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ABSTRACT—As animal populations approach environmental carrying capacity, competition for
food increases, generally leading to decreased individual energy intake rate. Energy-intake rate can
therefore be used as one metric of population status relative to carrying capacity. Focal observations
of Sea Otter (Enhydra lutris) foraging behavior have been used throughout their range to estimate
energy-intake rates and infer population status. In Washington State, previous research has
demonstrated that handling times for Kelp Crabs (Pugettia spp.) by Sea Otters are 1.5 to 2 times
faster than those observed in California and British Columbia, resulting in higher energy-intake rate
estimates for Sea Otters in Washington. We investigated potential causes for the difference in
handling time by: (1) comparing Sea Otter handling times of Kelp Crab and non-Kelp Crab prey
items in Washington, California, and British Columbia; (2) comparing the handling times of Kelp
Crabs by a subset of Sea Otters in California, which are Kelp Crab specialists (2003–2012, n ¼ 244
Kelp Crab captures) to those of Sea Otters in Washington (2015–2018, n¼ 541 captures) and British
Columbia (2013–2017, n ¼ 359 captures); and (3) comparing the biomass-to-width ratios of Kelp
Crabs from Washington and California. We did not observe consistent differences between regions
in Sea Otter handling times of non-Kelp Crab prey. Mean Sea Otter handling time of small Kelp
Crabs (carapace �1 Sea Otter paw width) in Washington (32.7 s) was significantly faster than in
British Columbia (52.0 s, P , 0.0001) and all of California (40.6 s, P , 0.0001), but was not
significantly different from that of Kelp Crab-specialist Sea Otters in California (31.7 s, P ¼ 0.313).
Mean Sea Otter handling time of large Kelp Crabs (�1 Sea Otter paw) in Washington (64.7 s) was
significantly faster than in British Columbia (87.7 s, P¼0.003), in all of California (104 s, P , 0.0001),
and in the subset of Kelp Crab-specialist Sea Otters in California (91.6 s, P¼ 0.007). Kelp Crabs in
Washington had a larger biomass-to-width ratio than Kelp Crabs in California: in Washington, a
Kelp Crab with a 20-mm maximum carapace width had a 3.8% greater predicted biomass than a
Kelp Crab in California of the same width, and a 27.1% greater biomass for a 60-mm carapace. Our
results suggest that Sea Otters in Washington are Kelp Crab specialists with behavioral differences
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allowing them to consume Kelp Crabs faster, a difference that may affect the inference of Sea Otter
population status from energy-intake rates in Washington.

Key words: British Columbia, California, energetics, Enhydra lutris, foraging behavior, Kelp
Crab, Pugettia producta, Sea Otter, Washington

Sea Otters (Enhydra lutris) historically occu-
pied the coasts of the North Pacific from Japan to
Baja California, but were hunted extensively
during the maritime fur trade in the 18th and
19th centuries, resulting in a loss of approxi-
mately 99% of their original numbers (Kenyon
1969). The maritime fur trade resulted in Sea
Otters in Oregon, Washington, and British
Columbia being hunted to local extinction in
the early 1900s. Sea Otters from Alaska were
translocated to Washington from Amchitka
Island in 1969 and 1970, to Oregon between
1970 and 1971, and between 1969 and 1972 to
British Columbia from Amchitka Island and
Prince William Sound (Jameson and others 1982)
in the hope of reestablishing populations. After
the maritime fur trade, a remnant population of
Sea Otters remained in California (Kenyon 1969),
though their numbers were significantly reduced
(Estes and others 2006). Sea Otters are now
intermittently distributed along the north Pacific
coasts, with 3 subspecies recognized owing to
geographic separation and genetics: Enhydra
lutris lutris in Japan and Russia; Enhydra lutris
kenyoni in Alaska, British Columbia, and Wash-
ington; and Enhydra lutris nereis in California.

The translocation and subsequent population
growth and range expansion of Sea Otters in
some areas (British Columbia, Southeast Alaska,
and Washington) and the recovery of extant
populations in other areas (California and
Southwest Alaska) has resulted in a patchwork
of populations throughout the Sea Otter range.
Evaluating the status of a population is a
fundamental aspect of the management and
recovery of a species. A range of life-history
and demographic metrics have been used to
infer the status of marine mammal populations,
including individual body condition, time spent
foraging, age at maturity, reproductive rate, and
survival rate (Estes and others 1982; Bengtson
and Laws 1985; Fowler 1990; Frie and others
2012; Williams and others 2013). In order to
better understand Sea Otter population recovery
post-fur trade, researchers have collected exten-
sive data on Sea Otter diet and foraging
behavior (Estes and others 1982; Tinker and

others 2008; Tinker 2015; Hale and others 2019;
Rechsteiner and others 2019). Unlike other
diving marine mammals, Sea Otters must return
to the surface after each foraging dive to
consume their prey, and typically forage close
to shore, allowing for direct observation (Ken-
yon 1969; Riedman and Estes 1990). A standard-
ized protocol for collecting Sea Otter foraging
data has been developed and is used by research
groups throughout much of the Sea Otter’s
range (Kvitek and others 1998; Laidre and
Jameson 2006; Tinker and others 2008; Hessing-
Lewis and others 2018; Hale and others 2019;
Rechsteiner and others 2019).

Sea Otters are a keystone species, exerting top-
down control on ecosystem structure (Estes and
Palmisano 1974; Garshelis and others 1986;
Riedman and Estes 1990; Estes and Duggins
1995). As a result, the rate at which Sea Otters
consume prey, the prey species they consume,
and their population dynamics can all create
cascading effects through an ecosystem. In
addition to estimates of diet composition and
prey-capture rates, researchers have used obser-
vational data to estimate energy-intake rates,
allowing for more powerful inferences about Sea
Otter prey selection and population status
relative to carrying capacity (Estes and others
2003; Laidre and Jameson 2006; Tinker 2015).
Because of known biases associated with obser-
vational data collection (for example, larger prey
being identified more accurately, difficulty in
observing foraging otters that are far offshore,
and so forth), energy-rate estimates are calculat-
ed using a Monte Carlo simulation model that
accounts for the non-random nature of missing
data (Dean and others 2002; Tinker and others
2008, 2012). This ‘‘Sea Otter foraging analysis’’
(SOFA) provides unbiased estimates of energy
and biomass intake rates and diet composition,
which can be compared within and between
regions provided methods of data collection are
standardized. A key assumption required for
comparisons of SOFA estimates across regions is
that a prey type of a given size is equivalent
everywhere, in both its edible biomass and in its
caloric density. Size-specific estimates of edible
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biomass and caloric density of common Sea
Otter prey were measured for invertebrates
collected in California and Alaska (Oftedal and
others 2007), and power functions were fit to
these data to estimate the edible biomass of a
prey item based on the maximum linear dimen-
sion—the metric that is observable from shore
when making Sea Otter foraging observations.
The prey data gathered by Oftedal and others
(2007) provide a common basis for estimates of
energy-intake rates calculated using the SOFA
model.

Despite the assumption that foraging behavior
and prey characteristics for Sea Otters are largely
independent of region, a deviation has recently
been observed. Hale and others (2019) found
that the average handling time of Kelp Crabs
(Pugettia spp.) by Sea Otters in Washington was
1.5 to 2 times faster than that of Sea Otters in
California and British Columbia. This pattern is
consistent across decades of foraging observa-
tions of Sea Otters in Washington State (Laidre
and Jameson 2006), as well as across different
observers (Hale and others 2019). Preliminary
analyses suggest that the consistently faster
handling times in Washington are only exhibited
with Kelp Crabs and not with other Sea Otter
prey items, however a formal comparison has
not yet been published, and it is also unclear
what may be driving the regional difference in
observed Kelp Crab handling time (Hale and
others 2019). One hypothesis is that Kelp Crabs
in Washington have a lower edible biomass than
equally sized Kelp Crabs from California or
British Columbia, resulting in faster handling
times. A 2nd hypothesis is that there is a learned
ability of Sea Otters in Washington to handle
and consume Kelp Crabs faster than in other
areas. This kind of learned ability can result from
individual diet specialization, where individuals
spend time consuming a small number of prey
types, thereby increasing their efficiency, and
decreasing their handling time, when consuming
those prey types (Tinker and others 2008).
Individual diet specialization has been widely
documented in Sea Otter populations (Estes and
others 2003; Tinker and others 2008) and is
commonly observed in long-established Sea
Otter populations where high Sea Otter densities
(.3 otters km�2) deplete preferred prey types,
leading individuals to specialize on less-pre-
ferred species (Newsome and others 2015; Tinker
and others 2012). Although individual diet

specialization can be indicative of high-density
Sea Otter populations, population-level special-
ization can occur independently of population
density as a result of different driving forces in
which bottom-up changes in prey composition
cause more profitable prey types to suddenly
become available (Watt and others 2000; Smith
and others 2021). Kelp Crabs make up a
substantial portion of Sea Otter diets in Wash-
ington and California, comprising 8 to 20%
(percent occurrence) of their diet in some
locations (Laidre and Jameson 2006; Tinker
2004) and up to 35% (based on grams/minute
intake rate) in Washington State at sites where
they are the primary prey item (Hale and others
2019). Owing to the ubiquity of Kelp Crabs in
Sea Otter diets in Washington and elsewhere,
differences in the energy content of Kelp Crabs
or energy intake rates associated with Kelp
Crabs could produce a marked effect on the
overall estimates of Sea Otter energy-intake rate.

The objectives of this study were to: (1)
compare the handling times of Kelp Crab and
non-Kelp Crab prey items by Sea Otters in
Washington, California, and British Columbia in
order to confirm that Kelp Crabs are the only
consistently anomalous prey item; (2) compare
the handling times of Kelp Crabs by a subset of
Sea Otters in California (Kelp Crab specialists) to
those of Sea Otters in Washington and British
Columbia to investigate the possibility of Kelp
Crab specialization in the Washington Sea Otter
population; and (3) test whether Kelp Crabs in
Washington have a different biomass-to-width
ratio than Kelp Crabs in California.

METHODS

Sea Otter Foraging Observations

To accomplish our first objective of comparing
handling times of Kelp Crab and non-Kelp Crab
prey items between regions, we used observa-
tions of Sea Otters foraging on Kelp Crabs,
Cancer Crabs, clams, and Razor Clams (Siliqua
patula) in Washington, British Columbia, and
California. For our second objective of compar-
ing the handling times of Kelp Crabs from a
subset of Kelp Crab-specialist Sea Otters in
California to the handling times of Sea Otters
in Washington and British Columbia, we used
observations of tagged southern Sea Otters
(Tinker and others 2007, 2008) in California
and untagged northern Sea Otters in British
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Columbia and Washington. We were not able to
directly examine specialist handling times for
Sea Otters in Washington or British Columbia
because there are not currently tagged Sea Otters
in either of these regions that can be repeatedly
observed to confirm individual diet specializa-
tion. Foraging data from the central coast of
British Columbia were collected by researchers
at the Hakai Institute between 2013 and 2017
(Rechsteiner and others 2019); California data
were collected in Monterey, CA, between 2007
and 2012 (Tinker and others 2019), and Wash-
ington foraging data were collected on the
Washington coast between 2015 and 2018 (Fig.
1B; Hale and others 2019). Data collections at all
locations occurred over all seasons and followed
established field methods (see Tinker and others
2008, 2012). Prey item sizes were estimated using
these established methods in which size 1 prey
are ,1 Sea Otter forepaw width; size 2 are ,2
forepaw widths but .1; size 3 are ,3 forepaw
widths but .2; and size 4 are .3 forepaw
widths. Each size category (1, 2, 3, and 4), is
further split into qualifiers (a, b, and c) where a
represents the smallest 3rd of the category, b
represents the middle 3rd, and c represents the
largest 3rd.

Northern Sea Otters are larger than Southern
Sea Otters, both in body size and in paw size
(Riedman and Estes 1990). To investigate wheth-
er this size difference introduced bias into our
groupings of Sea Otter prey items, we used a
two-sample t-test to compare average paw
widths of captured Southern Sea Otters from
California (n ¼ 535) and Northern Sea Otters
from Washington (n ¼ 30). We found that the
average Northern Sea Otter (x̄¼ 50.4 mm, s¼ 3.5
mm) and Southern Sea Otter paw widths (x̄
¼44.2 mm, s ¼ 3.5 mm) were significantly
different, regardless of sex (t ¼ 9.4716, df ¼ 563,
P , 0.0001). However, the difference was less
than 1 cm (6.2 mm), and as prey size classes (size
1, 2 3, and 4) are subdivided into thirds (a, b, and
c), the effective level of precision for prey size
estimates is one-third of a Sea Otter paw width
(16.8 mm for Northern Sea Otters and 14.7 mm
for Southern Sea Otters). Because this level of
precision is greater than our measured difference
between subspecies paw sizes, when determin-
ing how to separate prey item size groups for
our analysis (for example, ‘‘small’’ and ‘‘large’’
Kelp Crabs), we did not adjust the prey size
estimate based on the subspecies of Sea Otter.

Only dives in which a single prey item was
captured or multiple prey items of the same size
and type were captured were included in the
analysis. For dives in which multiple prey items
of the same size and type were captured, the
total handling time was divided by the number
of prey items captured on the dive to calculate
handling time per item, then each prey item
from the dive was treated as a replicate data
point—the same method used to deal with
multi-prey dives in the SOFA model. Addition-
ally, dives that were missing information on prey
size, prey quantity, or handling time were
omitted, and only dives for which the entire
prey item was consumed were included (for
example, dives where females shared prey with
their pup were excluded).

In addition to our above analysis of Sea Otter
foraging data, we also sought to explore the
relative availability of Kelp Crabs to Sea Otters in
each region. Owing to a lack of data on Kelp Crab
abundance in our study regions, we instead
examined the percent occurrence of Kelp Crabs
in Sea Otter diet from each region as an index of
relative availability to Sea Otters. For this
analysis, we calculated the number of dives that
included at least one Kelp Crab as a percent of the
total number of successful dives for each region,
regardless of the proportion of prey consumed.

Sea Otter Foraging Data Analysis

In order to test for differences in Sea Otter
handling times of prey classes between regions,
we compared the average handling times for
each of the 3 study regions (British Columbia,
Washington, and California) and prey size
groups using one-way ANOVA tests. We sum-
marized Kelp Crab handling times for each
region into 2 groups based on the size of the
Kelp Crab captured: ‘‘small’’ (prey sizes 1a, 1b,
and 1c) and ‘‘large’’ (prey sizes 2a, 2b, 2c, and 3a).
Clams, which included unidentified clams and
Butter Clams (Saxidomus giganteus), were
grouped into 2 size groups for each of the 3
regions: ‘‘small’’ (prey sizes 1a, 1b, and 1c) and
‘‘large’’ (prey sizes 2a, 2b, 2c, 3a, 3b, 3c, and 4a).
Cancer Crabs—which included unidentified
Cancer Crabs, Dungeness Crabs (Metacarcinus
magister), and Red Rock Crabs (Cancer produc-
tus)—were grouped into 3 size groups for each
of the 3 regions: ‘‘small’’ (prey sizes 1a, 1b, and
1c), ‘‘medium’’ (prey sizes 2a, 2b, and 2c), and
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FIGURE 1. (A) The Olympic Peninsula of Washington State. Triangles mark Kelp Crab collection positions. (B)
The west coast of the United States and Canada. Boxes indicate study regions where Sea Otter foraging data,
including Kelp Crab handling times, were collected.
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‘‘large’’ (prey sizes 3a, 3b, 3c, 4a, 4b, and 4c).
Results of the ANOVA tests were examined
using Tukey HSD (honest significant difference)
post-hoc tests. Because of a lack of occurrence of
Razor Clams in the foraging data from British
Columbia, Razor Clam handling times were
only compared between Washington and Cal-
ifornia and were grouped into 2 groups; ‘‘small’’
(prey sizes 1a, 1b, and 1c) and ‘‘large’’ (prey sizes
2a, 2b, and 2c); and were compared using Welch
two-sample t-tests. All Sea Otter handling-time
data analyses were performed using R (R Core
Team 2022).

Kelp Crab Morphometric Data Collection

We collected Kelp Crabs (Pugettia producta)
from the Washington coast (Fig. 1) and com-
pared their width to total biomass ratio to Kelp
Crabs from California measured by Oftedal and
others (2007). These data from the Kelp Crabs
collected by Oftedal and others (2007) are the
data currently input into SOFA, the model used
to estimate energy-intake rates for Sea Otter
populations in Washington, California, British
Columbia, and other areas. Kelp Crabs were
collected during 2018 on the outer Washington
coast in April at Sand Point and July at Cape
Alava and Destruction Island. Sites were pri-
marily selected because they correspond to Sea
Otter foraging observation locations where Kelp
Crabs are the primary prey item in Sea Otter
diets (up to 35% of diet by grams/minute intake
rate), with Kelp Crabs being collected opportu-
nistically at Destruction Island. Collections were
performed by hand by removing Kelp Crabs
from the kelp species Macrocystis pyrifera and
Nereocystis luetkeana in kelp beds that occurred in
the same areas utilized by foraging Sea Otters.
Kelp Crabs were kept on ice and covered with

towels dampened with seawater until they could
be separated into individual plastic bags and
euthanized via freezing at –208C before process-
ing. Following the protocol of Oftedal and others
(2007), maximum carapace width was measured
from outside edge to outside edge of the
anterolateral teeth in millimeters using digital
calipers (Mitutoyo Corporation) to the nearest
0.01 mm and specimens were weighed using a
digital scale (Ohaus Corp) to the nearest 0.01 g.

Kelp Crab Morphometric Data Analysis

To test whether Kelp Crabs in Washington
have a different biomass to width ratio than
Kelp Crabs in California, we compared four
models (Table 1) fit to Kelp Crab biomass and
width data from Washington and California. We
used a power function of the form:

biomass½ � ¼ a diameter½ �b;

where [biomass] was the unprocessed wet
biomass (grams) of each individual crab, [diam-
eter] was the maximum carapace width (milli-
meters) for each individual crab, a was a
coefficient, and b was the power variable of the
function. We fit 4 models to the biomass and
width data by minimizing the negative log
likelihood (NLL) using the ‘‘optim’’ function in
R (R Core Team 2022). All NLLs were calculated
using a lognormal distribution. Model 1 treated
Kelp Crabs from California and Washington as 1
population with 1 power function and estimated
parameters a, b, and r (3 total parameters),
where r represents the standard deviation from
the lognormal in the NLL equation; Model 2
treated Kelp Crabs from California and Wash-
ington as 2 independent populations with 2
separate power functions and estimated param-
eters a, b, and r for each population (6 total

TABLE 1. Power functions of 4 different models predicting wet mass, [biomass], from maximum carapace
width, [width], of Kelp Crabs (Pugettia spp.) in California (CA) and Washington (WA). The lognormal parameter r
was used to calculate the negative log-likelihood of each model. Model variables with a subscript ‘‘WA’’ or ‘‘CA’’

were estimated based on data from the corresponding Kelp Crab population; model variables with a subscript
‘‘all’’ were estimated based on data from both Kelp Crab populations combined.

Model Functions Variables Total variables

Model 1 [biomass] ¼ a(all)[width]b(all) } r(all) a(all), b(all), r(all) 3
Model 2 [biomass] ¼ a(WA)[width]b(WA)

[biomass] ¼ a(CA)[width]b(CA)
} r(WA)

} r(CA)

a(WA), b(WA), r(WA),
a(CA), b(CA), r(CA)

6

Model 3 [biomass] ¼ a(all)[width]b(all) } r(WA), r(CA) a(all), b(all), r(WA), r(CA) 4
Model 4 [biomass] ¼ a(WA)[width]b(WA)

[biomass] ¼ a(CA)[width]b(CA) } r(all)

a(WA), a(CA), b(WA), b(CA), r(all) 5
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parameters); Model 3 treated Kelp Crabs from

Washington and California as 1 population with

1 power function and estimated parameters a

and b but with independent r values for each

population (4 total parameters); and Model 4

treated Kelp Crabs from California and Wash-

ington as 2 independent populations with 2

separate power functions and estimated param-

eters a and b for each region and with a single

global r value (5 total parameters). We com-
pared the corrected Akaike Information Criteria
(AICc) values of the 4 models to determine the
best-fit model.

RESULTS

Handling Time Comparison of Kelp Crabs

Sea Otter handling times of both small and
large Kelp Crabs (Fig. 2) in Washington were

FIGURE 2. Sea Otter handling times of small (left column) and large (right column) Kelp Crabs (Pugettia spp.) in
Washington (WA), California (CA), and British Columbia (BC). Kelp Crab size groups were defined using Sea
Otter foraging observation method of estimating prey size relative to Sea Otter paw width where ‘‘small’’ Kelp
Crabs are �1 Sea Otter paw width (prey sizes 1a, 1b, and 1c) and ‘‘large’’ Kelp Crabs are .1 Sea Otter paw width
(prey sizes 2a, 2b, 2c, and 3a). Vertical dashed lines represent average handling time. Sample sizes for small Kelp
Crab handling times in Washington, California, and British Columbia were n ¼ 422, n ¼ 520, and n ¼ 220,
respectively. Sample sizes for large Kelp Crab handling times in Washington, California, and British Columbia
were n¼ 119, n ¼ 245, and n¼ 139, respectively. The Kelp Crab silhouette was created by Carter Johnson.
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faster than the respective handling times in both
California and British Columbia. When we
compared Sea Otter handling times of small
Kelp Crabs, we found a significant difference
between regions (F ¼ 33.66, df ¼ 2, P , 0.0001).
We found that small Kelp Crab handling time in
Washington was 24% faster than in California
and 59% faster than in British Columbia (both
with P , 0.0001; Fig. 3A). Similarly, we found a
significant difference between regions (F¼ 18.42,
df¼ 2, P , 0.0001) when comparing average Sea
Otter handling times of large Kelp Crabs. We
found that handling time in Washington was
61% faster than in California (P , 0.0001) and
35% faster than in British Columbia (P ¼ 0.007;
Fig. 3B). Interestingly, we also found that the
average large Kelp Crab handling time in British
Columbia was 19% faster than the average large
Kelp Crab handling time in California (P ,

0.0001).

When we compared Sea Otter handling times
of Kelp Crabs in Washington to the Kelp Crab
handling times of a subset of Sea Otters in
California that specialize in consuming Kelp
Crabs (Kelp Crab specialists) and to the Kelp

Crab handling times of Sea Otters in British
Columbia, we found a significant difference
between regions for small Kelp Crab handling
times (F ¼ 42.18, df ¼ 2, P , 0.0001). Average
handling times of small kelp crabs by Sea Otters
in Washington were not significantly different
than handling times by Kelp Crab specialists in
California (P ¼ 0.313; Fig. 4A). Conversely,
average handling time of small Kelp Crabs by
Kelp Crab specialists in California was 4% faster
than Kelp Crab handling times in British
Columbia (P , 0.0001). Our comparison of large
Kelp Crab handling times by Kelp Crab special-
ists in California and handling times in Wash-
ington and British Columbia found a significant
difference between regions (F¼ 6.848, df¼ 2, P¼
0.0012). Average handling time of large Kelp
Crabs by Sea Otters in Washington was 41%
faster than Kelp Crab specialists in California (P
¼ 0.0211; Fig. 4B). There was no significant
difference in the average handling times of large
Kelp Crabs between specialists in California and
British Columbia otters (P ¼ 0.918).

Our analysis of the percent occurrence of Kelp
Crabs in all successful dives for each region

FIGURE 3. Average Sea Otter handling times of small (A) and large (B) Kelp Crabs (P. producta) by region. Kelp
Crab handling times for each region (California [CA], Washington [WA], and British Columbia [BC]) were
summarized into 2 groups based on the size of the Kelp Crab captured: ‘‘small’’ (prey sizes 1a, 1b, and 1c) and
‘‘large’’ (prey sizes 2a, 2b, 2c, and 3a). Sample sizes (number of Kelp Crab captures) for small Kelp Crab handling
times in British Columbia, California, and Washington were n¼ 220, n¼ 520, and n¼ 422, respectively. Sample
sizes for large Kelp Crab handling times in British Columbia, California, and Washington were n¼ 139, n¼ 245,
and n¼ 119, respectively. Error bars represent standard error. Average handling times of ‘‘small’’ (F¼ 33.66, df¼ 2,
P , 0.0001) and ‘‘large’’ (F ¼ 18.42, df ¼ 2, P , 0.0001) Kelp Crabs were compared using one-way ANOVAs.
Letters above bars correspond to statistically different groups. (BC ¼ British Columbia, CA ¼ California, WA ¼
Washington). The Kelp Crab silhouette was created by Carter Johnson.
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found that 12.8% (n¼ 468) of all dives made by
Sea Otters in Washington (n ¼ 3666 total), 9.2%
(n ¼ 427) of dives in British Columbia (n ¼ 4626
total), and 7.3% (n¼ 1461) of dives in California
(n ¼ 20,076) included at least one Kelp Crab.

Handling Time Comparison of Non-Kelp Crab Prey

Our handling-time comparisons of non-Kelp
Crab prey yielded few consistent patterns across
prey sizes and between regions. We found, when
we compared the handling times of Sea Otters
for Cancer Crabs (Fig. S1), a significant differ-
ence between groups in the average handling
time of small Cancer Crabs (F¼ 5.213, df¼ 2, P¼
0.0058), medium Cancer Crabs (F¼ 7.1, df¼ 2, P
¼ 0.0009), and large Cancer Crabs (F¼ 5.436, df¼
2, P ¼ 0.0049). Handling time of small Cancer
Crabs by Sea Otters in California was 32% faster
than Sea Otters in Washington (P¼ 0.0115), and
33% faster than Sea Otters in British Columbia (P
¼ 0.0141). However, average handling time of
medium Cancer Crabs by Sea Otters in Wash-
ington was 25% faster than for Sea Otters in
British Columbia (P ¼ 0.0007), and 18% faster

than Sea Otters in California (P ¼ 0.0295).
Similarly, average handling time of large Cancer
Crabs by Sea Otters in Washington was 53%
faster than for Sea Otters in California (P ¼
0.0037), and 52% faster than Sea Otters in British
Columbia (P¼ 0.0200). We also found when we
compared the average handling times of clams
(Fig. S2) that the average handling time of small
clams (F¼40.97, df¼2, P , 0.0001) by Sea Otters
in British Columbia was 60% faster than Sea
Otters in Washington (P , 0.0001), and 26%
faster than Sea Otters in California (P , 0.0001).
Average handling time of small clams by Sea
Otters in California was also 27% faster than for
Sea Otters in Washington (P ¼ 0.0004). Average
handling time of large clams (F¼ 3.753, df¼ 2, P
¼ 0.0236) was not significantly different between
Sea Otters in Washington and California (P ¼
0.165) or between Sea Otters in British Columbia
and Washington (P ¼ 0.961); however, average
handling time of large clams by Sea Otters in
British Columbia was 13% faster than California
(P ¼ 0.0171). Finally, we found when we
compared the average handling times of Razor

FIGURE 4. Average Sea Otter handling times of small (A) and large (B) Kelp Crabs (P. producta) by region,
comparing Kelp Crab handling times for all otters for British Columbia and Washington and only Kelp Crab
specialists from California. Kelp Crab handling times for each region (California [CA], Washington [WA], and
British Columbia [BC]) were summarized into 2 groups based on the size of the Kelp Crab captured: ‘‘small’’ (prey
sizes 1a, 1b, and 1c) and ‘‘large’’ (prey sizes 2a, 2b, 2c, and 3a). Sample sizes for small Kelp Crab handling times in
British Columbia, California, and Washington were n¼ 220, n¼ 204, and n¼ 422, respectively. Sample sizes for
large Kelp Crab handling times in British Columbia, California, and Washington were n¼139, n¼40, and n¼119,
respectively. Error bars represent standard error. Average handling times of ‘‘small’’ (F¼ 42.18, df¼ 2, P , 0.0001)
and ‘‘large’’ (F¼ 6.848, df¼ 2, P¼ 0.0012) Kelp Crabs were compared using one-way ANOVAs. Letters above bars
correspond to statistically different groups. (BC¼British Columbia, CA¼California, WA¼Washington). The Kelp
Crab silhouette was created by Carter Johnson.
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Clams (Fig. S3) that the average handling time of

small Razor Clams was 53% faster for Sea Otters

in Washington than in California (t¼ –2.5701, df
¼ 69.251, P ¼ 0.0123), and the average handling

time of large Razor Clams was 72% faster for Sea

Otters in Washington than in California (t ¼
–6.2197, df ¼ 108.7, P , 0.0001).

Kelp Crab Morphometrics

We collected a total of n ¼ 66 Kelp Crabs (P.
producta) of various sizes (10 to 62 mm) and

sexes (female n ¼ 28, male n ¼ 38) along the

Washington coast between Neah Bay and

Destruction Island and compared them to n ¼
50 Kelp Crabs (16 to 69 mm) collected by Oftedal

and others (2007) in California. Of the 4 models

fit to the morphometric data, the model that
estimated separate power function parameters a,
b, and r for Kelp Crabs from California and
Washington (6 parameters; Model 2, Fig. 5) had
the lowest AICc value (Table 2). The parameter
estimates (Table 3) for Model 2 found a greater
biomass-to-width ratio in Kelp Crabs from
Washington (a ¼ 0.00062, b ¼ 2.99094, r ¼
0.09220) than in Kelp Crabs from California (a
¼ 0.00103, b ¼ 2.80678, r ¼ 0.34113).

DISCUSSION

Our results suggest that Sea Otters in Wash-
ington may be specializing on Kelp Crabs, with
behavioral differences allowing them to con-
sume Kelp Crabs faster than Sea Otters in British
Columbia and California. This difference in
handling time may affect the understanding of
Washington’s Sea Otter population status.

The results of our Kelp Crab morphometric
analysis did not show that a difference in Kelp
Crab morphology is driving the handling time
difference for Sea Otters in Washington. Our
results suggest that Kelp Crabs from Washington
have a larger biomass than Kelp Crabs from
California of the same width. This higher
predicted biomass-to-width ratio in Kelp Crabs
from Washington was the opposite relationship
we would have expected if a difference in Kelp
Crab morphology was driving the difference in
Kelp Crab handling times by Sea Otters, because
higher biomass per width would not be expected
to result in faster average handling times. We
would expect that a crab with a greater biomass
and more tissue would take longer to process
than a crab with less biomass, even if both had
the same width. We found that there was more
variation in the biomass/width relationship for
Kelp Crabs from California sampled by Oftedal
and others (2007) than for Kelp Crabs from
Washington sampled in our study. Several
factors could explain this. Kelp Crabs can vary

TABLE 2. Summary of Kelp Crab morphometric power function model selection results. Models were compared
using the sample size corrected Akaike information criterion (AICc). Model parameters were estimated by
minimizing the negative log-likelihood (NLL) using the ‘‘optim’’ function from the R package ‘‘stats’’ (R Core
Team 2022).

Hypothesis NLL Parameters AICc DAIC wi, weight

Model 1 279.36 3 564.94 78.72 7.07E-18
Model 2 236.73 6 486.22 0.00 8.76E-01
Model 3 240.89 4 490.13 3.91 1.24E-01
Model 4 272.92 5 556.39 70.16 5.09E-16

FIGURE 5. Maximum likelihood estimate (MLE) of
the best-fit model of Kelp Crab morphometric data from
Washington (n¼ 66) and California (n¼ 50) Kelp Crabs
(P. producta), fit to data using an equation of the form
[biomass]¼a[width]b. The best fit model (Model 2, see
Table 2) treated California and Washington Kelp Crabs
as 2 independent populations and estimated using a, b,
and r for each population (6 total parameters).
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in size based on the type of habitat they occupy.
For example, individual Kelp Crabs (P. producta)
living in intertidal algae have been shown to be
smaller than individuals found in kelp forests
(Hultgren and Stachowicz 2010). Kelp Crabs
also, like other decapods, exhibit periodic
molting throughout their life cycle, ending their
growth after a terminal molt (Strathmann 1987),
so can vary in their morphology throughout
their life cycle. In the study by Oftedal and
others (2007), Kelp Crabs were collected over
multiple seasons, over a breadth of geographic
areas, and using several different methods,
whereas the Kelp Crabs in the present study
were collected over a shorter time span and from
only 3 locations (Fig. 1A). The range of timing
and location of collection by Oftedal and others
(2007) has the potential to introduce additional
variation in the sizes and masses of crabs that
were collected. Kelp Crabs from each region also
differed slightly in their size ranges, with Kelp
Crabs from California having maximum cara-
pace widths ranging from 16 to 69 mm (x̄¼ 37.3,
s ¼ 10.7 mm) and Kelp Crabs from Washington
ranging from 10 to 62 mm (x̄ ¼ 24.7, s ¼ 11.0
mm), and Kelp Crabs from California showing
higher variability at sizes above 30 mm (Fig. 3).
Although we observed higher variability in the
biomass/width relationship in Kelp Crabs from
California compared with Kelp Crabs from
Washington, the comparison of models with a
single shared r (Model 1 vs. Model 4), still
indicated that the better model was the one that
treated Kelp Crabs from California and Wash-
ington as distinct using 2 separate power
functions, suggesting that the variation in
biomass/width relationship in Kelp Crabs from
California alone did not account for California
and Washington being considered different
populations in the best-fit model. In other
words, despite the variability in the California

Kelp Crab biomass/width relationship, the
Washington and California populations were
still distinct enough from one another to drive
the best-fit model selection. Additionally, al-
though there were some differences in the timing
and location of collection, Kelp Crabs that we
collected in Washington can still be reasonably
compared to the Kelp Crabs collected by Oftedal
and others (2007) for our purposes, as collections
in both studies occurred in the same habitats
used by foraging Sea Otters.

Sea Otters typically eat small Kelp Crabs
whole, but often remove the carapace of large
Kelp Crabs before consuming the remainder of
the crab (Tinker, pers. obs.; Hale, pers. obs.). It is
therefore possible that a difference in the
proportion of ‘‘edible biomass’’, rather than total
biomass, could be the crucial difference between
Kelp Crabs in Washington and California,
leading to faster Kelp Crab handling times in
Washington. Oftedal and others (2007) estab-
lished a protocol of processing Kelp Crabs to
estimate edible biomass in which small crabs
(carapace , 4 cm) were weighed whole and
large crabs (carapace . 4 cm) had their carapace
removed before weighing, mimicking the typical
processing performed by a Sea Otter. In addition
to maximum carapace width, we also measured
the edible biomass of Kelp Crabs collected for
our study using the same method as Oftedal and
others (2007). However, Oftedal and others
(2007) only reported a single value for edible
biomass across all Kelp Crab sizes and did not
publish edible biomass data for different Kelp
Crab sizes. We were therefore unable to compare
edible biomass between the 2 populations. In
addition to biomass to width relationships, it is
assumed that Kelp Crabs in Washington have
the same energy content per mass as Kelp Crabs
in California, and therefore faster handling times
lead to increased energy intake rate estimates.

TABLE 3. Maximum likelihood estimates for parameters of 4 different models predicting wet mass from
carapace width of Kelp Crabs (Pugettia producta) in California and Washington. All models were based on a power
function of the form [biomass]¼a[width]b. The lognormal parameter r was used to calculate the negative log-
likelihood of each model.

Parameter a (coefficient) Parameter b (exponent) r (lognormal parameter)

global WA CA global WA CA global WA CA

Model 1 0.00112 –– –– 2.79405 –– –– 0.22521 –– ––
Model 2 –– 0.00062 0.00103 –– 2.99094 2.80678 –– 0.09220 0.34113
Model 3 0.00074 –– –– 2.93323 –– –– –– 0.09092 0.34534
Model 4 –– 0.00067 0.00326 –– 2.96503 2.48646 0.21337 –– ––
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Further research is needed to determine if
Washington Kelp Crabs are energetically equiv-
alent to California Kelp Crabs, and therefore if
the faster observed handling times translate into
increased energy intake rates as currently as-
sumed. Calorimetric analysis of Kelp Crabs from
Washington comparable to that of Oftedal and
others (2007) could shed light on whether faster
Kelp Crab handling times in Washington result
in higher energy intake rates.

Like any model, a number of assumptions are
made when estimating the energy-intake rates of
Sea Otters using foraging data, including as-
sumptions of equivalent prey items and Sea
Otter foraging behavior. Under these assump-
tions, the energy-intake rate estimates of Sea
Otters in Washington are up to a third higher
than expected based on the current population
growth rates and densities (Hale and others
2019). Given that energy-intake rates are a key
metric used to infer the status of a Sea Otter
population, a difference this large could have
significant implications for understanding Sea
Otter population regulation in Washington, as
high energy-intake rates but slow population
growth and low population density can indicate
that something other than resource abundance is
limiting a population, like top-down predation
(Tinker 2015). The energy-intake rates of other
Sea Otter populations from the Russian Com-
mander Islands to southern California have been
shown to vary consistently with Sea Otter
population density and population growth rate
(Tinker 2015). Typical energy-intake rates range
from 12 kcal min�1 to 21 kcal min�1 in recently
established and rapidly growing populations,
compared to energy-intake rates ranging from 7
kcal min�1 to 11 kcal min�1 in long established,
stable, or slowly increasing populations where
resource abundance is thought to be limiting
further growth (Tinker and others 2012; Tinker
2015; Coletti and others 2016). Meanwhile, Sea
Otter energy-intake rates in Washington de-
creased with increasing Sea Otter cumulative
density from approximately 28 kcal min�1 in
recently established and rapidly growing popu-
lations to approximately 16 kcal min�1 in long
established, stable or slowly increasing popula-
tions (Hale and others 2019).

The results of our comparison of Sea Otter
handling times of Kelp Crabs confirmed findings
in Hale and others (2019), where it was
documented that Sea Otters in Washington have

significantly faster average handling times for
both small and large Kelp Crabs than Sea Otters
in both California and British Columbia. With-
out the ability to confirm individual diet
specialization in Washington through observa-
tion of tagged Sea Otters, we instead compared
Sea Otter handling times of Kelp Crabs in
Washington to the handling times of known
Kelp Crab specialists in California, as a key
feature of individual diet specialization in Sea
Otters is a faster handling time of the specialists’
preferred prey (Tinker and others 2008, 2009).
When compared to Kelp Crab specialists in
California, handling times of small Kelp Crabs in
Washington were not significantly different and
were significantly faster than specialists in their
handling of large Kelp Crabs, suggesting that
diet specialization on Kelp Crabs may be
occurring in Washington’s Sea Otter population.
However, tagging and observing individual Sea
Otters is the only known way to measure
individual diet specialization, and currently the
Washington Sea Otter population does not
include any tagged individuals.

Individual diet specialization in Sea Otter
populations (Estes and others 2003; Tinker and
others 2008) is commonly observed in long-
established Sea Otter populations where in-
creased Sea Otter densities deplete preferred
prey types, leading individuals to specialize on
less-preferred species (Newsome and others
2015; Tinker and others 2012). Conversely,
population-level diet specialization occurs inde-
pendently of population density when bottom-
up changes in prey composition cause more
profitable prey types to suddenly become
available (Watt and others 2000; Smith and
others 2021). The population of Sea Otters in
Washington State has yet to reach its predicted
carrying capacity within much of its current
range (Hale and others 2022), suggesting that
prey abundance may not be a limiting factor for
the Washington population, and therefore that
individual diet specialization may not be driving
faster handling times of Kelp Crabs by Sea
Otters in Washington. Instead, population-level
specialization may be driving the observed
faster handling times in Washington. This
hypothesis is further supported by the fact that
faster Sea Otter handling times of Kelp Crabs
were observed in both 1993–1999 and 2010–2017
(Hale and others 2019), two time periods with
different population statuses. Species diversity
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of benthic communities decreases at higher
latitudes (Witman and other 2004), suggesting
that available prey for Sea Otters in Washington
may be less diverse than for Sea Otters in
California. If Kelp Crabs are sufficiently abun-
dant in Washington and there are fewer alterna-
tive prey items than in other areas, Sea Otters
that would typically take advantage of a range
of prey items will instead turn to Kelp Crabs in
higher proportions than in areas where there is
greater prey diversity, such as California. Stable
isotope analysis of Sea Otter whiskers during a
time where Sea Otter density was below the
expected carrying capacity in Washington
showed higher individuality in diet than in
regions with similarly low Sea Otter density
(Newsome and others 2015), suggesting that Sea
Otters in Washington may exhibit characteristics
of individual specialization despite not being
close to carrying capacity.

To explore whether Kelp Crabs are more
abundant in Washington, we examined the
percent occurrence of Kelp Crabs in all success-
ful dives for each region and found that 12.8% of
all dives made by Sea Otters in Washington
included at least one Kelp Crab, compared to
9.2% of dives in British Columbia and 7.3% of
dives in California. Additionally, when examin-
ing all dives in which Kelp Crabs were captured,
Washington Sea Otters had a higher proportion
of multi-capture dives (61%) compared to Sea
Otters in British Columbia (33%) and California
(12%). Although these analyses do not replace a
formal survey of Kelp Crab abundance, they do
suggest that Kelp Crabs may be more abundant
where Sea Otters forage in Washington than in
British Columbia or California. If this is the case,
Sea Otters in Washington may encounter Kelp
Crabs more frequently, allowing them to in-
crease their efficiency at handling Kelp Crabs,
resulting in population-level specialization of
Kelp Crabs in Washington. Subtidal SCUBA
surveys have been conducted on the Washington
coast (Shelton and others 2018; Kvitek and
others 1989, 1998, 2000), but Kelp Crabs are
observed at very low densities and are likely
underrepresented in these surveys. Typically,
only conspicuous prey are counted during
SCUBA surveys, thus cryptic prey such as Kelp
Crabs may be overlooked (Kvitek and others
1998; Shelton and others 2018). This may be
especially true for Kelp Crabs (Pugettia spp.), as
Kelp Crabs inhabit and consume several differ-

ent species of algae and sequester pigment from
the algae they consume in order to camouflage
themselves (Hultgren and Stachowitz 2010).
Kelp Crabs therefore have a three-dimensional
distribution in which they are available to Sea
Otters (Ostfeld 1982), most of which is not
included in quadrat and transect SCUBA sur-
veys. As a result, we are not able to robustly
investigate how the abundance of Kelp Crabs
may be related to Sea Otter handling efficiency
of Kelp Crabs in Washington.

In general, our handling time comparisons of
non-Kelp Crab prey yielded no consistent
patterns across all prey sizes or between regions.
One pattern that we did observe was in the
average handling times of Cancer Crabs, where
Sea Otters in Washington exhibited faster aver-
age handling times than Sea Otters in California
or British Columbia of medium and large Cancer
Crabs, but were not faster in their handling of
small Cancer Crabs. Although the faster han-
dling was not consistent across all sizes of
Cancer Crabs, this pattern may suggest a
conflation of behavior, in which a learned ability
to handle Kelp Crabs (a prey item morpholog-
ically similar to Cancer Crabs) faster is leading to
faster handling times in some size classes of
Cancer Crabs for Sea Otters in Washington. We
also observed a pattern in the handling times of
Razor Clams, in which average handling times
in Washington were 53% faster than in Califor-
nia for small Razor Clams and 72% faster for
large Razor Clams. One possible explanation for
this pattern is that the foraging data that we
collected for Washington (2015–2018) coincided
with exceptionally high Razor Clam recruitment
(Hale 2022), increasing the availability of Razor
Clams to Sea Otters, potentially leading to
population-level specialization and faster subse-
quent handling times. However, despite these
handling-time differences, Razor Clams are not a
common prey item outside of the sandy habitat
on the southern portion of the Washington coast,
suggesting that the faster handling of Razor
Clams by Sea Otters in Washington would not
have as large of an impact on population-wide
foraging analysis than the difference in handling
times of Kelp Crabs that are a ubiquitous prey
item.

Our comparison of Kelp Crab handling times
by Sea Otters in Washington and Kelp Crab
specialist Sea Otters in California found that Sea
Otters in Washington had significantly faster
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handling times (64.7 s) than Kelp Crab special-
ists (91.6 s) for large Kelp Crabs. This result was
unexpected given that Sea Otters in Washington
exhibited similar handling times to California
Kelp Crab specialists for small crabs. A possible
explanation for this is that Sea Otters in
California may encounter large Kelp Crabs less
frequently, spending more time on each individ-
ual large crab than a Sea Otter in Washington
might. However, when we examined all foraging
dives with at least 1 Kelp Crab, regardless of
proportion consumed, this did not appear to be
the case. We found that Sea Otters in California
captured a higher proportion of large crabs (39%
large) than Sea Otters in Washington (21% large),
but a similar proportion of large crabs in British
Columbia (38% large). Though these percentages
only represent the size occurrences of captured
Kelp Crabs and not necessarily the size distri-
bution of the Kelp Crab populations, it does not
suggest that Sea Otters in California encounter
large Kelp Crabs less frequently than Sea Otters
in Washington.

Although it is entirely possible that Sea Otters
in Washington are experiencing higher than
expected energy-intake rates than other regions,
it is important to examine other factors that
could be causing the faster handling times but
that may not affect the true energy-intake rates.
One possible explanation for the faster handling
times is that Sea Otters in Washington are not as
thorough when handling Kelp Crabs as Sea
Otters in other regions. Sea Otter foraging
observation protocols attempt to correct for
obviously unfinished prey items, with observers
visually estimating the proportion of each item
that was uneaten (Kvitek and others 1998; Laidre
and Jameson 2006; Tinker and others 2008). Our
handling time estimates were limited to dives for
which the observer recorded ‘‘no portion uneat-
en’’; however, subtle differences in the propor-
tion of meat extracted from the carapace may be
difficult to reliably determine using current
methods. Along the Washington coast, the 40-
m depth contour (considered to be usable Sea
Otter foraging habitat) extends as much as 15
km offshore, but the maximum viewing distance
of spotting scopes averages approximately 1 km
(Hale and others 2019). With usable Sea Otter
foraging habitat extending past the viewable
distance of a spotting scope, it is likely that our
ability to accurately record subtle characteristics
of Sea Otter foraging behavior is limited to

nearshore habitats and likely decreases with
distance from shore. Future research that more
closely examines Sea Otter behavior when
processing Kelp Crabs through video analysis
and observation of captive otters could address
the possibility that the handling time anomaly is
coming from behavioral differences that cannot
be easily observed from shore.

Context-specific differences in prey handling
behavior are one of the central predictions of
theoretical models collectively known as ‘‘opti-
mal foraging theory’’ (Stephens and Krebs 1986).
For example, for a Sea Otter handling a
particular prey item there may be a point where
it is more energetically beneficial to terminate
handling and begin searching for another prey
item than extract a diminishing amount of meat
from the current item. Consistent with this
prediction, Southern Sea Otters in California
that occur in low-density populations (for
example, San Nicolas Island), where food is not
limiting, have been observed consuming prey
items less efficiently, leaving a larger proportion
uneaten (Tinker and others 2008; Tinker, pers.
obs.). Similarly, groups of Sea Otters in British
Columbia have exhibited the same behavior
upon arriving to a previously unoccupied site
(Foster, personal obs.). Based on these observa-
tions, if Sea Otters in Washington encounter
Kelp Crabs more frequently than Sea Otters in
other regions, they may be consuming Kelp
Crabs less thoroughly, reducing the overall
handling time. However, this hypothesis would
require further exploration using different meth-
ods, as the current field protocol is unable to
distinguish such subtle differences in prey
consumption.

In this study we were able to explore several
possible explanations for the faster observed
Kelp Crab handling times by Sea Otters in
Washington, an anomaly shown to have a strong
influence on the estimated energy-intake rates of
Washington’s Sea Otter population (Hale and
others 2019). Our results suggest that a differ-
ence in Kelp Crab morphology is unlikely to be
driving the faster observed handling times, and
instead that population-level specialization on
Kelp Crabs may be reducing the handling time
of Kelp Crabs across the Washington Sea Otter
population. Currently, the accepted Sea Otter
foraging model (SOFA) assumes that Sea Otter
foraging behavior and prey are independent of
region, however our results suggest that there
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can be significant geographic variability in
foraging behavior. Our results also suggest that
there may be geographic variation in Kelp Crab
morphology, evidence that supports the devel-
opment of more regionally specific foraging
models. Future work towards creating more
regionally specific foraging models as well as the
use of multiple metrics—both population and
foraging models—to make inferences about Sea
Otter population status will improve the under-
standing of Sea Otter population dynamics and
provide insight to aid in management of the
species throughout their range.

ACKNOWLEDGEMENTS

We would like to thank A Friel and Olympic Coast

National Marine Sanctuary for providing us with boat

access to study sites; T Branch for statistical guidance;

and A Van Hemmen, A Witt, A Northey, C Phelan, A

Olsen, and C Hempstead for their assistance in the field

collecting Sea Otter foraging data. We would also like to

thank PS McDonald, G Jensen, and J Wittuock for their

help with the project. Funding for this project was

provided by the University of Washington School of

Aquatic and Fishery Sciences. Kelp Crabs were collected

under Washington Department of Fish and Wildlife

permits 17-343a and 18-271 held by JR Hale. Sea Otter

foraging observations in Washington by JR Hale were

made under a Memorandum of Agreement with the

Makah Tribe (permit numbers 2015-17 and 2016-12) and

under National Park Service Scientific Research Study

number OLYM-00048; observations in British Columbia

by EU Foster were made under Parks Use Permit

107314, Fisheries and Oceans Canada License XMM-9-

2015, and the University of Victoria Animal Care Permit

AUP2017-007; observations in California were made

under USFWS permit MA672624-19.

LITERATURE CITED

BENGTSON JL, LAWS RM. 1985. Trends in Crabeater Seal

age at maturity: An insight into Antarctic marine

interactions. In: Siegfried WR, Condy PR, Laws

RM, editors. Antarctic nutrient cycles and food

webs. Berlin, Heidelberg: Springer. p 669–675.

https://doi.org/ 10.1007/978-3-642-82275-9_93.

COLETTI HA, BODKIN JL, MONSON DH, BALLACHEY BE,

DEAN TA. 2016. Detecting and inferring cause of

change in an Alaska nearshore marine ecosystem.

Ecosphere 7(10): e01489.

*COLLINS KS. 2021. Ennucula mirifica. PhyloPic. http://

phylopic.org/image/68f6bb16-1671-4648-8fd8-

8b378f2e54e0.

DEAN TA, BODKIN JL, FUKUYAMA AK, JEWETT SC, MONSON

DH, O’CLAIR CE, VANBLARICOM GR. 2002. Food
limitation and the recovery of Sea Otters following
the ‘‘Exxon Valdez’’ oil spill. Marine Ecology
Progress Series 241:255–270.

ESTES JA, DUGGINS DO. 1995. Sea Otters and kelp forests
in Alaska: Generality and variation in a community
ecological paradigm. Ecological Monographs
65:75–100.

ESTES JA, PALMISANO JF. 1974. Sea Otters: Their role in
structuring nearshore communities. Science
185:1058–1060.

ESTES JA, JAMESON RJ, RHODE EB. 1982. Activity and prey
election in the Sea Otter: Influence of population
status on community structure. American Natural-
ist 120:242–258.

ESTES JA, RIEDMAN ML, STAEDLER MM, TINKER MT, LYON

BE. 2003. Individual variation in prey selection by
Sea Otters: Patterns, causes and implications.
Journal of Animal Ecology 72:144–155.

ESTES JA, HATFIELD BB, RALLS K, AMES J. 2006. Causes of
mortality in California Sea Otters during periods of
population growth and decline. Marine Mammal
Science 19:198–216.

*EYSTER HN. 2021. Metacarcinus magister. PhyloPic.
http://phylopic.org/image/604d2670-7bf3-4543-
b8e3-fbf8e370a530.

FOWLER CW. 1990. Density dependence in Northern Fur
Seals (Callorhinus ursinus). Marine Mammal Science
6:171–195.

FRIE AK, STENSON GB, HAUG T. 2012. Long-term trends
in reproductive and demographic parameters of
female Northwest Atlantic Hooded Seals (Cysto-
phora cristata): Population responses to ecosystem
change? Canadian Journal of Zoology 90:376–392.

GARSHELIS DL, GARSHELIS JA, KIMKER AT. 1986. Sea Otter
time budgets and prey relationships in Alaska.
Journal of Wildlife Management 50:637–647.

HALE JR. 2022. Foraging ecology and population
dynamics of Northern Sea Otters (Enhydra lutris
kenyoni) in Washington State [dissertation]. Seattle,
WA: University of Washington. 221 p.

HALE JR, LAIDRE KL, TINKER MT, JAMESON RJ, JEFFRIES SJ,
LARSON SE, BODKIN JL. 2019. Influence of occupation
history and habitat on Washington Sea Otter diet.
Marine Mammal Science 35:1369–1395.

HALE JR, LAIDRE KL, JEFFRIES SJ, SCORDINO JJ, LYNCH D,
JAMESON RJ, TINKER MT. 2022. Status, trends, and
equilibrium abundance estimates of the translocat-
ed Sea Otter population in Washington State.
Journal of Wildlife Management 86:e22215.

HESSING-LEWIS M, RECHSTEINER EU, HUGHES BB, TINKER

MT, MONTEITH ZL, OLSON AM, HENDERSON MM,
WATSON JC. 2018. Ecosystem features determine
seagrass community response to Sea Otter forag-
ing. Marine Pollution Bulletin 134:134–144.

HULTGREN KM, STACHOWICZ, JJ. 2010. Size-related habitat
shifts facilitated by positive preference induction in*Unpublished

62 NORTHWESTERN NATURALIST 104(1)

Downloaded From: https://bioone.org/journals/Northwestern-Naturalist on 02 Aug 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by National Oceanic and Atmospheric Administration Central Library



a marine Kelp Crab. Behavioral Ecology 21:329–
336.

JAMESON RJ, KENYON KW, JOHNSON AM, WIGHT HM.
1982. History and status of translocated Sea Otter
populations in North America. Wildlife Society
Bulletin 10:100–107.

KENYON K. 1969. The Sea Otter in the Eastern Pacific
Ocean. North American Fauna 68:1–352.

KVITEK RG, SHULL S, CANESTRO D, BOWLBY EC, TROUTMAN

BL. 1989. Sea Otters and benthic prey communities
in Washington State. Marine Mammal Science
5:266–280.

KVITEK RG, IAMPIETRO P, BOWLBY CE. 1998. Sea Otters
and benthic prey communities: A direct test of the
Sea Otter as keystone predator in Washington State.
Marine Mammal Science 14:895–902.

*KVITEK RG, IAMPIETRO PJ, THOMAS K. 2000. Quantitative
assessment of Sea Otter benthic prey communities
within the Olympic Coast National Marine Sanc-
tuary: 1999 re-survey of 1995 and 1985 monitoring
stations. Final report to the Olympic Coast National
Marine Sanctuary. https://www.academia.edu/
47524722/Quantitative_Assessment_of_Sea_Otter_
Benthic_Prey_Communities_Within_the_Olympic_
Coast_Nat ional_Marine_Sanctuary_1999_
Resurvey_of_1995_and_1985_Monitoring_Stations.

LAIDRE KL, JAMESON RJ. 2006. Foraging patterns and
prey selection in an increasing and expanding Sea
Otter population. Journal of Mammalogy 87:799–
807.

NEWSOME SD, TINKER MT, GILL VA, HOYT ZN, DOROFF A,
NICHOL L, BODKIN JL. 2015. The interaction of
intraspecific competition and habitat on individual
diet specialization: A near range-wide examination
of Sea Otters. Oecologia 178:45–59.

*OFTEDAL OT, RALLS K, TINKER MT, GREEN A. 2007.
Nutritional constraints on the southern Sea Otter in
the Monterey Bay National Marine Sanctuary and a
comparison to Sea Otter populations at San Nicolas
Island, California and Glacier Bay, Alaska. Monte-
rey Bay National Marine Sanctuary. 225 p. Avail-
able from SIMoN, 99 Pacific Street, Building 455,
Monterey, CA 93940.

OSTFELD RS. 1982. Foraging strategies and prey
switching in the California Sea Otter. Oecologia
53:170–178

R CORE TEAM. 2022. R: A language and environment for
statistical computing. Vienna, Austria.

RECHSTEINER EU, WATSON JC, TINKER MT, NICHOL LM,
MORGAN HENDERSON MJ, MCMILLAN CJ, DEROOS M,
FOURNIER MC, SALOMON AK, HONKA LD, DARIMONT

CT. 2019. Sex and occupation time influence niche
space of a recovering keystone predator. Ecology
and Evolution 9:3321–3334.

RIEDMAN ML, ESTES JA. 1990. The Sea Otter (Enhydra
lutris): Behavior, ecology, and natural history.
Washington, DC: US Fish and Wildlife Service.
126 p.

SHELTON AO, HARVEY CJ, SAMHOURI JF, ANDREWS KS,
FEIST BE, FRICK KE, TOLIMIERI N, WILLIAMS GD,
ANTRIM LD, BERRY HD. 2018. From the predictable
to the unexpected: Kelp forest and benthic inverte-
brate community dynamics following decades of
Sea Otter expansion. Oecologia 188:1105–1119.

SMITH JG, TOMOLEONI J, STAEDLER M, LYON S, FUJII J,
TINKER MT. 2021. Behavioral responses across a
mosaic of ecosystem states restructure a Sea Otter–
urchin trophic cascade. Proceedings of the National
Academy of Sciences of the United States of
America 118:e2012493118.

STEPHENS DW, KREBS JR. 1986. Foraging theory. Prince-
ton, NJ: Princeton University Press. 247 p.

STRATHMANN MF. 1987. Reproduction and development
of marine invertebrates of the Northern Pacific
Coast: Data and methods for the study of eggs,
embryos, and larvae. Seattle, WA: University of
Washington Press. 682 p.

TINKER MT. 2004. Sources of variation in the foraging
behavior and demography of the Sea Otter, Enhydra
lutris [dissertation]. Santa Cruz, CA: University of
California, Santa Cruz. 180 p.

TINKER MT. 2015. The use of quantitative models in Sea
Otter conservation. In: Larson SE, Bodkin JL,
VanBlaricom GR, editors. Sea Otter conservation.
Academic Press. p 257–300.

TINKER MT, COSTA DP, ESTES JA, WIERINGA N. 2007.
Individual dietary specialization and dive behav-
iour in the California Sea Otter: Using archival
time–depth data to detect alternative foraging
strategies. Deep Sea Research Part II: Topical
Studies in Oceanography 54:330–342.

TINKER MT, BENTALL G, ESTES JA. 2008. Food limitation
leads to behavioral diversification and dietary
specialization in Sea Otters. Proceedings of the
National Academy of Sciences of the United States
of America 105:560–565.

TINKER MT, MANGEL M, ESTES JA. 2009. Learning to be
different: Acquired skills, social learning, frequen-
cy dependence, and environmental variation can
cause behaviourally mediated foraging specializa-
tions. Evolutionary Ecology Research 11:841–869.
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FIGURE S1. Sea Otter handling times of small (left column), medium (center column), and large (right column)
Cancer Crabs (Metacarcinus magister, Cancer productus, and Cancer spp.) in Washington (WA), California (CA), and
British Columbia (BC). Cancer Crab size groups were defined using the Sea Otter foraging observation method of
estimating prey size relative to Sea Otter paw width where ‘‘small’’ Cancer Crabs are �1 Sea Otter paw width,
‘‘medium’’ Cancer Crabs are .1 Sea Otter paw width, but ,2 paw widths, and ‘‘large’’ Cancer Crabs are .3 Sea
Otter paw widths. Vertical dashed lines represent average handling time. Sample sizes for small Cancer Crab
handling times in Washington, California, and British Columbia were n¼ 161, n¼ 111, and n¼ 124, respectively;
medium Cancer Crabs were n¼ 235, n¼ 264, and n¼ 266, respectively; and large Cancer Crabs were n¼ 36, n¼
176, and n¼ 57, respectively. The Cancer Crab silhouettes are from Eyster (2021), unaltered.
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FIGURE S2. Sea Otter handling times of small (left column) and large (right column) clams (Saxidomus
giganteana and unidentified clams) in Washington (WA), California (CA), and British Columbia (BC). Clam size
groups were defined using the Sea Otter foraging observation method of estimating prey size relative to Sea Otter
paw width where ‘‘small’’ clams are �1 Sea Otter paw width and ‘‘large’’ clams are .1 Sea Otter paw width.
Vertical dashed lines represent average handling time. Sample sizes for small clam handling times in Washington,
California, and British Columbia were n ¼ 178, n ¼ 363, and n ¼ 3595, respectively. Sample sizes for large clam
handling times in Washington, California, and British Columbia were n¼ 211, n¼ 224, and n¼ 1896, respectively.
The clam silhouettes are from Collins (2021), unaltered.
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FIGURE S3. Sea Otter handling times of small (left column) and large (right column) Razor Clams (Siliqua patula)
in Washington (WA) and California (CA). Razor Clam size groups were defined using the Sea Otter foraging
observation method of estimating prey size relative to Sea Otter paw width where ‘‘small’’ razor clams are ,1 Sea
Otter paw width, and ‘‘large’’ Razor Clams are .1 paw width. Vertical dashed lines represent average handling
time. Sample sizes for handling times of small Razor Clams in Washington and California were n¼645 and n¼69,
respectively. Sample sizes for handling times of large Razor Clams in Washington and California were n¼623 and
n¼ 103, respectively.
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