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Abstract

As preferred prey become scarce, theory suggests that predator per-capita consumption
rates decline and predator diets diversify. As a keystone predator, sea otters (Enhydra
lutris) are known to have remarkable impacts on their macroinvertebrate prey, however,
variation in the magnitude of these effects through time remain less well known. Using a
space-for-time substitution, we quantified sea otter foraging behaviour at 5 rocky reef
sites that fell along a gradient in otter occupation time (0.1-33 years) on British
Columbia, Canada’s central coast. As site occupation time increased, sea otters
targeted increasingly smaller, more diverse macroinvertebrate prey suggesting the serial
depletion of preferred to less valuable prey. We found strong evidence that urchin
density and occupation time were important drivers of sea otter per-capita consumption
rates on urchins, strongly interacting rocky reef herbivores, well known to drive the
distribution and abundance of kelps. In addition, there was greater strength of evidence
for prey-dependent over predator-dependent functional response models of sea otter
consumption of urchins. These results have implications for nearshore productivity,
commercial and subsistence shellfish fisheries and balancing the trade-offs inherent to

ecosystem-based management.

Keywords: sea otters; predator-prey interactions; central coast of B.C.; sea otter
occupation time; functional response; model selection
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1. Introduction

Mounting evidence suggests that the extirpation and subsequent recovery of top
predators has altered the historical abundance of prey populations and caused major
shifts in ecosystems worldwide (Frank et al. 2005, Estes et al. 2011, Ripple et al. 2014).
Therefore the conservation and management of such ecosystems depends, in large
part, on our ability to understand the ecological dynamics of top predators and the nature
and strength of their trophic interactions (Soulé et al. 2005, Chadés et al. 2012). Here,
we document the foraging behaviour of a recovering population of northern sea otters
(Enhydra lutris kenyoni) and quantify the factors driving their per-capita consumption
rates on sea urchins (Mesocentrotus spp. was Strongylocentrotus spp.) in a high latitude
rocky reef ecosystem. Sea otters are capable of reducing the abundance and size of
their shellfish prey (Breen et al. 1982, Kvitek et al. 1992, Watson and Smith 1996), many
of which are commercially valuable and important as traditional food for First Nations,
while simultaneously facilitating kelp growth and survivorship through their consumption
of benthic herbivores (Estes and Palmisano 1974, Estes and Duggins 1995). Thus the
recovery of this keystone predator can create complex ecological and social trade-offs,
highlighting the need to quantify and forecast the strength and timing of sea otter-prey

interactions.

Evaluating Predator-Prey Interactions

A predator’s effect on ecological communities is not only a function of its
abundance but its per-capita interaction strength (Paine 1969, 1980, Power et al. 1996).
The per-capita impact of a predator can be influenced by predator and prey densities
(Holling 1959, Arditi and Ginzburg 1989, Abrams 2001), the presence of alternative prey
(Murdoch 1969) and environmental factors (Sanford 1999). Investigating a predator’s
rate of prey consumption in relation to prey density, the functional response (Solomon
1949), is an essential starting point for evaluating the strength of predator-prey
interactions and determining the stability of predator-prey systems (Abrams and

Ginzburg 2000). Holling (1959) first classified the functional response of a predator with



three basic types (Type |, Type Il and lll), each describing the extent to which the
number of prey eaten per predator per unit time changes with prey density. These
alternative models differ in how prey encounter rates and handling time vary with prey
density and reflect differences in predators such as learning behaviour, whereby above a
certain density of prey, predators will increase consumption of that prey. Additional
models have been proposed based on the notion that predator density can also
influence per-capita consumption rates and have been classified as predator-dependent,
when the response is a function of both prey and predator populations (e.g. Beddington
1975; DeAngelis et al. 1975), and ratio-dependent, when the response depends on the
specific ratio of prey to predator populations (e.g. Arditi and Ginzburg 1989). As
predators try to maximize net energy gained from prey (Stephen and Krebs 1986),
changes in the availability of high-value prey (easily captured, calorically-rich) and the
presence of conspecifics are likely to exert strong influence on prey choice. Furthermore,
optimal foraging theory suggests that predators should select a wider diversity of prey
items as high-value prey resources become depleted (Schoener 1971). While these
predictions are not widely tested on marine mammal populations, the feeding habits of
sea otters, a keystone predator in temperate rocky reef ecosystems, can vary greatly

and appear to depend on prey availability (Ostfeld 1982, Tinker et al. 2008).

Sea Otter Foraging Behaviour

Throughout their range, sea otters typically forage in subtidal rocky reef habitats
but have also been known to frequent soft-bottom environments as well as feed at high
tide on intertidal prey (Riedman and Estes 1990). Although sea otters consume a large
variety of benthic marine invertebrates, empirical evidence from California suggests that
sea otters exhibit different feeding habits at short versus long established sites in
response to changes in abundance of their dominant prey (Tinker et al. 2008). At newly
occupied sites, sea otters often target prey items that are large, energy-rich and
abundant such as sea urchins (Estes et al. 1982, Ostfeld 1982, Laidre and Jameson
2006). At longer occupied sites, reduction in the size and abundance of sea urchins has
been accompanied by a dietary shift and the selection of a wider array of prey items at
the population level (Kvitek et al. 1993, Tinker et al. 2008) suggesting that resource
availability, driven by sea otters themselves (Estes et al. 1982, Watt et al. 2000), affects

differences in sea otter foraging behaviour at recent versus long-established sites. The



recovery of this keystone species in temperate rocky reef ecosystems provides a unique
opportunity to test predictions from foraging theory and evaluate predator-prey dynamics

across a range of prey densities, environmental conditions and stages of occupation.

Research Questions

The goal of this research was to examine sea otter feeding behaviour across a
gradient of sites varying in sea otter occupation time. By directly observing sea otters we
aimed to improve our predictions of otter-prey interactions, and start to illuminate when,
where and how changes in prey selection and sea urchin depletion might occur as these
predators recolonize rocky reef ecosystems. Specifically, we asked three questions:
(1) How do sea otter diets and prey size vary with occupation time? (2) What factors
best predict sea otter per-capita consumption rates on sea urchins? (3) What is the
strength of evidence for alternative mechanistic models of sea otter per-capita
consumption rates on sea urchins and how do consumption rates vary as a function of

sea urchin density and sea otter occupation time?

Predictions

We hypothesized that sea otter occupation time would be an important factor in
determining sea otter consumption rates on prey. Based on previous studies (Estes et
al. 1982, Ostfeld 1982, Tinker et al. 2008) we hypothesized that as sea otter occupation
time increases, sea otters would drive down the abundance of sea urchins making them
more difficult to find and less likely to be eaten by otters. This would result in reduced
per-capita consumption rates on sea urchins by sea otters and increased diet
diversification at the population level. At the same time, size-selective foraging by sea
otters would drive down the size of prey available at longer occupied sites and result in a
greater proportion in the diet of smaller, less calorie-rich prey items such as chitons
(Salomon et al. 2007) and intertidal mussels (Singh et al. 2013). Thus, we predicted that
the length of sea otter occupation at a site may also have implications for intertidal (i.e.
mussels, crabs) versus subtidal (i.e. sea urchins) foraging. Furthermore, since sea otters
appear to be able to alter their feeding habits and switch to alternative prey items as sea

urchins drop to low densities (Ostfeld 1982, Tinker et al. 2008) we hypothesized that



otters would exhibit a type Il functional response which reflects the ability of predators to

learn how to search for, attack and capture different prey types (Holling 1959).



2. Methods

Study Area

We quantified sea otter foraging behaviour on the central coast of British
Columbia (B.C.), Canada during the summer of 2013 (Fig. 1AB). Sea otters were first
officially recorded in this region in 1989 (BC Parks 1995), although local observations of
rafts were made 10 years earlier (E. White, pers. comm). Sea otters on the central coast
of B.C. appear to be descendents of otters that were intentionally translocated from
Alaska to the west coast of Vancouver Island in the early 1970s (Nichol 2007). Between
1990 and 2008, the central B.C. coast population increased at a rate of 11.4% per year
(Nichol et al. 2009), expanding its range northwards and southwards from Goose Island.
This population is currently estimated at approximately 1000 individuals based on the
2013 Fisheries and Oceans Canada (DFO) sea otter survey (Nichol et al. in prep) and
occupies exposed coastal areas characterized by a mosaic of rocky reef and sheltered

soft sediment habitats.

Study Design

To determine how sea otter foraging behaviour varied with the length of time a
site had been occupied by sea otters (hereafter ‘sea otter occupation time’), we exploited
a spatial gradient in sea otter re-establishment. We observed sea otters foraging at five
sites varying from 0.1 to 33 years of occupation time (Fig. 1C). In this space for time
substitution, we used raft presence (n= 3 individuals) as our criterion for occupation.
Occupation time was estimated based on systematic sea otter surveys starting in 1990
and conducted most recently in 2013 by DFO and the Heiltsuk Integrated Resource
Management Department (HIRMD) (for detailed survey methods see Nichol et al. 2009).
The first year of occupation for each site was determined by the sighting of at least one
raft within a three nautical miles (nm) radius of each site. Sites were separated by more

than 8 nm. We assumed that sea otters did not travel between sites during the 1 month



study period and thus we did not observe the same animal at different sites. In addition,
all rocky reef sites were flanked by soft sediment habitat at approximately 18m depth
and may have had intrusions of soft sediment habitat interspersed between what was

mostly contiguous rocky reef.

Sea Otter Foraging Observations

To quantify variation in sea otter foraging behaviour across sites, we recorded
sea otter sex, foraging success, prey type, prey size, prey-specific handling time, and
dive and surface intervals following previously developed focal animal sampling methods
(Estes et al. 1981, Doroff and Bodkin 1994, Bodkin 2001). Specifically, individual
animals were observed from shore using 10x binoculars and a 50-80x Questar
telescope, at a distance of no more than 800m from the observer. Distances were
estimated from Navionics 2012 navigation charts. A focal animal was observed over a
sequence of foraging dives and surface intervals for as long as the animal continued to
forage or until it disappeared from view. This constituted a ‘foraging bout’ (Calkins 1978)
(Fig. S1). A foraging dive was classified as successful if one or more prey items were
captured and brought to the surface for consumption, unsuccessful if no prey item was
captured, or unknown when the observer could not determine the outcome. On each
successful dive we identified prey to the lowest taxonomic level possible. Prey size was
visually estimated based on the maximum length of prey relative to the width of a sea
otter’'s paw (Tinker 2004) (Table S1).

At the beginning of each foraging bout, Beaufort sea state was recorded on a
scale of 0-6 using WDCS Shorewatch reference sheet (2013) to approximate sea
conditions. Poor sea conditions may affect an animal’s ability to forage successful and/or
add to potential observer error. Tidal height (m above Lowest Low Water) was also
recorded at the beginning of each foraging bout. Data were collected during daylight

hours and all tidal heights.

Sea Otter and Sea Urchin Density Estimates

We estimated sea otter and sea urchin density at each study site. We counted

the number of sea otters up to 800 m from shore once at the beginning and once at the



end of each observation day. Given variation in the geography of the area and presence
of islands that blocked line of sight, observation areas varied between ~0.3-1 km?. Sea
otter densities were obtained by dividing the maximum number of otters observed each
day by the observation area. Sea urchin density and size were estimated in subtidal
rocky reef habitat (3-18m below chart datum) at each of the five study sites during July
2013 (Demes et al. in prep). At each study site, sea urchins were measured and counted
to the nearest centimetre in 18 randomly stratified 1 x 1m quadrats.

Statistical Analysis
Sea otter foraging behaviour —

We quantified variation in sea otter sex, dive and surface intervals, foraging
success, diet composition, prey species richness and diversity, prey size, and per-capita
consumption rates on sea urchins as a function of sea otter occupation time. Dive and
surface interval times were gquantified by averaging across all successful dive and post-
dive surface intervals at a site for comparison between study sites. Prey capture success
was calculated as the total percentage of dives resulting in successful prey capture,

across all dives, at each study site.

Prey selection and diet composition — To compare sea otter diet composition
across sites varying in occupation time we measured the proportion of each prey type
consumed by sea otters on successful foraging dives. We then averaged the proportion
of prey types across all sea otters at a site. To investigate the degree to which sea otter
diet diversity varied at each site, we calculated species richness (# of species) and the
Shannon-Weiner index (Shannon and Weaver 1949), a measure that incorporates both
species richness and evenness: H' = -Z p; In p;, with H’ being the diversity index for the

diet of the population, and p; being the relative proportion of prey item i in the diet.

Prey size — Based on an average sea otter paw width of approximately 5.2cm
(Bodkin et al. 2010), we were able to calculate prey sizes using the maximum size of
each prey category (Table S1). We then calculated the mean prey size consumed by

each otter to explore prey size distributions across sites.



Per capita consumption rates on sea urchins — Sea otter per-capita consumption
rates on sea urchins were calculated as the number of urchins consumed over the entire
series of foraging dives that comprised a foraging bout, divided by the total duration of
the bout including all dive and surface interval times for each sea otter. Each sea otter
was considered an independent sample and the smallest sample unit for statistical

analysis.

Factors affecting sea otter per-capita consumption rates on sea urchins —

Because sea urchins are an easily identifiable prey item and are an ecologically
dominant grazer, we chose to assess the effect of various factors on sea otter per-capita
consumption rates on sea urchins with generalized linear models using the MASS
package in R (Venables and Ripley 2002). Specifically, we quantified the extent to which
sea otter occupation time, sea urchin density, sea otter density, sea otter sex, tidal
height and Beaufort sea state influenced sea otter consumption rates on sea urchins.
We assessed potential correlation between predictors using Spearman’s Rank
correlation coefficient (p) and Pearson’s correlation coefficient (r) and only included
predictor variables in model sets where p and r were < |0.5| (Booth et al. 1994, Zuur et
al. 2009) (Table S4). Because sea otter occupation time was highly correlated with sea
urchin density (p=|0.66|, r=|0.44]), and with otter density (p=]0.60|, r=]0.54[), we explored
two model sets, the first including urchin density, sea otter density, sea otter sex, tidal
height and Beaufort sea state as predictor variables and the second set including sea
otter occupation time, sea otter sex, tidal height and Beaufort sea state as predictor
variables. We modelled sea otter per-capita consumption on urchins as a discrete
variable and included an offset term in our set of linear predictors to account for
variability in the total duration of the feeding bout (offset=log(time)). To account for the
high number of zeros in our data set, models were fit with a negative binomial likelihood
and log link function. Additionally, we found little strength of evidence for zero-inflated
models (pscl package in R) relative to those that did not account for zero-inflation.
Lastly, we assessed the effect of different numbers of observations per-otter by
weighting models by the number of dives. Because weighted models had a AAICc > 100
compared to non-weighted models with AAICc=0, final models were unweighted. All

models were fit in R version 3.0.2 (R Core Team 2013).



Model selection —

To determine the strength of evidence for alternative hypothesized causal factors
driving variation in per-capita sea otter consumption rates on sea urchins on B.C.'s
central coast we took an information-theoretic approach (Burnham and Anderson 2002).
We compared alternative candidate models with small-sample bias-corrected Akaike's
Information Criterion (AICc), standardized to the most parsimonious model to produce
AAICc. We normalized the model likelihoods to a set of positive Akaike weights (w;),
representing the strength of evidence in favour of a given model relative to the set of
candidate models. From our set of top models with AAICc <10, we calculated multi-
model averaged parameter estimates and relative variable importance (RVI) using the
MuMIn package in R (Barton 2013). RVI for a given factor was calculated by summing
the model weights across all models in the candidate set where the factor of interest
occurred (Burnham and Anderson 2002). To compare factor coefficients among our
candidate model set, we standardized our predictors by subtracting their mean and

dividing by 2 standard deviations (Gelman 2008).

Mechanistic models of sea otter per-capita consumption rates on urchins —

To understand how sea otter consumption rates vary mechanistically as a
function of sea urchin density we fit and compared alternative functional response
models of sea otter per-capita consumption rates on their dominant prey, sea urchins.
We fit three prey-dependent functional responses (FR): linear (Type 1), hyperbolic (Type
II), and sigmoid (Type Ill) (Holling 1959), a ratio-dependent model (Arditi and Ginzburg
1989) and one predator-dependent model (Beddington 1975, DeAngelis et al. 1975):

Eq. 1 (Type | FR) f(N)=aN
aN
Eq. 2 (Type Il FR) f(N):1+ahN
aN?
Eq. 3 (Type lll FR) f(N)=——
(N 1+ahN?
Eq. 4 (Ratio-dependent FR) f(N)= i
P +ahN
Eq. 5 (Predator-dependent FR) f(N) = aN
bN+P-C



where N is the density of urchins available, a is a proportionality constant set by
the rate at which predators encounter prey, h is the time taken by an otter to handle one
urchin (estimated from the data), P is the density of predators, b and C are additional

parameters to be estimated from the data.

To understand how sea otter per-capita consumption rates vary with sea otter
occupation time, we fit alternative functional response models while accounting for the
exponential decay observed in available sea urchin prey across sites (Fig. 3A) (Demes

et al. in prep):
Eq.6 f(X)=N=be ™

where, N is urchin density, X is otter occupation time, and b and m are
parameters we estimated from the data. We then substituted Eq. 6 into Eq. 1-5 to
determine alternative hypotheses for the effect of sea otter occupation time on per-capita

consumption rates on urchins, where a’ is now a*b from the previous equations:

Eq.7 f()=ae™

cae 1007
Eq. 9 f(@=%
Eq. 10 f(x)=$::_m
Eq. 11 f(x):ﬁ

Models were fitted using the minpack.Im package in R (Elzhov et al. 2013) which
utilizes the Levenberg-Marquardt algorithm to solve nonlinear regression. To assess the
strength of evidence for each model in approach 1 and 2, we used small-sample bias-

corrected Akaike's Information Criterion (AICc), as described above.
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3. Results

Sea Otter Foraging Observations

Dive Summary Statistics - We observed a total of 598 foraging dives made by 72
sea otters across the five study sites, including 29 males, 34 females and 9 otters of
unknown sex (Fig. S2A). Sea otter mother and pup pairs were observed at all sites,
except the most recently occupied site (Calvert 0.1 yrs). Average bout (series of dives
for single otter) time £SE for all sea otters was 17+ 1.7 min and ranged from 1 to 68 min.
Out of all dives of known outcome (n=585) across all study sites, 86% led to successful
prey captures. Successful prey capture varied among sites, with the greatest success of
93% observed at the longest occupied site (Goose 33 yrs), and the lowest success of
76% observed at the mid-occupation time site (Simonds 4 yrs) (Fig. S2B). Mean dive
intervals across all successful dives at a site varied from 53+ 3 sec at the most recently
occupied site (Calvert 0.1yrs), to 91+ 3 sec at the intermediate occupation time site
(Simonds 4yrs) (Fig. S2C) while mean surface intervals varied from 44+ 2 sec to 80+ 6
sec at these same sites (Fig. S2D).

Prey composition and size — Based on the 19 species we were able to identify
plus one group for all unidentified prey species, sea otter diet diversity, measured by
both prey species richness and H’ tended to be higher at longer occupation time sites
(Fig. 2AB) and prey species tended to be smaller (Fig. 2C). Furthermore, sea otter diet
tended to include more intertidal invertebrates, such as mussels and shore crabs, at
longer occupation sites. We categorized all identifiable prey (66% of all observations)
into 13 functional prey groups based on habitat and taxonomic groupings (Table S2),
including one group representing all unidentified prey. Sea urchins (Mesocentrotus spp.)
dominated the sea otter diet (87.7+ 7.0%) at the most recently occupied site, Calvert (0.1
yrs), but were much less common at Breadner (9.7 4.9%) with just two years of sea
otter occupation (Table 1, Fig. 2D). Northern abalone (Haliotis kamtschatkana)

represented the greatest proportion of identifiable prey (22.1+ 9.3%) at Breadner. With
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four years of otter occupation (Simonds), geoduck (Panopea abrupta) represented the
greatest proportion of the diet (42.2+ 11.9%). After 17 years of otter occupation
(McMullins), clams (Order: Veneroida) and small intertidal crabs (Hemigrapsus spp.)
represented 28.9+ 11.0% and 12.8+ 6.3% of the diet respectively. After 33 years of
occupation time (Goose), California mussels (Mytilus californianus) represented 34.1+
10.6% of the diet. Prey items that could not be identified may have represented a
diversity of species that we were not able to take into account in our analysis. Small
unidentified prey items represented only 4.3+ 2.4% of the sea otter diet at the most
recently occupied site (Calvert), but represented > 10% of the diet at all other sites with
longer otter occupation time (Table 1). Uncommon prey items included an ochre sea star
(Pisaster ochraceus) and an octopus (Family: Octopodidae). Estimated prey sizes
consumed by sea otters varied from 2-16cm across all study sites. Largest median prey
size (12cm), based on mean prey size consumed by each sea otter at a site, was
observed at the most recently occupied site (Calvert 0.1 yrs), while the smallest median
prey size (5cm) was observed at a longer occupation time of 17 years (McMullins) (Fig.
2C).

Sea Otter and Sea Urchin Density Estimates

Based on the maximum number of sea otters observed within view of each study
site, we found that sea otter densities varied across sites, with the highest densities of
animals observed at shorter occupation time sites (n= 19/0.5km™ at 0.1yrs and n=
24/0.5km™? at 4 yrs), and lowest density observed at the longest occupied site (n=
2/0.5km at 33 yrs) (Table S3). Furthermore, site-specific mean urchin densities (from

Demes et al. in prep) declined exponentially across sites increasing in occupation time
(Fig. 3).

Factors Affecting Sea Otter Per-Capita Consumption Rates On
Sea Urchins

Sea otter per-capita consumption rates on sea urchins were high at the most
recently occupied site at 0.3-0.9 urchins per min, suggesting the otters could consume
20-50 urchins in one hour, relative to 0-0.1 urchins per min or 14 urchins per hour after

two years of occupation.
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Among alternative models of sea otter consumption rates that included urchin
density, sea otter density, sea otter sex, Beaufort sea state and tidal height as predictors
variables, we found strong empirical support for the effect of urchin density given that the
null model of no effect (Intercept) was 50 to 58 AAICc units away from the top 14
models, all of which included urchin density as a predictor variable. Model averaging
further revealed that urchin density had a positive effect on per-capita sea otter
consumption rates that was 4 times greater than the negative effect of otter density (Fig.
4A). Moreover, the effect of urchin density was more important (Urchin Density RVI=1) in
predicting sea otter consumption rates across all sites relative to the density of sea
otters (Otter density RVI=0.39), which had a negative yet imprecise effect given its

standardized coefficient’s confidence intervals include zero.

Among alternative models of sea otter consumption rates that included sea otter
occupation time, sea otter sex, Beaufort sea state and tidal height as predictors
variables, we found strong evidence for the effect of occupation time given that the null
model of no effect (Intercept) was 22 to 32 AAICc units away from the top 5 models, all
of which included occupation time as a predictor variable (Table 2). Model averaging
revealed that while both occupation time and tidal height were essentially equally
important variables influencing otter consumption rates (RVI=1, 0.97 respectively) the
negative effect of occupation time was 1.75 times the positive effect of tidal height (Fig.
4B). In addition, we found that sea otter sex was a relatively important predictor of per-
capita consumption rates on sea urchins with a RVI1=0.99, in that males sea otters at the

earliest occupied site exhibited higher consumption rates.

Mechanistic Models of Sea Otter Per-Capita Consumption Rates
On Sea Urchins

Because the previous linear models do not capture the ecological mechanisms
and constraints involved in feeding behaviour (Holling 1959), we explored the
relationship between per-capita consumption rates on urchins and urchin density by
fitting alternative functional response models. We found strong relative evidence for
prey-dependent over ratio and predator-dependent functional response models, given
AAICc values of <2 and cumulative model weights of 90% for the 3 prey-dependent

models; Type I, Il and Ill (Table 3). However, we found no support in our data for one
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prey-dependent model over the other (AAICc <2 for Type |, Il and Ill functional
responses). Parameter estimates for all but the Type | model were imprecise (Table S5).
The prey-dependent Type | linear model predicted that a decline in 1 urchin m?
corresponded to a decrease in sea otter per-capita consumption rates on urchins by

0.03 urchins per otter per minute, or 2 urchins per hour (Fig. 5A).

When we fit alternate hypotheses of how sea otter per-capita consumption rates
on urchins vary as a function of sea otter occupation time, assuming an exponential
decline in urchins, we found greater strength of evidence for the prey-dependent models
(AAICc values <2) than the ratio and predator-dependent models (Table 3). However,
parameter estimates for all models, except the linear form of the prey-dependent
models, did not differ significantly from zero and exhibited large standard errors, several
orders of magnitude higher than the estimates (Table S5). Thus, based on parameter
estimates for the linear transformation of the prey-dependent model, a one year increase
in sea otter occupation time corresponded to a 70% decline in per-capita consumption

rates on urchins.
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4. Discussion

As sea otters expand their range in a high latitude temperate reef ecosystem, we
found evidence that this keystone predator serially depleted alternative prey species and
sizes, dramatically changing their diet diversity and per-capita consumption rates on one
of the most important temperate reef herbivores, the sea urchin (Harrold and Pearse
1987, Estes and Duggins 1995). Across 5 sites varying in sea otter occupation time, sea
urchins dominated sea otter diets at the most recently occupied site, followed by abalone
and clams at mid occupation time sites, and lastly intertidal crabs and mussels at longer
occupation sites (Table 1, Fig. 2D). Furthermore, sea otter diet diversity tended to be
higher and prey size smaller at longer occupation time sites (Fig. 2ABC). Strong
evidence suggests that variation in sea otter consumption rates of urchins can be
attributed to sea otter occupation time, urchin density, sea otter sex and tidal height
(Table 2, Fig. 4AB), the first three variables being highly correlated (Table S4).
Specifically, we found that urchin density had a positive effect on per-capita sea otter
consumption rate that was more important (RVI=1) and 4 times greater than the negative
and imprecise effect of otter density (RVI=0.39) (Fig. 4A). While both occupation time
and tidal height were equally important variables influencing otter consumption rates
(RVI=1, 0.97 respectively), the negative effect of occupation time was 1.75 times the
positive effect of tidal height. When we explored our data with mechanistic models of
predation, we found greater strength of evidence for prey-dependent than predator-
dependent functional response models of sea otter consumption of urchins (Fig. 5A).
Furthermore, per-capita consumption rates on urchins declined exponentially with
increasing sea otter occupation time (Fig.5B). Based on the most parsimonious model,
we found a 70% decline in per-capita consumption rates on urchins within the first year

of sea otter occupation.
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Sea Otter Consumption of Sea Urchins

Results are consistent with other studies from the northeast Pacific that have
shown that sea urchins likely provide an initially rich, but relatively short-term food
resource for growing sea otter populations (Ostfeld 1982, Laidre and Jameson 2006,
Tinker et al. 2008). While, sea urchins comprised 87.7+ 7.0% of the diet of sea otters at
the forefront of range expansion, after two years of occupation sea urchins comprised
only 9.7+ 4.9%, and continued to decline in importance in the sea otter diet (Table 1).
Likewise, per-capita consumption rates on sea urchins were high at the most recently
occupied site at 0.3-0.9 urchins per min, suggesting the otters could consume 20-50
urchins in one hour, relative to 0-0.1 urchins per min after two years of occupation
suggesting that otters here could consume at most 14 urchins in one hour. These
macroinvertebrates are conspicuous and easily captured and were abundant at the most
recently occupied site (Calvert 0.1 yrs) (Demes et al. in prep). In contrast, at sites with
longer otter occupation time, easily captured prey like sea urchins were not readily
available (Fig. 3). Thus, our data demonstrates that shifts in sea urchin availability were
in turn reflected in sea otter diets, suggesting that sea otters eat urchins in proportion to
their availability. It is important to note that by exploring consumption rates on urchins
across sites with varying occupation time, we are assuming that study sites offer similar
habitat and risks, and that sea otters across sites are making the same foraging

decisions based on profitability and availability of prey.

Diet Diversification, Serial Depletion & Changes in Habitat Use

While sea urchins were targeted at the most recently occupied site (Calvert 0.1
years), we found that different prey items dominated the sea otter diet at each site with
increasing occupation time, suggesting this top predator is progressively depleting
marine resources. Abalone, geoduck clams, other small clams, intertidal crabs and
mussels were targeted in sequence of increasing occupation time (Fig.2D). This pattern
of serial depletion of marine invertebrates has been observed in Alaska and attributed in
part to the recovery of sea otters (Salomon et al. 2007). In addition, our results are
consistent with predictions that predators diversify their diets and target less valuable

prey as easily captured, calorically-rich, and abundant prey (i.e. sea urchins) are
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depleted (Schoener 1971, Ostfeld 1982). In addition to optimal foraging, variation and
complexity of habitat around each site in our study helps explain the selection of both
rocky and soft-bottom prey types by sea otters as they make energy maximizing

decisions.

Geoduck clams (Panopea abrupta) represented a large portion of the sea otter
diet (42+ 11%) after 4 years of otter occupation at Simonds. While increased effort is
required to capture these deeply buried prey (Kvitek et al. 1993), the benefit of higher
caloric content may have counterbalanced the cost of capture. Contrary to our findings,
in southeast Alaska at sites where sea urchins were very rare, researchers found that
sea otters targeted smaller butter clams in soft-sediment habitat, rather than abundant
geoduck clams (Kvitek et al. 1993). However, Kvitek et al. (1993) hypothesized that sea
otters may not have recognized geoduck as a profitable prey since food preferences are
influenced by maternal transmission and this population had been relocated twenty
years earlier from a region outside of the geoduck range. In our study, we observed both
adult males and mothers with pups consuming geoduck. Since geoduck clams were
likely available across the central coast study region due to the patchy nature of habitat,
it is likely that sea otters learned to identify this novel prey once easily accessed prey

items such as sea urchins were depleted.

California mussels (Mytilus californianus) were a high proportion of identifiable
prey in the sea otter diet after 33 years of otter occupation at Goose. This prey can be
easily obtained because they occur in the intertidal and require little effort to capture
(VanBlaricom 1988), however they also have little nutritional value (Garshelis 1983).
Estes et al. (1981) observed that mussels may be used by either young animals as a
food source until they become more proficient foragers, or by females with dependent
pups. Indeed we observed a higher proportion of unidentified sea otters at Goose that
have been young animals. It is likely that as higher-value prey items were depleted,
young animals and females were left to forage on this easily obtainable intertidal prey. At
both sites, we observed sea otters spending more time foraging at higher tides when
intertidal prey items were presumably accessible, suggesting that more subtidal prey

had been depleted or were inaccessible at higher otter occupation time sites.
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Furthermore, small unidentified prey items and intertidal crabs (Genus:
Hemigrapsus) made up the greatest proportion of sea otter diets at three of our sites
representing 2 (Breadner), 17 (McMullins) and 33 (Goose) years of sea otter occupation
time, suggesting that higher value prey items had been depleted. Unidentified prey are
represented in our analysis as one prey category, whereas they may represent a more
diverse selection of species, leading to a degree of uncertainty in our diet diversity (H’
and species richness) results. However, it is more likely that we underestimated rather
than overestimated diversity in sea otter diets at the population level where we observed
a larger proportion of unidentified prey.

Urchin Density and Occupation Time Drive Consumption Rates
on Sea Urchins

We detected strong evidence that sea urchin density is a better predictor of per-
capita consumption rates on sea urchins than otter density, sea otter sex or
environmental variables (Table 2, Fig.4). Optimal foraging theory predicts that prey
resource availability will influence prey selection and thus consumption rates; if high-
value (easily captured, calorically-rich) prey items are greatly reduced in abundance, this
will increase search time leading predators to select alternate prey (Ostfeld 1982). Our
results are consistent with the notion that strong top-down pressure by otters triggers
changes in prey availability and encounter rates, thus resulting in changes in diet (Estes
et al. 1982).

Among alternative models of sea otter per-capita consumption rates that included
sea otter occupation time, sea otter sex, Beaufort sea state and tidal height as predictors
variables, we found strong evidence for the negative effect of occupation time (Table 2,
Fig. 4). Increased sea otter occupation time represents predation pressure from a
population of sea otters over time. While few other studies have explored a gradient in
occupation time, they have shown drastic differences in consumption on sea urchins at
early versus long established sites (Estes et al. 1982, Laidre and Jameson 2006, Tinker
et al. 2008). We may not have seen as strong relative support for occupation time as
predicted, because this factor represents a more indirect effect of sea otter predation on
urchins, as compared to urchin densities that directly affect consumption of urchins. We

also made various assumptions in our methods of estimating occupation time, such as

18



that higher occupation times represent consistent occupation and predation pressure by
sea otters. While DFO sea otter surveys show that sea otters were observed at a site on
consecutive survey years, we do not know if these sites are being used consistently

throughout the year.

Our results also suggest that sea otter sex and tidal height are important
predictors of consumption rates on sea urchins in addition to occupation time. Male sea
otters tended to occupy newly occupied sites (Calvert 0.1 yrs) (Fig. S2), consistent with
patterns of sea otter range expansion observed in other regions of the Pacific coast
(Garshelis et al. 1984, Riedman and Estes 1990). Our observation of sea otter sex
distribution and diet (Fig.2) suggest that males deplete urchin resource before female
sea otters and pups arrive. In addition, territorial males may have a negative effect on
female foraging success at sites in the core of the sea otter range due to food stealing
and harassing (Riedman and Estes 1990). Tidal height may have come out as an
important predictor with a positive effect on consumption rates because a greater area of
habitat is available to exploit at higher tides. In addition other studies have found that
foraging activity can vary greatly between sites throughout the day (Estes et al. 1982),
thus during our three week study period, tidal observations may have been somewhat

correlated with time of day.

The Functional Response of Sea Otters to Sea Urchins

Our non-linear models appear to capture the steep declines evident in per-capita
consumption rates on sea urchins with increasing occupation when fit to empirical data
(Fig. 5B). Thus, these mechanistic models allowed us to predict rates of change in sea
otter per-capita consumption rates on urchins with time, such that based on the most
parsimonious model, we found a 70% decline in per-capita consumption rates on urchins

within the first year of sea otter occupation.

This is the first study to explore the functional relations between sea otters and
their dominant prey, sea urchins. Our results suggest that the functional response of sea
otters to sea urchins is likely strongly prey-dependent (Table 3). While we predicted a
Type 1l functional response due to evident learning behaviour in sea otters and prey

switching which can lead to this response (Murdoch 1969), we were unable to discern
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between Type I, Il or Il functional response models. It is likely that we did not have
enough data across a range of urchin densities to detect strong evidence for one prey-
dependent FR model over another. However, the decline of sea urchin density with sea
otter occupation time (Fig. 3) occurs so rapidly that the exact shape of the response may
not be as important to resource managers as identifying when and where depletion of

prey resources may occur.

Conversely, Vucetich et al. (2002) found that wolf consumption on moose was
largely explained by predator-dependent functional response models. Various factors
may lead to predator-dependent per-capita consumption rates such as predator or prey
behaviours (including interference among predators), limitation of predator populations
by something other than prey, or allocation of prey among predators (Vucetich et al.
2002). In our study, sea otter-prey interactions did not appear to be characterized by the
factors expected to generate predator-dependent responses. For example, social
interactions did not appear to dampen or enhance foraging success in a density
dependent manner; at the most recently occupied site (Calvert 0.1 yrs) we observed
large groups of sea otters foraging successfully in close proximity to one another. In
addition, sea otters may not be the typical large carnivore. They have a very high
metabolic rate and are able to consume the equivalent of 1/3 of their body weight each
day (Kenyon 1981). Furthermore, the prey resource, sea urchins, are sessile, readily
available and easy to grab off the sea floor at unoccupied rocky reef sites, thus unlike
other large predators in pursuit of prey (i.e wolves), sea otters do not need to employ
group hunting tactics. Thus strong prey-dependency makes sense based on sea otter
natural history. However, Abrams and Ginzburg (2000) argue that both prey and
predator density should influence predator consumption of prey. With a greater number
of foraging observations or an alternate method of obtaining estimates of predator

density we might detect some predator-dependency in sea otter foraging.

Other factors can influence consumption of prey by predators that were not
captured in our data. Predators may not only influence their prey through consumption,
but by altering prey behaviour (e.g. Lima and Dill 1990). Watson and Estes (2012) made
observations of sea urchins fleeing when broken urchin tests were dropped by sea
otters. Sea urchins also tend to be found in cracks and crevices when predators are

present (Tegner and Levin 1981, Shears et al. 2008). In addition, predators have the
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potential to be frightened by other predators, such that foraging individuals may optimize
energy gain and safety from predators by spending less time in more profitable but
dangerous sites (Wirsing et al. 2008). Thus it is possible that interspecific interactions
between sea otters and other predators such as Killer whales (Orcinus orca) and
pinnipeds (see Estes et al. 1998, Fisher et al. 2014) may influence site selection,

foraging behaviour, and per-capita consumption rates on sea urchins.

Broader Implications of Sea Otter Consumption of Shellfish to
Management

Sea otter populations on the central coast of B.C. are still recovering from years
of overexploitation during the maritime fur trade (COSEWIC 2007). As sea otters
recover, empirical evidence suggests that there are two major consequences to marine
systems: first, by consuming large quantities of prey, sea otters are capable of altering
the abundance of species such as sea urchins (Estes et al. 1982), northern abalone
(Watson and Smith 1996), clams (Kvitek et al. 1992) and sea cucumbers (Larson et al.
2013); second, by driving down the size and abundance of sea urchins, sea otters limit
herbivory by this dominate grazer and allow perennial kelps to re-grow (Estes and
Palmisano 1974, Watson and Estes 2011). Increased predation pressure on culturally
and commercially important marine invertebrate species may lead to potential conflict
where sea otter range overlaps with commercial and First Nations Food, Social and
Ceremonial (FSC) invertebrate fisheries (COSEWIC 2007), but also result in potential

benefits associated with kelp forest recovery.

Accounting for interactions between sea otters and their prey —

Northern sea otters (Enhydra lutris kenyoni) are listed as a species of Special
Concern under the Species at Risk Act in Canada (COSEWIC 2007), thus recovery
targets and management strategies should be developed with consideration of strong
interactions between sea otters and their prey. However, the main recovery goal for sea
otters in Canada is that the population be able to naturally expand and grow to the
extent that threats, such as oil spills, would be unlikely to cause extirpation or diminish
the population (Sea Otter Recovery Team 2007). Chades et al. (2012) argue that the
status quo of managing species in silos and setting recovery targets without considering

strong interactions between species can lead to inefficient management, waste of
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resources and risk of extinction. In a study to examine how different management
actions might impact population dynamics of both, sea otters and northern abalone
(Haliotis kamtschatkana), an endangered species in Canada, Chades et al. (2012) found
that the type of functional response (FR) had the largest effect on abalone density in the
presence of sea otters. While in our study we were not able to discern the exact prey-
dependent FR of sea otters to changing sea urchin densities, our methods do provide
insight into how these measurements might be obtained. Further work is required to
better discern the functional response of sea otters to changing sea urchin densities, and
could likely be obtained by observing sea otters at a single site during the first several
years of occupation.

Implications for commercial and subsistence sea urchin fisheries —

Harvest of red sea urchins in traditional territories is important for coastal First
Nations for food, social and ceremonial (FSC) purposes. Fisheries and Oceans Canada
identifies FSC allocation which takes place throughout the B.C. coast as the first priority
after conservation (DFO 2012). Over the past 100 years commercial fisheries have been
able to develop in the absence of sea otters, due to a hyper-abundance of their prey
(Estes 1996). However, in recent years there has been increasing concern by fishermen
and coastal First Nations for the sustainability of sea urchin fisheries where sea otters
and urchin harvesting sites coexist (DFO 2012). Quotas for red sea urchins have already
been reduced on the west coast of Vancouver Island, where sea otters have been
established for over forty years (DFO 2012). Indeed, our data suggest that sea otter
consumption rates of urchins (which reflects availability) can decline dramatically within
the first year of sea otter occupation, suggesting that sea urchin harvesters on the
central coast of B.C. need to prepare for large reductions in sea urchin availability as sea
otters expand their range. Furthermore, by removing the largest size classes of sea

urchins, the impact of sea otters on fisheries may be further magnified.

Potential implications to kelp forest recovery —

Although it is evident sea otters can, and have, reduced the abundance of many
benthic invertebrate populations, leading to potential losses of livelihood, they also play
an important role in enhancing kelp forest productivity and fisheries. In the Northeast

Pacific, sea otters have been shown to exert strong ecological effects in the habitats
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they occupy, playing an important role in limiting herbivory by sea urchins and
structuring kelp forest communities (Estes and Palmisano 1974, Estes and Duggins
1995, Watson and Estes 2011). The recovery of sea otters can also have positive
indirect effects on other species that use kelp forests. For example, fish communities
may use kelp forests as habitat for juveniles, for shelter from predation, or to feed on
other species that inhabit the kelp. By comparing areas with and without sea otters,
researchers have shown that sea otters have positive indirect effects on juvenile and
adult rockfish (Markel 2011, Szpak et al. 2013) and rock greenling (Reisewitz et al.
2006).

Collaboration in Sea Otter Management

As the sea otter population on the central coast of B.C. continues to expand and
grow, it is likely that they will continue to target sea urchins and other commercially and
culturally important shellfish as they occupy new nearshore habitats, thus driving
ecosystem change in rocky reef environments. An improved understanding of predator-
prey interactions and functional relations will reduce uncertainty about the magnitude
and timing of these effects and improve our ability to develop effective management
goals and conservation strategies. Local First Nations and resource managers can then
be armed with the information they need for making decisions about the management of
marine resources in their territories and communities. Management of coastal marine
resources can be further improved with efforts to balance economic, socio-cultural, and
environmental values and priorities and increase collaboration between scientists, local

community members, government agencies and First Nations resource managers.
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5. Tables

Table 1. Percent occurrence of main prey items captured by northern sea otters
(Enhydra lutris kenyoni) at study sites varying in sea otter occupation time
(in brackets) on the central coast of British Columbia, Canada.
Occurrences are averaged by prey type across otters with +/- SE for each
site. Identifiable prey types representing the greatest proportion of the
otter diet are bolded.

Study Site | Sea Urchin | Abalone | Geoduck | Unid. clam |Shore crab| Mussel | Unidentified

Calvert 87.717.0 0.0 0 0 0 0.0 4.3+2.4

(0.1 yrs)

Breadner 9.8+49 | 22.119.3 0 0 0 0.0 42.4+10.2

(2yrs)

Simonds 5.3+4.6 0.0 42.2+11.9 | 31.1+11.8 | 0.1+ 0.1 0.0 19.6+7.9

(4 yrs)

McMullins 1.2+1.2 0.0 1.7+1.7 | 27.2411.2 | 12.8+£ 6.3 0.0 35.748.0

(17 yrs)

Goose 6.5+5.1 0.0 0 6.746.9 | 0.6+0.7 |[34.1+£10.6| 37.1+8.2

(33 yrs)
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Table 2. Strength of evidence for alternative models of northern sea otter (Enhydra
lutris kenyoni) per-capita consumption rates on sea urchins. Models with
varying numbers of parameters (K), were compared with small sample
corrected Akaike’s Information Criterion (AlCc), differences in AlCc
(AAICc = AICci-minAlCc), and Akaike model weights (w;) indicating the
weight of evidence in favour of model i.

Model K AlCc ANAICc  w;

Model Set 1

Urchin Densitv

Urchin Density + Otter Density

Urchin Densitv + Sea State

Urchin Density + Tide

Urchin Densitv + Sea State + Otter Density
Urchin Densitv + Tide + Otter Density

Urchin Densitv + Sex

Urchin Densitv + Otter Densitv + Sex

Urchin Density + Sea State + Tide

Urchin Density + Sea State + Sex

Urchin Densitv + Sea State + Otter Density + Sex
Urchin Densitv + Tide + Otter Density + Sex
Urchin Density + Sea State + Tide + Sex

Urchin Densitv + Otter Densitv + Sea State + Tide + Sex
Tide + Sea State + Sex

Otter Density

Tide + Otter Density

Sea State + Tide + Otter Density

Tide + Sea State

168.09  0.00 0.27
16897  0.88 0.18
17012 2.03 0.10
17022 213 0.09
17088  2.79 0.07
171.04 295 0.06
17115 3.06 0.06
172.02  3.93 0.04
17235  4.26 0.03
17345  5.36 0.02
17428  6.19 0.01
17428  6.19 0.01
17565  7.56 0.01
17645  8.36 0.00
21256 44.47 0.00
21419  46.10 0.00
214.71 46.62 0.00
216.14  48.05 0.00
22144 53.35 0.00

N Ww o wooooNNNODOTOODOGTOTOL A B BPMW

Sea State 22217 54.08 0.00
Tide 225.10 57.01 0.00
Intercept Model 226.30 58.21 0.00
Model Set 2

Occupation Time + Tide + Sex 6 194.54 0.00 0.72
Occupation Time + Sea State + Tide + Sex 7 196.79 2.25 0.24
Occupation Time + Sex 5 201.39 6.85 0.03
Occupation Time + Sea State + Sex 6 203.66 9.12 0.01
Occupation Time + Tide + Sea State 5 204.05 9.51 0.01
Occupation Time + Tide 4 205.40 10.86 0.00
Sex 4 209.56 15.03 0.00
Tide + Sex 5 210.37 15.84 0.00
Occupation Time + Sea State 5 210.62 16.08 0.00
Occupation Time 4 211.72 17.20 0.00
Sea State + Sex 6 211.74 17.18 0.00
Sea State + Tide + Sex 3 212.56 18.02 0.00
Tide + Sea State 4 221.44 26.90 0.00
Sea State 3 22217 27.63 0.00
Tide 3 225.10 30.56 0.00
Intercept 2 226.30 31.76 0.00
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Table 3. Strength of evidence for alternative mechanistic models of per-capita
consumption rates on sea urchins by northern sea otters (Enhydra lutris
kenyoni) as a function of A) urchin density (N) and B) otter occupation
time (x) while accounting for observed exponential decay rates in
available sea urchin prey. Models with varying numbers of parameters
(K), were compared with small sample corrected Akaike’s Information
Criterion (AICc), differences in AICc (AAICc = AICci-minAlCc), and Akaike
model weights (w;) indicating the weight of evidence in favour of model i.

Response and Model K AlCc AAICc Wi

Per-Capita Consumption Rate on Urchins

Type | FR aN 2 -105.34 0.00 0.31

Type Il FR aN 3 -105.29 0.04 0.30
1+ahN

Type Il FR al? 3 -105.18 0.16 0.28
1+ahN2

Predator-dependent FR aN 4 -103.06 2.28 0.10
bN+P-C

Ratio-dependent FR aN 4 -11.24 94.10 0.00
P+ahN

Per-Capita Consumption Rate on Urchins

Type | FR + e

Exp. decay urchins 3 -104.42 0.00 0.47

Type Il FR+ a'emx

Exp. decay urchins 1+a’he™ 4 -102.64 1.79 0.19

Type Il FR + a(em)?

Exp. decay urchins 1+a’h(e™)? 4 -102.51 1.92 0.18

Ratio-dependent FR+ a'em

Exp. decay urchins P+a’he-m 4 -100.97 3.45 0.08

Predator-dependent FR + ae™

Exp. decay urchins be-™+P-C 5 -100.54 3.89 0.07
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Figure 1.

We quantified northern sea otter (Enhydra lutris kenyoni) foraging
behaviour on the central coast of British Columbia, Canada (A and B) at 5

sites (C) varying in sea otter occupation time (in brackets).
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Figure 2.
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Prey selection by northern sea otters (Enhydra lutris kenyoni) on the
central coast of British Columbia, Canada, at sites varying in sea otter
occupation time. (A) Prey species richness calculated as total number of
prey species observed across all dives at a site; (B) Diet diversity
calculated using Shannon-Weiner Index - H based on percent
occurrence of prey species in the sea otter diet and averaged across the
site; (C) Range of prey sizes at a site, averaged by otter, showing the
median, 1% and 3" quartiles, + 1.5*IQRs; (D) Sea otter diets calculated as
the proportion (by #) of prey types consumed by each sea otter and
averaged across each site.
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Variation in sea urchin (Mesocentrotus spp.) density as a function of sea
otter occupation time along British Columbia, Canada’s central coast.
Urchin densities found at n=18 quadrats at each study site (n=5), from
Demes et al. in prep. Exponential decline fit to empirical data. Data points
are jittered.
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Factors Affecting Per-Capita Consumption Rates on Sea Urchins

A)
Variables Relative Variable
Importance
Urchin density ] | — 1
Otter density - — 0.39
Seastate - .l 0.25
Tide - s 0.22
Sex 0.16
-4 2 0 2 4
Scaled Parameter Estimates
B)
Relative Variable
Variables
Importance
OccupationTime e ; 1
Sex - 0.99
Tide | —e— 0.97
Seastate —.i— 0.25
I T 1 T 1
-4 2 0 2 4
Scaled Parameter Estimates
Figure 4. Scaled parameter estimates (circles) and 95% confidence intervals (lines)

of biological and physical variables thought to drive variation in sea otter
consumption rates on sea urchins along British Columbia, Canada’s
central coast. Variable “sex” is a factor with three levels and does not
have a single scaled parameter estimate. Variables within two model sets
A) and B) are ranked in decreasing order of relative importance on a
scale of 0 to 1. Model averaging results are based on all models within
AAICc <10.
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Figure 5. Alternative mechanistic models fit to field data of per-capita sea otter
consumption rates on sea urchins as a function of (A) site-specific mean
urchin density (m®), and (B) sea otter occupation time (years).
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Appendix A.

Supplementary Tables

Table S1. Prey size categories estimated in the field relative to a sea otter's paw of
average width 5.2cm (from Bodkin et al. 2010). Each prey that was 1-4
times the size of a sea otter’'s paw was further broken down into thirds
resulting in 12 size classes.

Size class Estimated in Field Max length (cm)
1-1a 1.7
2-1b 3.5
3-1c 5.2
4-2a 6.9
5-2b 8.7
6- 2c 10.4
7-3a 12.1
8- 3b 13.9
9-3c 15.6
10- 4a 17.3
11-4b 19.1
12-4c 20.8
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Table S2. Prey items captured by northern sea otters (Enhydra lutris kenyoni) on
successful foraging dives along the central coast of British Columbia,
Canada.

Prey Group Common name Latin name
Urchin Red urchin Mesocentrotus franciscanus
Green urchin M. droebachiensis
Purple urchin M. purpuratus
Abalone Northern abalone Haliotus kamtschatkana
Clam Geoduck clam Panopea abrupta
Butter clam Saxidomus gigantea
Horse clam Tresus spp.
Rock scallop Crassadoma gigantea
Unidentified clams
Cancer crab Dungeness crab Cancer magister
Red rock crab Cancer productus
Kelp crab Northern kelp crab Pugettia productus
Shore crab Shore crabs Hemigrapsus spp.
Chiton Gumboot chiton Cryptochiton stelleri
Mussel California mussel Mytilus californianus

Sea Cucumber

California sea cucumber
Burrowing sea cucumber

Unidentified sea cucumber

Parastichopus californicus

Cucumaria miniata

Sea star Ochre sea star Pisaster ochraceus
Snail Unidentified snails Class: Gastropoda
Octopus Unidentified octopus species Family: Octopodidae
Unidentified Unidentified prey species
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Table S3. Northern sea otter (Enhydra lutris kenyoni) densities (per 0.5 km?)
observed at study sites on the central coast of British Columbia, Canada,
July 2013. Given variation in the geography of the region, survey areas
varied between ~0.3-1 km?.

Site Date Estimated Area Max # Otters Otter Density per 0.5
Surveyed (km2) Observed km?
Calvert Jul-20 0.67 50 19
Calvert Jul-21 0.67 50 19
Breadner Jul-10 0.33 3 2
Breadner Jul-11 1.01 16 4
Breadner Jul-12 1.01 9 2
Breadner Jul-29 1.01 9 2
Simonds Jul-27 2.01 15 2
Simonds Jul-28 1.01 95 24
Simonds Jul-29 1.01 95 24
McMullins Jul-15 0.50 10 5
McMullins Jul-16 0.50 30 15
McMullins Jul-17 0.50 20 10
Goose Jul-22 1.01 2 0
Goose Jul-23 1.01 3 1
Goose Jul-24 1.01 4 1
Goose Jul-25 1.01 5 1
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Table S4.

Correlation matrices for potential predictors of northern sea otter
(Enhydra lutris kenyoni) per-capita consumption rate on sea urchins at
the otter-level based on (A) Pearson’s correlation coefficient (r) and (B)
Spearman’s rank correlation coefficient (p). Predictors were only included
in a model together if p or r <|0.5| (Booth et al. 1994, Zuur et al. 2009).
Highlighted values are those where r or p>|0.5|.

A. Pearson's

Occupation Otter Urchin Tidal Sea

Time density | density height | state
Occupation time 1 -0.54 -0.44 0.20 0.14
Otter density -0.54 1 0.49 013 | -047
Urchin density -0.44 0.49 1 0.29 -0.28
Tidal height 0.20 -0.13 0.29 1 -0.03
Sea state 0.14 -0.47 -0.28 003 |1
B. Spearman's

Occupation Otter Urchin Tidal Sea

Time density | density height | state
Occupation time 1 -0.60 -0.66 0.04 0.15
Otter density -0.60 1 0.05 -0.19 | -0.45
Urchin density -0.66 0.05 1 0.28 -0.15
Tidal height 0.04 -0.19 0.28 1 0.03
Sea state 0.15 -0.45 -0.15 0.03 1
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Table S5. Parameter estimates for alternative mechanistic models of northern sea
otter (Enhydra lutris kenyoni) per-capita consumption rates on sea
urchins as a function of (A) sea urchin density and (B) sea otter
occupation time assuming an exponential decline of sea urchins with
increasing occupation time (Eq. 7-12).

Models Parameter Estimate Std. Error
A)
Eq. 1 aN a 0.03 0
Eq.2 aN a 0.02 0.01
1+ahN h -1.74 2.15
Eq.3 aN? a 0.01 0.01
1+ahN2 h 1.52 0.26
Eq. 4 aN a 1.09 0.84
P+ahN h 3.88 113
Eq.5 aN a 3.67 7415
bN+P-C b -7.36 128.52
C -201.73 4146.6
B)
Eq.7 a'em™ a 0.59 0.04
m 1.20 0.32
Eq.8 aem a 0.09 0.44
1+a’hemx m 0.46 11.39
h 9.7 55.47
Eq.9 a(emy? a 0.16 0.75
1+a’h(e™)? m 0.33 0.79
h -4.68 2947
Eq.10 aem™ a 7.62E+04 4 17E+09
P+a’he-m m 6.37 2.73E+04
h 1.90 24.5
Eq.11 aem a 243 21.98
be™+P-C m 0.12 142
b -220.72 1998.08
C -203.74 1985.97
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Appendix B.

Supplementary Figures
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Figure S1. Hierarchical structure of northern sea otter (Enhydra lutris kenyoni)

foraging data collected on the central coast of British Columbia, Canada
in July 2013. Multiple foraging dives were nested within a focal sea otter,
representing a foraging ‘bout’ (Calkins 1978). Multiple sea otters were
nested within five study sites, which varied across a gradient of sea otter
occupation time. Mock dive data examples shown here.
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Figure S2.
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Summary data on northern sea otter (Enhydra lutris kenyoni) sex and
dives across sites varying in sea otter occupation time (years in brackets)
A) number of foraging males, females and otters of unknown sex
observed at each site (n=total # otters observed); B) proportion of dives
resulting in successful prey capture across all dives of known outcome at
each site; C) mean dive intervals +/- SE calculated across all successful
dives at a site; and D) mean surface intervals +/- SE calculated across all
surfacings after successful dives at a site. B, C, D, n=total # dives
observed.
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