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Food limitation leads to behavioral diversification
and dietary specialization in sea otters
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Dietary diversity often varies inversely with prey resource abun-
dance. This pattern, although typically measured at the population
level, is usually assumed to also characterize the behavior of
individual animals within the population. However, the pattern
might also be produced by changes in the degree of variation
among individuals. Here we report on dietary and associated
behavioral changes that occurred with the experimental translo-
cation of sea otters from a food-poor to a food-rich environment.
Although the diets of all individuals were broadly similar in the
food-rich environment, a behaviorally based dietary polymor-
phism existed in the food-poor environment. Higher dietary diver-
sity under low resource abundance was largely driven by greater
variation among individuals. We further show that the dietary
polymorphism in the food-poor environment included a broad
suite of correlated behavioral variables and that the individuals
that comprised specific behavioral clusters benefited from im-
proved foraging efficiency on their individually preferred prey. Our
findings add to the growing list of examples of extreme individ-
uality in behavior and prey choice within populations and suggest
that this phenomenon can emerge as a behavioral manifestation of
increased population density. Individuality in foraging behavior
adds complexity to both the fitness consequences of prey selection
and food web dynamics, and it may figure prominently as a
diversifying process over evolutionary timescales.
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large and long-standing body of theoretical and empirical

research has led to the well established view that the dietary
diversity of consumers increases as food becomes limiting (1-4).
The implicit assumption underlying both the theory and obser-
vation is that individuals within populations are responding to
changing prey availability in broadly similar ways. However, the
commonly observed population-level pattern of increased di-
etary diversity with reduced prey abundance could also occur via
individual diversification (5, 6), in which case the dietary breadth
of any given individual in response to prey limitation might
change very little. We subsequently refer to the former process
as the within-individual diversity hypothesis (WIDH) and the
latter as the among-individual diversity hypothesis (AIDH),
recognizing that the two processes are not mutually exclusive.
The WIDH and AIDH involve fundamentally different mech-
anisms that have very different implications for population,
community, and evolutionary ecology (7), yet the relative im-
portance of these two processes remains largely unevaluated for
most free-living consumers, particularly large vertebrates. This
lack of attention likely reflects the fact that long-term dietary
records from specific individuals are difficult to obtain, and
comparable samples of individual behavior and diet under
conditions of high and low resource abundance are seldom
available.

California sea otters (Enhydra lutris nereis) provide a unique
opportunity to explore the WIDH-AIDH dichotomy. Diet in
this species is easily determined from shore-based observations
because sea otters invariably return to the surface to consume
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their prey, and we have obtained longitudinal records of sea otter
diet and foraging behavior from tagged individuals that span
multiple years (8). Moreover, the experimental translocation of
sea otters from central California (henceforth CC) to San
Nicolas Island (henceforth SN) in the southern California Bight
in 1987-1990 established a second population in a comparatively
food-rich environment where the diversity of potential inverte-
brate prey is similar or slightly greater than that at CC (9). After
an initial posttranslocation decline (resulting largely from dis-
persal back to CC), the SN population stabilized in the early
1990s and then began growing at ~9% per year. This growth
trend is expected to continue because the current population size
(=40 individuals) is well below the estimated equilibrium density
(Fig. 14). The abundance of commonly consumed sea otter prey
at SN exceeds that at CC by as much as three orders of magnitude
(Fig. 1B), a difference that results from the sea otter’s well
known ability to limit its invertebrate prey populations (10) and
the comparative low density and long period of absence of sea
otters from the SN system.

Between 2003 and 2005, we collected detailed information on
diet and foraging behavior from 11 radio-tagged animals at SN,
and we collected similar data from 34 animals at CC between
2001 and 2004. At each site, the samples consisted of adult
animals (=3 years of age) of both sexes with largely overlapping
home ranges, and individuals at both sites foraged in generally
similar mixed rocky and sand-bottom habitats. The average food
intake rate was more than twice as great at SN than at CC (Fig.
1C); animals at SN thus spent only half as much time foraging
(Fig. 1D) and were in better body condition (Fig. 1E) compared
with animals at CC. The difference in prey abundance between
CC and SN is typical of other areas with and without sea otters
(11), and the associated interpopulation differences in body
condition, rate of food intake, and daily activity budget occur at
the extremes of the recorded values for each metric in this species
(12-15). Taken together, these data suggest that food resources
are effectively unlimited for sea otters at SN but are strongly
limiting to the CC population. The SN-CC comparison thus
provides an experimental means of evaluating the behavioral
responses of individuals in a wild predator population to release
from food limitation.

Results

On the basis of extensive foraging observations (n = 37,255
observed feeding dives and 23,339 prey captures for CC; n =
5,341 observed feeding dives and 2,361 prey captures for SN)
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Fig. 1. A comparison of summary statistics that together characterize sea
otter population status and prey abundance at two study sites in California, CC
(gray bars) and SN (black bars). (A) Sea otter population density (km~2). (B)
Estimates of the benthic density (m~2) of two commonly consumed sea otter
prey taxa: sn, marine snails (Astraea sp.), and ur, sea urchins (Strongylocen-
trotus spp.). (C) Estimated mean rate of biomass intake (g'-min~") by foraging
sea otters. (D) The mean proportion of time spent feeding. (E) Body condition
of adult sea otters (mass/length ratios). Error bars plotted in B—E represent *
1SE.

collected across all seasons for each study animal, we found
strong support at the population level for the classical prediction
of greater dietary diversity in the food-limiting environment; the
total niche width at CC was almost twice that at SN (Fig. 24 and
B). The WIDH predicts that the greater dietary diversity at CC
is primarily a reflection of individual diet breadth, and thus the
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ratio of within-individual diversity to total niche width should be
close to one. Alternatively, the AIDH implies greater dietary
variation among individuals. On average, individual niche widths
at CC (1.25 = 0.34) were slightly greater than those at SN (1.05 =
0.25); however, the ratio of within-individual diversity to total
dietary niche width was substantially lower at CC (0.7 = 0.06)
than at SN (0.9 = 0.02).

To rule out the potentially confounding effects of sample size
and environmental variability in the CC-SN comparison, we
selected the subsample of 11 individuals from CC whose spatial
concurrence most closely matched that of the SN sample (mean
pairwise overlap of home-range polygons = 42%) and con-
trasted the degree of dietary variation between these two groups.
The degree of similarity between individual diets and the
population “average” diet (the proportional similarity index, or
PSI) was relatively low for the 11 animals at CC (PSI = 0.547)
compared with the 11 animals at SN (PSI = 0.819), indicating
that individuals specialized to a much greater extent at CC. We
found the same pattern when we repeated the analysis using
bootstrapped samples from each location: the average PSI value
at CC was 0.565 [95% bootstrap confidence level (CLgs) =
0.467-0.664], whereas the average PSI value at SN was 0.824
(CLgs = 0.769-0.879). These data indicate a clear, qualitative
difference between study sites: plots of diet composition were
generally similar among the individuals at SN but differed
greatly between individuals at CC, with almost no overlap among
certain individuals (Fig. 2 C and D). Thus, the sea otter
population at CC is best characterized as a diversified mixture of
individual specialists, in contrast to SN where individual diets are
similar and generally reflect the population average. These
findings provide strong support for the AIDH.

Predators often exhibit distinct patterns of search and han-
dling behavior when using different prey types (16), and this is
particularly likely to be the case for a predator such as the sea
otter, whose diet spans a taxonomically and phenotypically
diverse array of prey (8). The AIDH thus leads to an expectation
of greater among-individual behavioral variation in the resource-
limited population. To test this prediction, we recorded a suite
of behavioral variables during each observed foraging bout.
After characterizing each otter’s modal foraging behavior in
multivariate space, we found CC otters to be 3.6 times more
variable in their behavior than SN otters (bootstrapped CLos =
1.91-6.02). Moreover, variation in foraging behavior across the
entire SN + CC dataset aggregated into four clusters, or
behavioral modes, that were statistically distinct (Wilks” A =
0.0074, Fsg9 = 10.561, P < 0.0001, jackknifed classification
accuracy = 89%) and readily discriminated along two canonical
axes summarizing behavioral variation (Fig. 3). All but one of the
SN individuals fell into a single cluster, whereas CC individuals
were more evenly divided among clusters, and animals that
exhibited different behavioral modes also tended to specialize on
different prey types (Fisher’s exact test, P = 0.0002). Interest-
ingly, the one SN individual grouped apart from the others was
a 16-year-old female that had been part of the original translo-
cation, suggesting that she may have retained some character-
istics of her pre-translocation feeding behavior.

Why would individuals specialize rather than becoming di-
etary generalists when resources are limiting? Theory suggests
that this specialization will occur if preferred prey are relatively
easy to capture and handle, whereas less preferred prey require
complex foraging skills or specific phenotypic traits for efficient
utilization (5, 17). In accordance with this theory, we predicted
that those sea otters at CC that specialized on a particular prey
type (i.e., consumed proportionally more than most conspecifics;
see Methods) should benefit from improved handling efficiency
for that prey. Nine prey types were consumed in sufficiently large
numbers to contrast handling efficiency between specialists and
nonspecialists. Five of the 9 contrasts differed significantly, all
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Fig.2. Population-level and individual diet histograms for sea otters at CC (Left) and SN (Right), illustrating differences in total niche width and individual diet
specialization between the two populations. The left vertical axis of each graph indicates the dietary prevalence of various prey types (measured as the proportion
of total prey capture events). A and B show the mean diet composition for otters at CC and SN, respectively, with the rightmost bar in each graph indicating the
total niche width for each population as measured by the Shannon-Weiner index (right vertical axes). Prey types consumed at each site are indicated by two letter
codes on the horizontal axis: ur, urchins; kc, kelp crabs; sn, marine snails; cc, Cancer crabs; cl, clams, scallops, and other infaunal bivalve mollusks; lo, lobster; ab,
abalone; sk, small unidentified kelp-dwelling invertebrates; cm, cephalopod mollusks; st, sea stars; mu, mussels; wo, worms; sd, sand dollars. C and D depict the
corresponding diet histograms for 11 individuals at each site, with the rightmost bar in each graph indicating the proportional similarity index (PSI, right vertical
axes), or the degree to which each individual’s diet matches the population-level diet. Tick marks on both the left and right vertical axes in Cand D are atintervals
of 0.2.

favoring improved foraging efficiency by specialists over non-
specialists (Table 1). Despite the low statistical power associated
with the small number of contrasts, the probability of this pattern
resulting from chance alone is 0.031. Overall, individuals that
specialized on a particular prey type were able to process 25%
more prey items per unit of time than were nonspecialists.

Discussion

Our results indicate that, for southern sea otters, higher dietary
diversity under low resource abundance is largely driven by
variation among individuals. Within-individual diet diversity was
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also slightly higher in the food-limiting environment, demon-
strating that both within- and among-individual variation can
contribute to population-level patterns; however, the qualitative
differences between the two sites with respect to individual
specialization are most consistent with the AIDH. Conceivably,
these differences are related to some factor other than food
abundance [the most plausible alternative hypotheses, and the
reasons we have discounted them, are summarized in the
supporting information (SI) Text], but this is the simplest and
most parsimonious explanation.

Individuality in animal behavior is now well established and
widely reported (7). Alternate foraging modes associated with
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Fig. 3. An ordination of the first two factors from a discriminant analysis
conducted to evaluate the classification of individual sea otters into one of
four clusters on the basis of foraging behavior. Each factor represents a
canonical function of 14 parameters recorded from study animals at two study
sites, CC and SN, and factor scores for individual otters are plotted in this
multivariate space. To aid in interpretation, the qualitative relationship be-
tween key behavioral variables and the discriminant factors is indicated by
arrows and text outside the ordination. Individuals are color-coded on the
basis of the behavioral cluster to which they were initially assigned, and the
95% bivariate confidence ellipses for each cluster are also plotted. Histogram
panels are superimposed adjacent each cluster (color-coded as above) to
depict the mean relative abundance of 10 key prey types in the diets of the CC
otters within that cluster, expressed as proportional discrepancies from the
population average (two-letter prey codes are defined in Fig. 2, and vertical
axis tick marks are at intervals of 0.05).

physical polymorphisms provide some of the most well known
examples (18-20), but individual differences in prey selection
and foraging behavior also have been reported that appear to be

unrelated to either environmental context or morphological
correlates in the consumers (21-25). Behavioral polymorphisms
probably occur widely in nature but generally go unnoticed in the
absence of longitudinal data from individuals. As a result, little
attention has been paid to the existence or significance of
individual diet specialization, and the exact mechanisms under-
lying this phenomenon are poorly understood. Our findings
provide evidence for both plasticity and context dependency in
the expression of dietary polymorphisms. A similar phenomenon
was recently demonstrated for sticklebacks (6), although in that
case the behaviorally driven niche diversification mapped onto
preexisting phenotypical differences; we have shown that
context-dependent diet specialization can occur even in the
absence of morphological correlates.

The key elements of context dependency in diet specialization
are consumer population density, the associated changes in prey
availability, and the economics of prey choice (26, 27). As sea
otter numbers increase and the abundance of their preferred
prey is reduced by predation, the consumption of less preferred
prey types apparently becomes profitable (28), thus explaining
an increased dietary breadth at the level of the population. Some
of these prey types require complex capture or handling tech-
niques for efficient utilization: This requirement, along with
increased competition for food, will tend to place a premium on
the acquisition of prey-specific foraging skills (5, 17). Such skills
can be learned and honed through experience (29), but because
of the costs associated with skill acquisition and the limited
ability of individuals to maintain a repertoire of skills for all prey
types at high performance levels (16), individuals may become
more or less proficient in different prey-specific foraging tech-
niques. It is clear how this scenario would lead to density-
dependent diet specialization and behavioral diversification over
the short term, and the predictions are consistent with our results
(Fig. 3 and Table 1), but what prevents convergence (over
multiple generations) on one optimal diet? The same mecha-
nisms responsible for morphological character divergence—
namely, correlational selection on multiple traits and frequency-
dependent trade-offs—are equally capable of maintaining
behavioral polymorphisms within a population (30), especially
when there is matrilineal cultural transmission of learned for-
aging skills or prey preferences (8, 31).

Extreme individuality in diet and behavior such as that we
describe for sea otters has a wide range of implications and
potential consequences. For example, it probably leads to in-

Table 1. Handling efficiency (amount of time required to handle and consume one prey item) of sea otters at CC that specialize on
nine different prey types, contrasted with the handling efficiency of nonspecialists

Specialists, mean

Nonspecialists, mean

Prey diameter, per-item handling per-item handling % increase Student’s

Prey type cm time (SD), s n time (SD), s n in efficiency t value P
Marine snails 1-5 9.41 (1.578) 5 18.916 (8.222) 6 101.0 2.771 0.036
Kelp crabs 6-10 84.092 (13.829) 5 108.674 (40.68) 29 29.2 2.518 0.021
Urchins 1-5 20.575 (3.933) 6 25.978 (7.615) 18 26.3 2.243 0.038
Clams 6-10 47.785 (10.208) 5 67.994 (30.083) 15 423 2.243 0.038
Worms 11-15 8.32 (0.601) 4 11.223 (2.649) 8 34.9 2.952 0.018

Average % increase in efficiency for prey types with significant differences: 46.7
Cancer crabs 11-15 183.217 (75.074) 5 188.323 (91.386) 25 2.8 0.134 0.898
Abalone 11-15 166.667 (43.501) 3 111.75 (24.865) 4 —33.0 1.96 0.145
Sea stars 11-15 44.606 (8.685) 5 58.521 (40.432) 18 31.2 1.352 0.191
Mussels 1-5 24.968 (4.167) 5 22.493 (6.042) 11 -9.9 0.95 0.362

Average % increase in efficiency for prey types without significant differences: -2.2

Average % increase in efficiency for all prey types: 25.0

Handling time data were filtered to include only the most commonly captured size class for each prey type. Sample sizes (n) indicate the number of animals
classified as specialists and nonspecialists, respectively (the mean handling time for a given prey type by one animal represents the sample unit for statistical
comparison). The relative difference between specialists and nonspecialists is presented as the percent increase in handling efficiency for specialists (number of
items handled per unit time), followed by the statistical significance (based on a two-tailed t test) of this difference.
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