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Consumer and predator foraging behavior can impart profound
trait-mediated constraints on community regulation that scale up
to influence the structure and stability of ecosystems. Here, we
demonstrate how the behavioral response of an apex predator
to changes in prey behavior and condition can dramatically alter
the role and relative contribution of top-down forcing, depending
on the spatial organization of ecosystem states. In 2014, a rapid
and dramatic decline in the abundance of a mesopredator (Pycno-
podia helianthoides) and primary producer (Macrocystis pyrifera)
coincided with a fundamental change in purple sea urchin (Strong-
ylocentrotus purpuratus) foraging behavior and condition, result-
ing in a spatial mosaic of kelp forests interspersed with patches of
sea urchin barrens. We show that this mosaic of adjacent alterna-
tive ecosystem states led to an increase in the number of sea otters
(Enhydra lutris nereis) specializing on urchin prey, a population-
level increase in urchin consumption, and an increase in sea otter
survivorship. We further show that the spatial distribution of sea
otter foraging efforts for urchin prey was not directly linked to
high prey density but rather was predicted by the distribution of
energetically profitable prey. Therefore, we infer that spatially ex-
plicit sea otter foraging enhances the resistance of remnant forests
to overgrazing but does not directly contribute to the resilience
(recovery) of forests. These results highlight the role of consumer
and predator trait-mediated responses to resource mosaics that
are common throughout natural ecosystems and enhance under-
standing of reciprocal feedbacks between top-down and bottom-
up forcing on the regional stability of ecosystems.
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he role of trophic interactions in creating and maintaining
the structure and functioning of natural communities remains a
central issue in ecology. In particular, there are now many exam-
ples of the importance of top-down (i.e., predator-driven) and
bottom-up (i.e., resource-driven) processes that determine the
structure and stability of communities (1-3). Although odd or even
numbers of trophic levels can define the relative importance of top-
down versus bottom-up community regulation, the addition or loss
of entire trophic levels is uncommon relative to changes in the
strength of interactions between trophic levels. Such changes can
result from environmental disturbances (e.g., severe storms or
drought) or from shifts in the abundance or traits (e.g., foraging
behavior or size structure) of populations (3-5). Therefore, em-
pirical evaluations of ecological processes that enhance or dampen
the likelihood of shifts between top-down and bottom-up forcing
are essential to understanding the potential for cascading effects
that can underpin community structure, functioning, and stability
(1, 6, 7). Moreover, the processes that facilitate these alternations
at ecologically relevant scales may only be revealed through op-
portunistic and significant disturbance events, especially in the
form of herbivore outbreaks (8-10).
While trophic cascades have traditionally focused on the direct
role of apex predators on lower trophic-level species, it is now
clear that both predator foraging behavior and prey attributes
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(e.g., morphological, physiological, and behavioral) can impart
profound trait-mediated constraints on community regulation (11).
For example, prey condition (e.g., age or health) may influence the
strength of top-down control by altering predator foraging strate-
gies and the capacity for predators to optimize prey acquisition (5).
Prey may also respond to the mere presence of predators by re-
ducing their grazing activity, thereby enhancing the productivity of
primary producers (2). However, bottom-up trait-mediated inter-
actions can also dictate community dynamics through changes in
energy transfer between primary producers and higher trophic level
consumers (3, 12). Therefore, understanding how shifts in prey
condition and behavior resulting from changes in primary pro-
duction reciprocally influence the foraging preferences of pred-
ators is essential to predicting when, where, and under what
conditions communities vary in the relative influence of top-
down or bottom-up processes and how such interactions influ-
ence the state of communities and ecosystems.

In kelp forest ecosystems around the world, active sea urchin
grazing has repeatedly transformed forested reefs to sea urchin
“barrens” that are void of macroalgae (13). Fundamental changes
in sea urchin foraging behavior (from passive foraging on drift
algae, to active foraging on live kelp and other macroalgae) have
been attributed to the loss of sea urchin predators (14-18) or a
reduction in food availability (19). In kelp forests along the
northeastern Pacific, sea urchins reside in the refuge of cracks and
crevices, primarily forage on drift algae, and invest energy into
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reproductive gonad production (20). However, when sea urchins
shift to an active foraging modality and emerge from the refuge of
cracks and crevices, they have the capacity to drastically reduce
kelp abundance, at which point gonad condition can decline be-
cause of reduced food availability (19). While many studies have
focused on the role of apex predators in sea urchin population
control, less attention is given to how predators respond to vari-
ation in both the behavior (i.e., cryptic or exposed) and gonad
condition (i.e., energetic profitability) of sea urchin prey resulting
from changes in the abundance of macroalgae.

In this study, we examined how a shift in grazer behavior and
energetic profitability led to a fundamental change in predator
foraging behavior, thereby altering both the role and contribu-
tion of top-down forcing on the system. Along the central coast
of California, forests of giant kelp (Macrocystis pyrifera, hereafter
“kelp”) had persisted for decades because purple sea urchins
(Strongylocentrotus purpuratus, hereafter “urchins”) were con-
trolled by the top predator, the southern sea otter (Enhydra lutris
nereis, hereafter “sea otter”) and various mesopredators. How-
ever, in 2014, an unprecedented decline in kelp resulted from a
series of climatic stressors similar to those observed farther north
(21). This decline in kelp production coincided with a wide-
spread sea star wasting disease that decimated local populations
of the urchin predator, Pycnopodia helianthoides [hereafter,
“Pycnopodia” (22)]. Both of these factors likely contributed to a
shift in sea urchin foraging behavior from cryptic passive grazing
to active grazing of live macroalgae, transforming a once ex-
pansive kelp forest to a patchy-mosaic landscape of remnant kelp
forests interspersed with sea urchin barrens.

Here, we examine how sea otters (predator) respond to changes
in urchin (prey) behavior and condition (i.e., gonad index) to better
understand how the contribution and role of predator-driven im-
pacts (top-down forcing) and resource abundance (bottom-up
forcing) drive the spatial dynamics of community structure. First,
we test two hypotheses related to prey behavior and condition as a
function of resource availability: 1) a shift in sea urchin behavior
from passive to active foraging is associated with a decline in kelp
availability, and 2) active sea urchin foraging behavior is associated
with a decline in prey condition (gonad volume). We build on these
hypotheses by exploring whether a top predator responds numer-
ically and functionally to changes in sea urchin behavior and con-
dition. Specifically, we test for a numerical response by exploring 3)
whether a population-level increase in sea otter abundance is
explained by an increase in the density of exposed prey (purple sea
urchin). We then explore the functional response of sea otters by
testing for 4) an increase in the dietary contribution of urchins.
Finally, we test the following hypothesis: 5) the spatial distribution
of sea otter foraging effort for urchin prey is not directly linked to
high prey density but rather is predicted by the distribution of
energetically profitable (gonad rich) prey.

Results

Variation in the relative density of Pycnopodia revealed that
purple sea urchins, kelp, and sea otter abundance were tightly
coupled, with evidence of a synchronous increase in urchins and
otters, and a sharp decline in kelp and Pycnopodia, beginning in
2014 (Fig. 1). These dynamics initiated the transformation of a
once expansive kelp forest to a patchy mosaic of remnant forests
interspersed with sea urchin barrens (SI Appendix, Figs. S1 and S2).

Shift in Urchin Behavior and Condition. The log-transformed pro-
portion of exposed urchins was positively associated with urchin
density (P < 0.0001, degrees of freedom [DF] = 1, R* = 0.40).
After controlling for the positive effect of density on urchin ex-
posure, variation in the residuals was further explained by a
negative exponential relationship with kelp stipe density (P <
0.0001, R? = 0.33; Fig. 24). The proportion of exposed urchins was
greatest in areas with no kelp, and crevice occupancy increased
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with increasing kelp density to the point where most individuals
were concealed. The asymptotic projection of the model indicated
that most urchins were concealed where the mean kelp stipe
density was greater than one stipe per square meter.

A linear regression on mean urchin gonad index as a function
of the proportion of exposed urchins suggests that gonad index
declines with increasing urchin exposure (i.e., active foraging
behavior). Gonad index was greatest in areas with high kelp
density, where urchins were mainly occupying crevices and as-
sumed to be passively foraging on drift kelp, but gonad index
declined linearly with increasing urchin exposure (P < 0.0001,
R? = 0.31; Fig. 2B).

Sea Otter Numerical Response to Density of Exposed Prey. We found
strong support at the population level for a positive numerical
response in sea otter abundance that coincided with the onset of
an increase in the density of exposed purple urchins. Sea otter
numbers around the Monterey peninsula were relatively stable
over the period 2000 to 2013 (Fig. 14) (23); a pattern that has
been interpreted as being reflective of a population that had
reached local carrying capacity (24-26). However, results from
our mixed model suggest that otter abundance increased signif-
icantly in the Monterey region (Seaside to Pt. Sur; P < 0.001)
following the 2014 urchin outbreak, from 269 (SD =+ 77) indi-
viduals to 432 (SD + 123) individuals (mixed model P < 0.001).
Increased abundance in Monterey during this latter period was
associated with an initial spike in the ratio of pups to indepen-
dent otters, followed by a rapid increase in the number of in-
dependent otters (SI Appendix, Fig. S3). A demographic model
fit to the survey data suggests a sharp uptick in survival of both
pups and subadults after 2013 (SI Appendix, Fig. S4), a pattern
consistent with greater prey availability (27). The decline in pup
ratio after 2015 reflects the dramatic increase in the number of sur-
viving subadults (i.e., prereproductive animals) and thus a decrease in
the proportional representation of reproductive-age females.

To rule out the potentially confounding effects of an aggre-
gative response (i.e., sea otter movement between regions) on
sea otter abundance, we compared abundance dynamics in ad-
jacent neighboring regions to the north and south of the Mon-
terey study area. A contrast test on the region and time period
interaction term revealed a less-dramatic but significant increase
in sea otter abundance in the region to the south (Big Sur, P <
0.0001, F = 17, degrees of freedom in the denominator
[DenDF] = 105), and no significant change in abundance in Santa
Cruz (although there appeared to be a declining trend after 2012).
Considering both neighboring areas together, there was almost no
net change in abundance after versus before 2014, suggesting that
sea otters were not simply redistributing into the study area
(SI Appendix, Fig. S5).

Prevalence of Urchins in Sea Otter Diets. A k-means cluster analysis
on the diet composition of sea otters revealed an urchin specialist
cluster defined by a high composition of urchin prey (>40%).
While there were no detectable changes in the mean proportion of
urchins in the diets of individual sea otters that specialize on ur-
chins, the overall proportion of consumed urchins significantly
increased both at the population level and in sea otters special-
izing on all other prey types (SI Appendix, Figs. S6 and S7; P <
0.0001, DF = 7). At the population level, there was a significant
increase in the frequency of sea otters specializing on urchin prey
following the 2014 increase in the density of exposed sea urchins
(P < 0.01, DF = 4).

Urchin Condition and Sea Otter Selectivity. We found support for
the hypothesis that the spatial distribution of sea otter foraging
effort on urchin prey is best predicted by energetically profitable
prey patches, indicating a strong level of spatially explicit foraging
selectivity (Fig. 3). Model selection for the full population-level
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Fig. 1. Temporal dynamics of sea otters, kelp, sea urchins, and Pycnopodia. (Left) Annual changes in sea otter abundance in the Monterey study region (A)
and relative density of kelp stipes (B), exposed sea urchins (C), and Pycnopodia (D). The trend line in A is corrected for observer error and fit with a Bayesian
state-space model (S/ Appendix, Supplementary Methods) to the time series of raw survey counts of independent sea otters. B-D represent annual mean
observed densities fit with a cubic spline (A = 0.05). Each shaded region across A-D represents the 95% credible interval. (Right) A conceptual illustration of
the dynamics that initiated the formation of the mosaic of remnant kelp forests interspersed with sea urchin barrens. See SI Appendix, Supplementary
Methods for expanded time series analyses. We used published data for A from the US Geological Survey (available at https:/doi.org/10.3133/ds1097) and
subtidal data for B-D from the Partnership for Interdisciplinary Studies of Coastal Oceans subtidal surveys (available at https:/doi.org/10.6085/AA/PISCO_
SUBTIDAL.151.2).

logistic regression revealed gonad index, depth, and patch type
(barren, forest) as the three most influential factors driving
patch selection by sea otters (R* = 0.47, P < 0.0001, Corrected
Akaike Information Criterion [AICc] = 73). The resulting logit-

required to affect a positive selection of a sea otter focal patch was
12%/m?* (Fig. 4).

Discussion

transformed probability coefficients indicated that gonad index
was the only positive predictor of selection probability (Bgr =
0.14), while depth (Bpepin = —0.32) and the urchin barren patch
type (Bpaten = —0.66) were negatively associated with the likeli-
hood of focal patch choice. The threshold estimate of gonad index

Our results demonstrate how the behavioral response of an apex
predator to changes in prey behavior and condition can erode the
strength of top-down forcing and enhance the role of bottom-up
community regulation, depending on the spatial organization of
diverse ecosystem states. In 2014, a rapid and dramatic decline in
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Fig. 2. Sea urchin foraging behavior (exposed, concealed) and condition (gonad index) as a function of kelp density. (A) Residuals from a linear regression on
the log-transformed proportion of exposed urchins (to account for urchin density) fit with a negative exponential decay function with kelp stipe density. (B)
The relationship between mean gonad index (per square meter) and the proportion of exposed sea urchins. The gray shaded area represents the 95%
confidence of fit.
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Fig. 3. Gonad index of sea urchins in focal patches where sea otters were
actively foraging on sea urchins (orange circles) and reference sites (green
circles) where otters were not foraging on sea urchins. Also depicted is the
density of urchins and kelp at each patch.

the abundance of a mesopredator (P. helianthoides) and primary
producer (M. pyrifera) coincided with a fundamental change in
urchin foraging behavior and condition. This trait-mediated re-
sponse of urchins to a decline in a primary resource (kelp) and an
important benthic mesopredator (Pycnopodia) initiated further
declines in kelp abundance, resulting in a spatial mosaic of rem-
nant kelp forests interspersed with patches of sea urchin barrens.
The mosaic of forests and barrens provided us a unique oppor-
tunity to explore the numerical and functional responses of sea
otters when given the choice to forage in adjacent alternative
states of the ecosystem and to evaluate the relative contribution
and reciprocal dynamics of top-down or bottom-up control across
the landscape. Our findings add to a growing body of literature
surrounding trait-mediated trophic cascades by revealing that
predator and prey behavioral responses to spatially distributed
mosaics of resources can underpin community functioning and
regional stability.

Long-term monitoring observations around our study area on
the central coast of California indicate a simultaneous decline in
the giant kelp and an increase in the density of exposed purple
sea urchins well beyond historic records (28). These changes
coincided with the 2014 onset of a marine heatwave and decline
in the sea urchin predator, Pycnopodia. Similarly, in 2014 an
unprecedented decline in bull kelp (Nereocystis luetkeana) along
the northern coast of California coincided with the marine
heatwave event and the decline of Pycnopodia (21, 22). Despite a
region-wide increase in the density of exposed sea urchins, we
found that urchins in patches of forests were more cryptic and
had higher gonadal indices than those in barrens. This pattern is
consistent with other studies that identified the abundance of
predators (16, 29-31) and food availability (19, 32) as drivers of
urchin behavior and nourishment.

While predator control of herbivores is widely cited as a fun-
damental mechanism driving community stability (4, 8, 10), far
less is known about predator behavioral responses resulting from
resource-driven variability in herbivore condition and behavior.
The sea otter-sea urchin-kelp forest trophic cascade in the
northern Pacific is perhaps the most well-known example of
predator-driven recovery, where the reclamation of historical
range by sea otters reduced the abundance of herbivorous sea
urchins, thereby enhancing the recovery of kelp forests (14). Our
study documents an unusual example of a sea urchin outbreak in
an area where sea otters were near their projected local carrying
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capacity (24, 26, 33). A broadly similar urchin increase was
reported in the 1980s prior to the start of sea otter census surveys
but when sea otter densities were lower (34). The unanticipated
herbivore outbreak that began in 2014 helped reveal the conse-
quences of predator and prey trait-mediated responses on
community regulation. Our results suggest that because sea ot-
ters mostly ignore urchins in barrens, they are unlikely to directly
contribute to the recovery of forests in barren areas. However,
spatially explicit sea otter foraging for energetically profitable
urchins in forested areas enhances patch resistance to over-
grazing. This latter response has important implications for the
recovery of barrens to the forested state because these remnant
forests protected by sea otters are the spore sources to ultimately
replenish and facilitate recovery of forests in barren areas.
Concurrent with the 2014 increase in the density of exposed
urchins, sea otter abundance increased well beyond levels seen
since the repatriation of otters to the Monterey region in the
early 1960s (27). Given the large area of each of our three survey
regions (Big Sur, Monterey, and Santa Cruz), population-level
dynamics within each region are expected to be primarily driven
by demographic processes rather than by immigration or emi-
gration (35, 36). Because sea otter birth rates do not vary over
time (33, 37), higher pup recruitment and higher survival of
juvenile and subadult sea otters are the most likely demographic
mechanisms for the observed numerical response; a scenario
consistent with the sequential spikes in pup ratio and numbers of
independents and supported by the results of a state-space model
fit to these data (SI Appendix, Supplementary Methods) (33). Sea
otters have been reported to be food limited in the Monterey
region prior to 2014 (27, 38, 39), with a net annual growth rate of
just 1% per year from 2000 to 2014 (Fig. 14). Our demographic
analysis suggests that a 60% reduction in the instantaneous
mortality rates of pups and subadults, and a smaller reduction in
adult mortality, was sufficient to explain an increase in annual
growth rate to ~15% per year between 2014 and 2016. This
growth rate is consistent with trends reported for other areas of
California where prey resources are more abundant (28, 40).
However, urchins are not the only prey type to have increased
after 2014; we also observed a sharp uptick in the intake of
mussels at this time, which may also have contributed to increased
otter survivorship (SI Appendix, Fig. S8). Finally, concurrent

0.754

0.50 1

probability (CI)

0.254

0.00 T T T
0 5 10 15 20

localized mean gonad index (%)

Fig. 4. Probability of sea otter focal patch selection by urchin gonad index.
Model predicted foraging preference (with 95% Cls shaded in green) using
the localized mean urchin gonad index (mean gonad index/square meter).
Probability values (green line) are translated from the logit-transformed
logged odds. The red dashed line indicates the 50% transition threshold.
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studies of tagged otters during this time period showed no evi-
dence of significant movements of animals between regions (24),
and combined with the lack of a net decline in numbers in
neighboring regions this would argue against redistribution
(i.e., an aggregative response) as a plausible explanation for the
increase in numbers around Monterey.

Asynchronous trends in sea otter dynamics between the
southerly regions (Monterey and Big Sur) and the northern Santa
Cruz region may be explained by differences in sea otter mortality
factors. Santa Cruz is located within 8 km of Point Afio Nuevo,
which is a white shark hunting location (41). Sea otter shark-bite
mortality has increased substantially over the past 15 y (42), but
this increase has been less pronounced in Monterey than in re-
gions to the north and the south (27, 43). There has also been a
reduction in protozoal encephalitis since the earlier 2000s, possibly
driven in part by drier years and reduced runoff input of patho-
gens from watersheds (44). Thus, spatial differences in several
mortality factors likely contribute to variation in observed sea
otter trends across the surveyed regions (45).

At the community level, this study demonstrates strong func-
tional responses in a top predator as a result of changes in prey
behavior and condition. Many studies have quantified functional
responses of predators (46, 47); however, fewer have examined
the multiple pathways by which trait-mediated interactions can
erode or amplify trophic cascades (48, 49). Our analysis of long-
term sea otter diet composition across the study area revealed a
clear and rapid increase in population-level specialization and
selectivity in response to increases in prey density and variation
in prey energetic profitability. In particular, as the density of
exposed sea urchins increased, the prevalence of sea urchin prey
in sea otter diets also increased, indicating a rapid population-
level functional response. This response reflected in part an in-
crease in the relative numbers of urchin specialists within the
population and in part an increase in the numbers of urchins
consumed by nonurchin specialists. However, the spatial distri-
bution of foraging effort for urchin prey was not directly linked
to the density of exposed prey but rather was predicted by the
distribution of energetically profitable (gonad rich) prey. As
such, both the role and contribution of top-down control of
community structure was dramatically altered by these trait-
mediated interactions.

The results presented in this study have far-reaching implica-
tions to the field of community ecology that enhance under-
standing of how the strengths of trait-mediated interactions can
reorganize community regulation. While shifts in density-mediated
interactions are a mechanism for trophic cascades (2, 50, 51), our
study suggests that community dynamics also depend on the rel-
ative magnitude of behaviorally mediated interactions, as well as
the temporal and spatial scales over which population responses
occur. Our study demonstrates that the barrens ecosystem state is
maintained by bottom-up processes driven by intense grazing
pressure as a result of a reduction in the availability of a primary
producer and a shift in sea urchin behavior to active foraging. In
contrast, abundant stands of macroalgae in kelp forest patches
promote cryptic and passive-foraging behavior in sea urchins that
translates to higher energetic profitability. In a patchy mosaic
landscape of kelp forests interspersed with sea urchin barrens,
spatially explicit top-down control by sea otter foraging on ener-
getically profitable sea urchins may indirectly maintain the kelp
forest state of the ecosystem by promoting stability of kelp forest
patches within the mosaic.

This study highlights the underexplored role of consumer and
predator foraging behavior on community functioning and sta-
bility. We suspect that the patterns here are not unique to kelp
forest ecosystems but are reflective of how predators and prey
respond to mosaics of resources that are common throughout
ecosystems around the world. Greater consideration of con-
sumer and predator behavioral responses to resource mosaics
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may, therefore, present new ways of understanding how trait-
mediated interactions and reciprocal feedbacks between top-
down and bottom-up forcing affect community dynamics and
ultimately underpin the regional stability of ecosystems.

Methods

To address our five hypotheses, we combine spatially explicit observations of
numerical and functional responses of sea otters with changes in sea urchin
behavior and condition to reveal the relative contribution of top-down and
bottom-up control in the structure of kelp forest communities.

Study Area. This study was conducted along the Monterey Peninsula in
California (SI Appendix, Fig. S1). The study region is ~300 ha, and all marine
mammals, algae, and invertebrates are protected from harvest (since 2007)
within marine protected areas. The subtidal habitat covers a range of low to
high topographic relief comprised of continuous igneous rock that extends
from the shore to ~23 m depth, where it becomes expansive sandy bottom
strewn with small rocky outcrops. In the nineteenth century, the southern
sea otter was locally hunted to near extinction, but a recovering sea otter
population repatriated the area in the early 1960s. The local sea otter
population increased rapidly over the course of the following 30y, reaching
an apparent equilibrium by the late 1990s (26, 27). In 2014, the region
shifted from a once expansive kelp forest to a mosaic of remnant forests in-
terspersed with patches of sea urchin barrens that range in size from ~30 to
60 ha (S/ Appendix, Fig. S2). The formation of the mosaic was initiated in part
by the loss of a sea urchin mesopredator (P. helianthoides) that coincided with
an unprecedented marine heatwave (resulting in reduced kelp productivity),
an outbreak of purple sea urchins, and an increase in the abundance of sea
otters well beyond levels recorded since the early 1960s (Fig. 1).

Shifts in Urchin Behavior and Condition. A total of 236 underwater surveys
(hereafter, “reference sites”) were conducted from May to September in
2017 (n = 71), 2018 (n = 92), and 2019 (n = 73) in order to evaluate the
spatial extent and temporal dynamics of kelp forests and urchin barren
patches across the study area, and to determine urchin foraging behavior
and condition. Survey sites were randomly selected on hard substratum
between 5 and 20 m of water (based on diving limitations). All surveys were
conducted between the hours of 9:00 AM and 1:00 PM. Each site was sam-
pled using eight 5-m-long transects with two randomly placed 1-m? quadrats
(16 quadrats per site) fixed with a high-resolution camera. A single transect
was assigned to each cardinal (north, east, south, and west) and inter-
cardinal (northeast, northwest, southeast, and southwest) direction around
the survey site (eight total transects). The positions of the quadrats along
each transect were weighted using a randomly stratified design so that the
quadrats were not biased toward either the center or outer edge of the
sampling circle (S/ Appendix, Fig. S9). Therefore, each survey site represents
an independent replicate sample.

The density of purple urchins was recorded in situ within each 1-m?
quadrat by carefully searching for urchins, including those seeking refuge in
cracks and crevices. Still photographs were taken of each quadrat for esti-
mates of urchin behavior. In the laboratory, photographs were analyzed for
the presence of exposed, actively foraging urchins. Urchins with a test di-
ameter visible by 50% or more were quantified as exposed. We selected the
50% visibility threshold to account for actively foraging urchins at inter-
mediate ranges of exposure, and because a subsample of urchins from a
representative sample of 505 quadrats quantified at the 100% exposure
level was not statistically different from the 50% level. The ratio between
the number of urchins quantified as exposed and the total number of ur-
chins quantified in situ represents our proportional estimate of urchins
employing active foraging behavior. At each site, kelp density was quanti-
fied as the number of stipes in the entire survey area (per 78 m?).

To test the hypothesis that a shift in urchin behavior from passive to active
foraging is associated with a decline in kelp availability, we used a sequential
model fitting approach to assess whether the mean proportion of exposed
urchins was related to kelp density. First, we conducted a linear regression
with the proportion of exposed urchins as a function of the log-transformed
urchin density to control for the positive effect of urchin density on foraging
behavior (i.e., urchins are more likely to be exposed at higher densities). We
then regressed the residuals from that model against kelp stipe density to
determine the relationship between the proportion of exposed urchins and
kelp density. We took the sequential approach instead of using multiple
regressions because it was clear from initial analyses that both relationships
(proportion versus urchin density and proportion versus kelp density) were
nonlinear such that a simultaneous (and linear) approach would mask the
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actual relationships. Finally, to rule out refuge availability as a confounding
effect of behavior, we regressed field estimates of rugosity collected using
Risk’s chain-and-tape method (52) against site location, kelp density, and the
proportion of exposed urchins, for which we found no effect (i.e., rugosity
was relatively uniform across all sites).

Gonadal indices were constructed to comparatively evaluate the hy-
pothesis that active urchin foraging behavior is associated with a decline in
condition (i.e., gonad quality). At each of the survey sites above, a maximum
of 32 urchins were randomly collected (two per quadrat from adjacent fixed
positions) and brought to the laboratory for dissection (n = 4,408). Urchins
were placed on ice immediately after collection to slow digestive and re-
productive processes. Soon after returning to the laboratory, urchins were
injected with 2 to 12 mL 10% neutral buffered formalin (depending on the
size of urchin). Urchins were injected through the peristomial membrane
and placed in a venting room for a minimum of 24 h to allow fixation of
tissues and gonads. After fixation, gonads were blotted dry and weighed to
the nearest 0.01 g. To compare gonad mass across individuals, gonad indices
were calculated as follows:

Gonad Index = Gonad mass (9)

=————————2-*%100. 1
Urchin mass (g) 0o (

Because the fixation process results in variable amounts of perivisceral fluid
loss, an equation relating wet mass to test diameter was generated following
the methods of Harrold and Reed (19). A biomass equation was fitted to a
previous sample of over 400 purple sea urchins. The r* for Eq. 2 was 0.97, and
the partitioned sum of squares gave P < 0.0001.

Urchin Mass (g) = —22.45 + 12.23e%03*Test Diameter (mm)_ [2]

Sea Otter Numerical Response to Density of Exposed Prey. We examined
support for a numerical response by testing for a temporal change in the mean
annual sea otter abundance within the focal study area (Monterey) before (2000
to 2013) and after (2014 to 2018) the 2014 urchin outbreak. We used published
annual abundance surveys for southern sea otters (53) to test for variation in
abundance over time. Specifically, we evaluated support for a temporal change
in sea otter abundance within the focal study area (Monterey) by comparing
the mean annual abundances for two time periods (2000 to 2013 and 2014 to
2018). In order to distinguish a numerical response due to increased survivorship
(as opposed to a redistribution or migration), we compared sea otter abun-
dance dynamics in the regions immediately to the north (Pigeon Pt. to Seaside,
hereafter “Santa Cruz”) and south (Pt. Sur to San Simeon, hereafter “Big Sur”)
of the study area (S/ Appendlix, Fig. $10). Abundance dynamics were evaluated
between regions and across time periods using a generalized mixed model,
treating abundance estimates as a gamma-distributed response variable and
with time period, region, and their interaction as fixed effects and segment
(repeated annual survey area) as a random effect.

To assess whether the observed changes in abundance were explicable by
biologically feasible changes in vital rates, and to generate estimates of
regional trends that reduce the effects of observer error in the raw counts (23),
we fit a Bayesian state space model to the time series of survey counts for pups
and independent otters (S/ Appendix, Supplementary Methods). The model
structure followed previously described age-structured models of sea otter
demographics (54, 55), and allowed us to infer the underlying changes in
survival rates that explained population trends over the study period.

Prevalence of Urchins in Sea Otter Diets. To test for a sea otter functional
response to increases in prey abundance, we evaluated the dietary prevalence
of urchins in sea otter diets before and after the 2014 increase in the
abundance of exposed urchins. Long-term sea otter observational foraging
data were collected from 2000 to 2018 to determine diet composition and
the spatial extent and frequency of urchin captures. Observational foraging
data were collected primarily from radio-tagged sea otters that were cap-
tured and monitored as part of long-term population studies (24, 55). Ob-
servation sessions were conducted from shore to collect foraging data and
were somewhat opportunistic and haphazard (i.e., based on availability of
candidate animals foraging within visible distance of shore), although con-
sistent efforts were made to obtain balanced sample sizes of foraging ob-
servations from each tagged study animal in each season (target = 200
observed dives per otter, per season) and to distribute observations for each
animal throughout its home range, to avoid spatial biases. Once a feeding
sea otter was selected for observation, the observing team used a high
powered telescope, stopwatch, Global Positioning System, compass, and
laser range finders to record the following variables for each dive in the
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feeding bout (contiguous series of dives made by a single otter): geolocation
(computed based on observer’s location and direction/distance to otter),
dive duration, interdive interval, dive outcome (success or no prey), prey
type (to the lowest taxonomic level possible), prey size, number of prey
items, prey handling time, and various other fields (56, 57).

For purposes of analyzing individual sea otter diets, we restricted analysis
to tagged sea otters for which we recorded a minimum of 10 bouts comprising
300 or more feeding dives over a 1- to 3-y period. We assembled information
on diameter-biomass relationships and calorific densities for each of the most
common prey types (58). For the population as a whole, and for each tagged
study animal, we then estimated diet composition on the basis of consumed
wet edible biomass using a Monte Carlo, resampling algorithm designed to
account for uncertainty and potential biases inherent in the raw data (56, 57).
Briefly, the analysis utilizes empirically derived relationships between recorded
variables (prey handling time, prey size, and number of items per dive) to
correct for those dives with missed data points. The Monte Carlo analysis re-
sults in bias-corrected estimates of consumption rates (g/minute) for each prey
type and thus proportional contribution of each prey type to individual diets
and to the population-level diet. We then used k-means cluster analysis to test
for natural groupings in the diet composition data for individual sea otters, as
previous analyses of sea otter diets on the central coast of California have
found strong evidence for individual diet specialization (56-58). We used the
silhouette method combined with examination of elbow plots (59) to deter-
mine the optimal number of clusters. To interpret cluster assignments, we
identified the most common prey type for sea otters assigned to each cluster
[previous analyses have found that a single prey type generally comprises 35%
or more of the diets of individuals assigned to a given cluster (60)]. Urchin
specialists were identified as sea otters belonging to the cluster where urchins
were the most common prey type.

The dietary prevalence of urchins was compared using the proportional
contribution of urchins to individual sea otter diets across two time periods: 2000
to 2013 and 2014 to 2018 (one period before and one after the increase in the
abundance of exposed urchins). We used beta regression to account for the
proportional (0 to 1) response variable (61, 62), with time period and diet spe-
cialization (urchin specialists versus all other diet types) as categorical predictor
variables and allowing for an interaction between these main effects. We then
used Fisher’s exact test (63) to evaluate whether there were differences across
time periods in the relative frequency of urchin specialists in the population.

Urchin Condition and Sea Otter Selectivity. To test the hypothesis that the
spatial distribution of sea otter foraging effort for urchin prey is predicted by
the distribution of energetically profitable sea urchins, we compared patterns
in sea otter foraging behavior with spatially explicit urchin gonadal indices.
For this analysis, a sea otter foraging subbout is considered any number of
dives made within a 10-m diameter zone of the starting dive’s geolocation.
Subbouts where three or more consecutive feeding dives resulting in suc-
cessful capture and consumption of urchins were identified as “non-random
urchin foraging patches” (hereafter, “focal patch”).

Additional underwater surveys were conducted at each focal patch in 2017
(n = 22) and 2018 (n = 29) following the sampling protocol above to con-
struct spatially explicit gonadal indices. These surveys were conducted within
a 2-wk interval from the initial shore observation of sea otter foraging to
link urchin gonad condition with sea otter foraging behavior in near-to-real
time. Because a subbout includes dives made by an otter within a 10-m di-
ameter zone, an underwater radial sampling design allowed for seamless
integration between the underwater surveys and the shore observations of
sea otter foraging behavior (S/ Appendix, Fig. S9).

A stepwise conditional logistic regression was used to test whether sea

otter focal patches are predicted by the spatial distribution of energetically
profitable urchins. We examined population-level preferences using a binary
categorical response variable (defined as 0 [nonfocal patch] or 1 [focal
patch]) for patch selection across 51 focal patches (where otters were for-
aging on urchins) and 163 randomly sampled reference sites (where otters
were not foraging on urchins). The model terms included gonad index, ur-
chin density, rugosity, temperature, depth, kelp density, and a categorical
assignment of patch type (barren or kelp forest). Models were forward se-
lected and evaluated using Akaike’s Information Criterion.
Ethics. Study animal collection was approved by the California Department of
Fish and Wildlife permit no. SC-389. Sea otter surveys were approved by the
US Fish and Wildlife Service no. MA672624-20. All experiments and surveys
were undertaken with approval from the University of California Santa Cruz
Institutional Animal Care and Use Committee.

Data Availability. Source code and datasets used in this article are available on
Dryad (64).
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