habitats where populations are at carrying
capacity. However, to date, studies of sea otters in
mixed and soft sediment habitats have not revealed
prey specialization among individuals, partially due

to the need to group prey to family or higher classes
(Newsome et al. 2015).

Year-round studies of diet are important for under-
standing the foraging ecology of sea otters and their
ecosystem roles. Populations at or near carrying ca-
pacity off California show that diet remains consistent
over seasons but can vary at an individual level (Of-
tedal et al. 2007, Tinker et al. 2008, Newsome et al.
2009). In areas with rugged terrain and harsh weather
conditions, such as Alaskan coastlines, year-round vi-
sual observations are difficult. Northern latitudes also
face a lack of daylight hours in the winter months.
Due to these restrictions, studies of sea otter diets in
Alaska have typically occurred from April to October
(Weitzman 2013, Larson et al. 2013, Coletti et al. 2014,
Hoyt 2015). Alternative methods are needed to exam-
ine diet on a year-round basis in regions such as
Alaska and to complement the current state of knowl-
edge of sea otter diet.

Stable isotopes are a common tool for assessing
diet composition in ecological studies, and can be
obtained from a range of soft and hard tissues (e.g.
blood, muscle, hair) (Fry 2006, Crawford et al. 2008,
Newsome et al. 2010, Wild et al. 2020). As compared
to visual observations, stable isotopes can (1) provide
temporally integrated estimates of prey contributions
with lower cost and field effort, (2) be used in situa-
tions where field observations are impossible (e.g. no
access roads or poor weather conditions), (3) detect
cryptic foraging patterns due to factors such as small
prey size and offshore ranging patterns, and (4) pro-
vide a measure of assimilated diet as opposed to the
ingested diet. In ecological studies, nitrogen and car-
bon stable isotopes are commonly used in the analy-
sis of food web structure (Fry 2006). Nitrogen isotope
ratios (8'°N) can determine a species' relative trophic
level within a food web, as heavier nitrogen (°N)
accumulates in an organism relative to its prey (Ro-
binson 2001). Carbon isotope values (8'3C) can aid in
identifying the original carbon source at seque-
stration, that is, the primary producer at the base of
the food web. In marine systems, heavier carbon
(13C) accumulates more in benthic primary produc-
ers, such as kelp, whereas carbon in pelagic ecosys-
tems where phytoplankton forms the base of the food
web have less *C accumulation (Bell et al. 2016). In
the nearshore marine system of which sea otters are
a part, filter feeders, such as clams and mussels,
exhibit pelagic signals, and kelp grazers, such as sea
urchins, snails, and sea cucumbers, exhibit benthic
signals (Bell et al. 2016).

To investigate seasonal variation in diet, keratinous
tissues can be used as an isotopic record (Newsome et
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al. 2010, Cardona et al. 2017, Chilvers
2019). Vibrissae, the whiskers that
grow on the base of the muzzle of sea
otters, record temporal foraging pat-
terns as they grow via changes in car-
bon and nitrogen isotopic signatures
(8'*C and 8'°N). The root of the vi-
brissa, closest to the muzzle, carries
the most recent dietary signature.
Growth rates for marine mammal vib-
rissae have been studied in captive set-
tings, allowing for standard rates to be
applied to wild populations (Tyrrell et
al. 2013, Beltran et al. 2016). Vibrissae
in adult sea otters show consistent
growth of approximately 7.7 cm yr!
(Tyrrell et al. 2013). Serial samples
along a single vibrissa can thus show
dietary shifts for an individual over
time as the vibrissa grows.

According to traditional ecological
knowledge on Prince of Wales Island
(POW), Southeast Alaska, sea otters
change their locations and diet during
the winter months. However, due to
the aforementioned challenges in con-
ducting year-round foraging obser-
vations in Alaska, the exact nature of
these dietary changes is unknown.
Our over-arching question was to de-
termine if there is seasonal and indi-
vidual variation in sea otter diet and
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ble isotope analysis provide similar
estimates of sea otter diet, (2) sea otter
diet varies by season and sea otter
location, and (3) sea otter individuality
in diet is apparent from stable isotope
analysis. A year-round diet profile for
sea otters of the POW region will provide a more
comprehensive understanding of the interactions be-
tween sea otters and their shellfish prey.

2. MATERIALS AND METHODS
2.1. Study site
To assess sea otter diet, we concentrated studies

around the western side of POW and the surrounding
islands (Fig. 1). This region is within the Southeast

T T T T
133.0°W 132.5° 132.0° 131.56°

Fig. 1. Prince of Wales Island, Southeast Alaska. Yellow circles indicate inver-
tebrate sampling sites and green boxes indicate where vibrissae were col-

lected from harvested sea otters

Alaska population of sea otters. POW is an ideal
study region because there are previous sea otter for-
aging studies upon which to build (Kvitek et al. 1993,
Larson et al. 2013, Hoyt 2015). POW also contains 2
original sea otter translocation sites (Burris & Mc-
Knight 1973, Jameson et al. 1982), creating a natural
gradient for assessing changes in the sea otter diet
due to recolonization patterns. The sea otter popula-
tion that resides in the POW region is currently esti-
mated to be below carrying capacity, with a few
small sub-regions reaching carrying capacity (Tinker
et al. 2019).
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2.2. Visual foraging observations

Sea otter foraging data were collected from
May to August 2018 via visual observations.
Data were collected from locations spanning the
west coast of POW, encompassing soft and
rocky habitats where sea otters occur in high
densities (Fig. 1). Foraging observations were
made from shore to assess sea otter diet compo-
sition using standardized methods (Dean et al.
2002). In brief, we followed individual sea otters
using Questar telescopes (20-50x) for one for-
aging bout, defined as sequential dives by one
sea otter for a maximum of 20 dives or until the
sea otter was lost by the observer. A maximum
of 20 dives was used to prevent bias arising from
oversampling individuals that are easier to
observe and undersampling individuals that are
more difficult to observe. Further, 20 dives per
bout has been shown to provide a significant
relationship between prey type and diving suc-
cess (D. Monson unpubl. data). Two trained
observers conducted observations. For each
surface interval (i.e. the time between 2 con-
secutive foraging dives), the observer recorded
the prey item to species level when possible
(Calkins 1978). Visual observations were sepa-
rated into spring (6 May-20 June) and summer
(21 June—-13 August).

2.3. Stable isotopes of sea otter prey

The most commonly reported sea otter prey
species from diet observations in other regions
of Alaska (Anthony 1995, Oftedal et al. 2007,
Weitzman 2013, Coletti et al. 2014, Hoyt 2015,
Cartagena da Silva Matos 2016, Brown et al.
2019) were collected for stable isotope analysis.
Prey species were grouped into functional prey
groups (to genus or family), consisting of clams,
crabs, sea cucumbers, snails, sea urchins, and
mussels (Table 1). Potential prey items were col-
lected at 2 sites around POW at 3 different time
periods (May 2018, August 2018, and February
2019) to reflect possible geographic and temporal
isotopic variation in the region. Site 1 (65.532° N,
133.147°W) was near the town of Craig, AK,
USA. Site 2 (65.268° N, 133.003° W) was in Soda
Bay, AK, USA (Fig. 1). All sampling was conduc-
ted in the intertidal zone at low tide by digging
(for clams), deployment of Fukui minnow and
crab traps (for crabs), or by hand while snorkel-

Table 1. Summary of stable isotope (§'°C and §'°N; mean + SD) ratios by sea otter functional prey group and season. Dietary percent is the proportion of diet from visual

observations by biomass for the whole Prince of Wales Island region. *Sea cucumbers and snails were combined for analysis because of isotopic overlap

All seasons
8N

Winter

Summer
8N

Spring
31N

Species

Functional

n Dietary%

dtc

3¢ SN n

Dietary %

n

dtc

n Dietary%

stc

prey group

81.0

-16.29 9.85 86

+0.74

9.83 23
+0.89

-16.6

+0.76

8.6

7

-16.22 10.19 29
+1.01

9

34

9.57
+1.05

Clinocardium nuttallii, -16.13

Clam

+1.02

+0.64

+ 0.77

Leukoma staminea,

Saxidomus gigantea
Metacarcinus magister,

-14.73 11.82 48

+1.29

1144 9
+0.98

4.6 -15.72

20

12.01
+ 0.97

11.8 19 2.9 -14.74

-14.25
+1.05

Crab

+1.28 +1.21 1.46 +1.1

Cancer oregonensis,
Cancer productus,

Pugettia productus,

Telmessus cheiragonus

15 8.5

10.3
+0.93

-14.33
+ 0.87

1094 5
+1.03
8.96
+0.71

-14.47

10.8

5

10.23
+0.71

6.0 -14.84

9.75
+0.74
8.92
+0.77
10.08
+0.34
7.64
+1.6

-13.67
+1.19
-17.03
+ 0.66
-13.37

Apostichopus

Sea

+0.19

+0.54
-17.75
+1.18

-14.21

californicus

cucumber*

-17.43 8.83 29 0.4
+1.03

11

-17.49
+1.12
-13.87

1.2

8.59
+0.59

9.92
+0.25

8.52
+1.49

1.2

Mytilus trossulus

Mussel

+0.69

-13.71 10.06 9

+0.73

1

10.37

2.8

2.9

5

Tegula spp.

Snail *

+0.31

+0.93
-14.15

+0.55
-12.49
+2.15

-13.34 8.05 29 1.5
+2.17

7

7.46
+0.46

-12.46

1.3

1.2

Strongylocentrotus

Sea urchin

+1.4

+2.05

+2.05

droebachiensis,
Mesocentrotus
franciscanus
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ing (for all other species). Five replicates per species
were collected or as many as possible if 5 replicates
were not present. There was no restriction on size of
species collected. Occasionally, sea otter prey species
were not present at either site. In such cases, those
prey species were collected opportunistically at
nearby sites to meet the target of 5 replicates (Table S1
in the Supplement at www.int-res.com/articles/suppl/
m677p219_supp.pdf). When prey items were collected
outside of the main sites, mussels Mytilus trossulus
were also collected for baseline isotopic comparison
as they are prevalent across POW and are filter feed-
ers (i.e. a primary consumer).

After collection, samples were cleaned with fresh
tap water to remove sediment and debris and then
frozen at —20°C until analysis. For analysis, samples
were thawed and separated into soft tissues and hard
parts. We removed all hard parts to remove their influ-
ence on carbon values during stable isotope analysis.
The soft tissues were weighed and homogenized in a
food processor (Cuisinart Mini-prep). Samples were
then dried in a LECO Thermogravimetric Analyzer
701 (TGA) dryer at 135°C or in a gravity convection
oven (VWR Symphony 414004-552) at 70°C.

2.4. Stable isotopes of sea otter vibrissae

Sea otter vibrissae were collected through the US
Fish and Wildlife Service (USFWS) tagging program
associated with subsistence harvest. Per the Marine
Mammal Protection Act (Marine Mammal Commis-
sion 2018), Alaska Natives living in coastal Alaskan
communities can legally harvest sea otters. Hunters
report all takes with the USFWS through the sea otter
tagging program enacted by the Marine Mammal
Protection Act of 1972 (16 U.S.C. 1379). Each har-
vested sea otter received a tag that contains informa-
tion on harvest date, location, sex, age (if known),
and group size. We worked with hunters and taggers
on POW who collected and submitted vibrissae to the
USFWS as part of their standard harvest protocol.
Forty-five adult sea otters harvested by subsistence
hunters from July to October 2019 were included in
this study. Between 1 and 3 vibrissae with root in-
cluded were plucked from the base of the muzzle of
each harvested sea otter. Previous research has
shown that a sample size of >10 sea otters per region
is ideal for assessing regional-level diet composition
using carbon and nitrogen stable isotopes (Elliott
Smith et al. 2015).

In the laboratory, sea otter vibrissae were cleaned
with 70 % ethanol, taped down, and marked every

0.7 cm (Fig. 2) to represent 1 mo of growth based on
a captive study (Tyrrell et al. 2013). Depending on
individual vibrissa length, there were 5 to 14 samples
per vibrissa. In each marked subsection, approxi-
mately a 0.4 mg was cut and weighed using a Sarto-
rius MC210S balance (Sartorius AG) and then sealed
into a tin capsule (3.3 x 5 mm). Each sea otter vibrissa
was measured after subsections were made, and
based on the length from the root and date collected,
were grouped into seasons according to the known
growth estimate of 7.7 cm yr! for adult sea otters
(Tyrrell et al. 2013). Subsections were assigned sea-
sons for spring (21 March-20 June), summer (21 June—
20 September), fall (21 September—-20 December),
and winter (21 December-20 March).

2.5. Stable isotope analysis

All tissue samples (i.e. prey and vibrissae) were
analyzed for carbon (3'3C) and nitrogen (§'°N) stable
isotope ratios at Auke Bay Laboratory, Recruitment
Energetics and Coastal Assessment Chemistry Labo-
ratory (Juneau, AK, USA). We used a FlashSmart ele-
mental analyzer coupled to a Delta-V continuous-
flow isotope ratio mass spectrometer (Thermo Fisher
Scientific). We report stable isotope ratios in per mil

Fig. 2. Sea otter vibrissa with subsections removed for sam-
pling. Each vibrissa was taped down in 0.7 cm increments
(representing approximately 1 mo of growth) marked with a
line. Samples were taken from each sub-section (labeled as
sample number) and then the length from the root was
measured after all cuts were made to estimate the season
based on sea otter harvest date and growth estimates
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(%o) using the delta (8) notation. Isotope ratios are
reported relative to Vienna-Pee Dee Belemnite for
carbon and air for nitrogen. Replicated measure-
ments of internal laboratory standards (purified me-
thionine, homogenized Chinook salmon Oncorhyn-
chus tshawytscha muscle and homogenized pollock
Gadus chalcogrammus muscle) were used as quality
controls (standard deviation of +0.10 for §3C and
+0.15 for 8'°N). We measured the C:N ratio for each
subsample to control for the quality of vibrissae pro-
tein (Ambrose 1990). Samples with a C:N ratio out-
side the long-term average and 95% confidence
interval (n = 319) of 2.79 + 0.25 were re-analyzed.
Sea otter prey tissue samples were corrected for
lipid-rich samples that were higher than 3.5:1 C:N,
with the following equation (Post et al. 2007):

8C omatized = 9°C -332+099xCN (1)

untreated

Trophic discrimination factors (TDFs) are used to
correct for isotopic differences between a consumer
and its prey. On average, a TDF of ~1.0-2.5%. for
813C and ~2.0-3.5%. for 8'°N is one trophic step up
the food web from source to consumer (Post 2002,
Sponheimer et al. 2003, Caut et al. 2009). As a con-
sumer changes its diet and feeds up the food web,
correlations between §C and §N are typically
strong, positive correlations because of the tropic dis-
crimination (Cardona et al. 2017). Estimating TDF
depends on individual metabolic needs and the prey
consumed. Because we did not do a direct test of
TDFs in this study, TDFs of 2.0 %o for §'*C and 2.8 %o
for 85N were chosen based on similarity to other
marine mammal studies using keratinous tissues
(Lesage et al. 2002, Caut et al. 2009, Wolf et al. 2009,
Newsome et al. 2010, Beltran et al. 2016). Error is
incorporated into the mixing model to compensate
for unknown metabolic variations in sea otters and
invertebrate prey.

2.6. Statistical analyses

We calculated the caloric intake for sea otters based
on visual foraging observations using the Sea Otter
Foraging Analysis (SOFA) program, which is based in
Matlab (MathWorks) and maintained by the USGS
Alaska Science Center in Anchorage, AK, USA.
SOFA uses a Monte Carlo-based simulation to ac-
count for unknown prey items and potential sample
bias. SOFA is a Bayesian model, with estimated bio-
mass for individual prey types across the spring and
summer months. All SOFA outputs are reported as
means with standard deviation (Tinker et al. 2008).

To test seasonal variation in sea otter diet, a Bayes-
ian mixing model was run in R v. 4.0.0 (R Core Team
2020) using the program MixSIAR (Stock & Semmens
2016). For each functional prey group, we estimated
the mean proportional contribution by season at the
sea otter regional level. We combined sites for the
mixing model, as we had small sample sizes for cer-
tain species (i.e. sea cucumbers and snails). We
tested mixing model sensitivity across prey collected
in every season by running separate models for each
season in which prey were collected (Fig. S2). There
were no significant changes in the mixing model out-
puts, so we combined all seasons. Mixing models
were created for each harvest site, using season as a
fixed factor and an informed prior from proportional
diet estimates. Posterior probabilities were estimated
using 3 chains of length 1000000 after a burn-in of
50000 iterations, and chains were thinned by sub-
sampling every 500th iteration. Each site was run
separately, with an approximately 50 h run time. Sea
cucumbers and snails were combined in stable iso-
tope analyses because their mean and standard devi-
ation for §!3C and 8N overlapped and were isotopi-
cally indistinguishable.

To test seasonal variation in sea otter diet around
POW, we created a linear mixed-effects (LME) model
with an ANOVA for each sea otter harvest site's §'3C
and §'°N values, with season as a fixed effect and sea
otter ID as a random effect to account for the multiple
sub-samples for each vibrissa (ot = 0.05). An LME was
used because the data did not fit a normal curve. No
transformations were needed for the model. Post hoc
comparisons to determine pairwise differences be-
tween seasons were conducted with a Tukey's pro-
cedure. We ran all statistical analyses in R v. 4.0.0
(R Core Team 2020) with the packages nlme (Pinheiro
et al. 2020), emmeans (Lenth 2019), and MuMIn (Bar-
ton 2019).

To test for individuality across the POW region, we
calculated a Pearson's correlation of serial §°C and
3N values for each individual using R v. 4.0.0
(R Core Team 2020). All data sets are archived in a
publicly accessible database with the Knowledge
Network for Biocomplexity (LaRoche & Rogers 2020,
LaRoche et al. 2020).

3. RESULTS
3.1. Visual foraging observations

Between 6 May and 13 August 2018, we recorded
3385 foraging dives from 362 sea otter foraging bouts.
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Foraging bouts were evenly distrib-
uted around the western side of POW.
Sea otters were observed to consume a
total of 44 invertebrate taxa (to species,
when possible) (LaRoche 2020). The
most frequently consumed functional
prey group across spring and summer -161
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sels (1.2% in spring and 0.2 % in sum-
mer) (Table 1). Because it was not pos-
sible to track individuals, statistical
differences could not be determined
between diet during the spring and
summer months. Within the clam
group, the butter clam Saxidomus gi-
gantea was the most frequently con-
sumed species.

3.2. Stable isotopes of sea otter prey

For each functional prey group, 8°C and &8N
values were compared by site and season and did
not have uniform variations across sites (Table 1).
Filter feeders, including clams and mussels, had
higher §°C and §'°N values in Craig than in Soda
Bay for all seasons, but this pattern was not seen in
higher-level consumers or sea urchins (Fig. S1 in
the Supplement). Sea otter prey values varied from
a previous study in other regions, where §'°N had
elevated values and 83C had lower values for all
prey types compared to the present study (New-
some et al. 2009).

3.3. Stable isotopes of sea otter vibrissae

Across all harvest locations, mean sea otter vibris-
sae 8'°C values ranged from —-15.54 to —12.46 %o and
mean 8N values ranged from 12.15 to 14.20%o
(Fig. 3 and Table S2 in the Supplement). Sea otter
813C values significantly varied by season within
each harvest site (Tonowek Narrows, F; 3 =3.05, p =
0.03; Shinaku Inlet, F; 4 = 3.60, p = 0.02; Sukkwan
Strait, F3 5= 3.36, p = 0.02). Sea otter §'°N values sig-
nificantly varied by season within the Tonowek Nar-
rows harvest site (F; ,3 = 18.98, p < 0.0001) but not the

Shinaku Inlet

Sukkwan Strait Tonowek Narrows

E3 Spring B2 Summer E3 Fall B8 Winter

Fig. 3. Sea otter vibrissae stable isotope ratios (A) 8'3C and (B) 8'°N by harvest

site and season. Seasons were estimated from vibrissae growth rate (7.7 cm

yr 1) and sample distance from the root. Box represents 50 % of the data with

the horizontal line at the median and the whiskers showing 95 % of the data.

Points in black are outside of the 95 % confidence interval. Shinaku Inlet, n =
5; Sukkwan Strait, n = 16; Tonowek Narrows, n = 24

other 2 harvest sites (Table 2). LME models for each
isotope and harvest site suggested that seasonal vari-
ability (R?,) accounted for 1 to 14 % of the total vari-
ability in isotope values and the remaining variability
was split between sea otters (6,,) and within a sea
otter (Ge).

Isotopic information obtained from sea otter vibris-
sae were within the range of the sea otter prey iso-
space (Fig. 4), which indicates that mixing models
can be used to assess sea otter diets in this region.
This also indicates that the prey isotopic signatures
and TDFs are appropriate for the individuals in this
study.

Across all vibrissae, the mean variation of §'*C and
3!°N across individual vibrissae was 1.43% and
1.29%o, respectively, indicating little variation at the
regional level. However, at the individual level, dis-
tinct patterns emerged (Fig. 5). The highest variation
of §'3C and 8N occurred in sea otter 521, which had
a change in 83C of 3.95% and change in 8N of
2.51%o (Fig. 5B). The relationship between 8*C and
815N in sea otter vibrissae, as determined by Pear-
son's correlation, varied among individuals, from
highly negative (r = -0.77, p = 0.025, sea otter 752;
Fig. 5C) to highly positive (r = 0.97, p < 0.001, sea
otter 287; Fig. 5D). Thirty-four sea otters (75 %) had a
positive correlation between §'*C and 8N in the
vibrissae, and 11 sea otters (25 %) had a negative cor-
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Table 2. Tukey's non-additivity pairwise comparisons for each season with §*C and §'°N values separated for each site. R%, is
the marginal coefficient of determination, oy, is the standard deviation, and 6, is the residual standard deviation for each site
model. Significant values (p < 0.05) are in bold

Site Pairwise season (n) si3c 15N
p Rzm Cp Ce 1% R2m Op Ce
Tonowek Spring (57) Summer (53) 0.10 0.02 0.62 0.49 0.87 0.14 0.30 0.42
Narrows  Spring (57) Fall (58) 0.02 <0.0001
Spring (57) Winter (67) 0.30 <0.0001
Summer (53) Fall (58) 0.95 <0.0001
Summer (53) Winter (67) 0.91 0.0001
Fall (58) Winter (67) 0.60 0.78
Shinaku Spring (14) Summer (15) 0.65 0.12 0.45 0.66 0.35 0.04 0.39 0.41
Inlet Spring (14) Fall (22) 0.76 0.15
Spring (14) Winter (11) 0.26 0.15
Summer (15)  Fall (22) 1.00 0.95
Summer (15) Winter (11) 0.02 0.93
Fall (22) Winter (11) 0.04 1.00
Sukkwan Spring (43) Summer (47) 0.04 0.04 0.39 0.41 0.88 0.01 0.25 0.35
Strait Spring (43) Fall (22) 0.26 1.00
Spring (43) Winter (20) 1.00 0.78
Summer (47)  Fall (22) 0.99 0.94
Summer (47) Winter (20) 0.12 0.43
Fall (22) Winter (20) 0.34 0.83
167 3.4. Mixing model results
Each site exhibited seasonal varia-
Season tion in diet (Fig. 6). Clams comprised
141 - Spring the largest proportion of the diet dur-
* Summer ing every season, but the overall
) ] : Cﬁ'r']ter estimates of diet composition were
Z . ., Site variable, with coefficients of variation

T
© 124 = 1% * Shinaku Inlet

i 4 Sukkwan Strait
: = Tonowek Narrows

104

-15 -13 -1 -9
8"3C (%o)

Fig. 4. Stable isotope ratios 8'C and §!'°N of sea otters (as determined by vib-

rissae) and their prey (means + SD). Sea otter prey values were corrected for

trophic discrimination by subtracting 2.0 %o and 2.8 %o from carbon and nitro-

gen isotope values, respectively. Each season was derived from estimated

growth rates of sea otter vibrissae and sample distance from the root. Site indi-
cates where the sea otter was harvested

relation (Table S2 in the Supplement). Sea otter vib-

ranging from 0.06 to 0.25. The range
in coefficients of variation reflects a
high degree of variability in the diet
and a high degree of uncertainty in
the model. Seasonal variation was
most apparent at the Shinaku Inlet
site, where the mean proportion of
clams in sea otter diets ranged from 40
to 78 % across seasons, but the sample
size at this site was lower than the
other 2 sites. Diet proportions during
fall exhibited little inter-site variation.

4. DISCUSSION

rissae stable isotope values were similar to those of
sea otters in soft and mixed sediment in previous
studies (Newsome et al. 2009, 2015, Mandi 2020).
Mean 8"C and 8N values for this study had lower
standard deviations than studies that had rocky sed-
iment (Newsome et al. 2009, 2015).

Analysis of stable isotopes from sea otter vibrissae
in Southeast Alaska gave insight into year-round
diets of sea otters around POW, information chal-
lenging to obtain from visual observations. The year-
round diet estimates from stable isotopes suggest
that diets have slight site and seasonal variations and
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4.1. Seasonal variation
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4.1.1. Seasonal patterns
throughout POW

We collected prey throughout the
year to account for seasonal variation
in prey stable isotopes. Differences in
313C and 8N across seasons were
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clams) expressed minimal isotopic
variation across seasons; however,
mobile animals such as crabs, sea
cucumbers, snails, and sea urchins
showed greater seasonal variation in
both §°C and 8°N. Sessile inverte-
=16 brate (clams and mussels) seasonal

0 2 4 6 0 2
Distance from root (cm)

Fig. 5. Stable isotope ratios 8'°N (solid line, left y-axis) and §'3C (dotted line,
right y-axis) for 4 sea otter vibrissae from root to tip, with a maximum length
of 8 cm. (A) Individual 520 (from Shinaku Inlet) has little temporal variation in
either carbon or nitrogen ratios, with a non-significant negative correlation.
(B) Individual 521 (from Shinaku Inlet) shows a high temporal variation in both
carbon and nitrogen, which are positively correlated. (C) Individual 752 (from
Sukkwan Strait) has a significant negative correlation between carbon and
nitrogen. (D) Individual 287 (from Tonowek Narrows) demonstrates increases
in stable isotope ratios over the length of the vibrissa, with a high correlation

between carbon and nitrogen

were similar to the diet compositions determined by
visual observations in summer months. Compared to
visual foraging observations, there was greater vari-
ation in sea otter diet estimates from stable isotope
analysis. Clams were the dominant prey using visual
and isotopic methods across all sites and seasons.
Supplemental prey items, in contrast, varied in the
diet composition across sites and seasons. Only one
sea otter showed a change in carbon and nitrogen
isotope ratios large enough to represent a trophic
level shift or a change in food web source. This is in
contrast to a previous study in rocky substrate, where
23% of sea otters had >2 %o variation in §'*C or §!°N
(Newsome et al. 2009). Although most sea otters did
not appear to exhibit large dietary shifts, there was
strong individual-level variation in vibrissae stable
isotope values, which suggests that some individuals
may vary their diet seasonally and that sea otter
behavior is an important factor driving sea otter diet
composition. However, because this study did not
utilize tagged individuals, it was not possible to dif-
ferentiate potential diet changes due to sea otter
movement versus prey items.

5 variability is dependent largely on
the environmental changes such as
additional freshwater input with snow
melt in the spring. Conversely, mobile
invertebrates (crabs, sea cucumbers,
and urchins) can move to deeper or
shallower water and shift their diet
source more easily, potentially con-
tributing to the magnitude seasonal
variation due to spatial isotopic varia-
tion in diet items, inshore versus off-
shore isotopic gradients, degrees of
benthic production, or localized isoscape dynamics
(Graham et al. 2010). Although there was isotopic
variation in sea otter prey across seasons, seasonal
variation in sea otter diet was not attributed to iso-
topic variation in prey types. These differences
across seasons, although not significant at the
regional level, could potentially impact isotopic
variation at the individual sea otter level. The vari-
ability between and within sea otters could also be
attributed to metabolic differences of each sea otter,
and site differences in the §°C and §'°N values of
the prey.

Mean 8'3C values between seasons exhibited little
overall variation around POW. The change in mean
313C values across seasons and sites was <1 %o, which
is not ecologically significant and is below the confi-
dence intervals of the testing methods used. This
shows that at the regional level, sea otters were not
making large shifts in diets that varied in their base
carbon source (i.e. shifting from majority clams to
majority sea urchins). However, there were likely
inter-individual differences in dietary composition or
foraging location due to sea otters residing outside
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Fig. 6. Sea otter diets estimated by an informed mixing model as a function of harvest location and season for the 5 functional
prey groups. Boxes are upper and lower quantiles with a median horizontal line and 95 % credible interval. Models were
based on sea otter vibrissae samples from Shinaku Inlet (n = 5), Sukkwan Strait (n = 16), and Tonowek Narrows (n = 24)

the 99.5% confidence interval of the mean seasonal
813C for each site.

Mean §'°N values across seasons and sites had a
variation of approximately 1 %o, less than the ~3 %o to
signal a trophic level shift (Robinson 2001). This
change, similar to that of §'3C, is likely not ecologi-
cally significant because it is approximating the con-
fidence intervals of the testing methods. Therefore,
sea otters at a regional level did not exhibit seasonal
differences in the overall diet. However, nitrogen
exhibited more inter-site variability than carbon. The
inter-site and inter-seasonal individual variation that
was present could indicate shifts in supplementary
diet items (i.e. crabs, sea cucumbers, sea urchins, and
snails); this was apparent in the mixing model results
that varied by site and season for non-clam diet
items.

4.1.2. Seasonal patterns across harvest sites

Seasonal effects on sea otter diet varied by sea
otter harvest site. Shinaku Inlet had the highest diet
uncertainty in the mixing model, which was likely
attributed to the low sample size (n = 5) at this site.
According to local observations (A. Frisby pers.
comm.), Shinaku Inlet is an area with seasonal varia-
tion in sea otter presence. This variability could be
due in part to the strong hunting pressure in the win-
ter and spring months (B. Benter pers. comm.).

In contrast to Shinaku Inlet, Tonowek Narrows had
less uncertainty in diet composition as inferred from
stable isotope values. 8'°N values were lower in the
warmer spring to summer months in comparison to
the cooler fall to winter months. Tonowek Narrows is
in a region with a high sea otter density that is nearing



LaRoche et al.: Sea otter diets in Southeast Alaska 229

carrying capacity (Tinker et al. 2019). The diet com-
position of this region, where nitrogen stable isotope
signatures show shifts across seasons, could be due in
part to high resource competition (Tinker et al. 2012).

Sukkwan Strait is the most recently recolonized
site. There was very little regional variation of either
813C or §"N across all seasons. In previous studies,
sea otters in newly recolonized areas have low prey
diversity due to more plentiful, energetically rich
prey resources (Tinker et al. 2008, Hoyt 2015).

4.2. Sea otter individuality

Despite the regional-level specialization on clams
throughout POW, there was inter-individual dietary
variation that was likely driven by individual sea
otter behavior. Across all visual observation sites,
there was variability in diet among sea otters, as evi-
denced by the wide range of prey (33 identified spe-
cies) recorded. Individual sea otter variation was
apparent when looking at the correlation of carbon
and nitrogen throughout each vibrissa. Most marine
mammal species only have positive correlations of
813C and 8N along a vibrissa (Cardona et al. 2017,
Chilvers 2019). Our study had mostly positive corre-
lations, but 25% (11/45) of vibrissae had negative
correlations, with 2 sea otters exhibiting a significant
negative correlation. A negative correlation of values
depicts an opposite pattern in the relationship of §'3C
and 8N compared to the majority of sea otters,
which could signal sea otter movements (e.g. feeding
inshore versus offshore) combined with switches
in prey; however, the exact reasons are unknown.
These unexpected changes in carbon and nitrogen
shifts could signal a potential movement to a more
pelagically fed system, which, for the southern end of
POW where this sea otter was harvested, could mean
a confluence of the Gulf of Alaska to the inland
island waters, and then feeding at an average higher
trophic level. Another possibility is that the sea otter
is consuming a higher proportion of gravid, higher
trophic level invertebrates (e.g. crabs) during part of
the year, such that trophic position increased and an
abundance of lipids from the eggs caused declines in
813C. Tonowek Narrows had the most positive corre-
lations, with only one negative correlation. Tonowek
Narrows represents a regional population at or near-
ing carrying capacity with a high density of sea otters
(Tinker et al. 2019). Sukkwan Strait, the location with
significantly negative correlations, is the site with the
newest sea otter colonization and a high rate of hunt-
ing pressure (T. Peele pers. comm.), both likely pro-

moting more sea otter movements (Lafferty & Tinker
2014, Hoyt 2015).

4.3. Future work

Our stable isotope results were similar to our visual
foraging results. Thus, future efforts could focus on
stable isotopes to document sea otter diets across time
and space in regions where visual observations are
limited, or in complement to visual foraging studies to
elucidate individual sea otter forage patterns. Stable
isotopes may be a cost-effective research tool for mo-
nitoring sea otter diet changes in the future as they re-
colonize areas. A limitation of using stable isotope
analysis for sea otter diet predictions is the wide range
of prey sea otters consume. Because we grouped prey,
for example combining sea cucumbers and snails, we
were unable to predict diets to as fine of a degree as
with visual foraging observations. Future studies
could address this issue by using compound-specific
isotope analysis to track environmental baselines. We
note that all vibrissae for this study were collected
during the summer and fall months, which may have
led to more accurate estimates of summer and fall iso-
tope values versus winter and spring values due to
growth estimation and variation. As the vibrissa grows,
the growth rates become more variable depending on
factors such as thickness of the keratin and individual
growth patterns (Tyrrell et al. 2013, Beltran et al.
2015). Therefore, creating a long-term vibrissae col-
lection library could allow for comparison of 3'3C and
3!°N values from a variety of regions and seasons for
future sea otter diet studies. Continued work with
harvesters, local tribes, and stakeholders could be an
alternative to visual foraging surveys in developing a
long-term dietary data set. Continuing diet studies
using stable isotopes can provide insight into fine-
scale behavioral differences that may help to explain
population-level changes in this nearshore system as
sea otters recolonize. The present study, which de-
monstrated alignment between observational diet
studies and vibrissae isotope analyses, along with
previous studies of sea otter bone samples (Krylovich
2011, Szpak et al. 2012, Clark et al. 2017, Elliott Smith
et al. 2020), allows for the potential to reconstruct past
diets from museum and archeological specimens.

4.4. Conclusions

Our study revealed no ecologically significant shifts
in 8!3C and 8'°N according to season or location, indi-
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