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abstract: Interspecific variation in resource use is critical to un-
derstanding species diversity, coexistence, and ecosystem functioning.
A growing body of research describes analogous intraspecific varia-
tion and its potential importance for population dynamics and com-
munity outcomes. However, themagnitude of intraspecific variation rel-
ative to interspecific variation in key dimensions of consumer-resource
interactions remains unknown, hampering our understanding of the im-
portance of this variation for population and community processes. In
this study, we examine feeding preference through repeated laboratory
choice feeding assays of 444 wild-caught individuals of eight invertebrate
grazer species on rocky reefs in northernCalifornia. Between-species var-
iation accounted for 25%–33% of the total variation in preference for the
preferred resource, while between-individual variation accounted for 4%–
5% of total variation. For two of the eight species, between-individual var-
iationwas significantly different fromzero andon average contributed 14%
and 17% of the total diet variation, even after accounting for differences
due to size and sex. Therefore, even with clearly distinguishable between-
species differences inmean preference, diet variation between andwithin
individuals can contribute to the dietary niche width of species and guilds,
which may be overlooked by focusing solely on species’ mean resource
use patterns.

Keywords: intraspecific variation, feeding preference, dietary niche,
herbivory, rocky shore, kelp forest.

Introduction

Population dynamics and community structure are strongly
influenced by the degree towhich individuals and species spe-
cialize on and partition available resources (Macarthur and
Levins 1967). Species vary broadly in their resource use within
communities (Schoener 1974), and resource partitioning
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predicts population persistence (Werner et al. 1983), species
interactions (Sommer et al. 2001; Burkepile and Hay 2008;
Rasher et al. 2013), species coexistence (Chesson 2000), and
community assembly (Grant and Grant 2006). Similarly, a
growing body of work indicates that individuals within species
consistently vary in their resource use (Bolnick et al. 2003; Sih
et al. 2004a; Vellend and Geber 2005). Individual variation in
resource use influences population persistence (Hughes and
Stachowicz 2011; Forsman andWennersten 2016), ecological
processes and community structure (Crutsinger et al. 2006;
Hughes et al. 2008), community assembly (Jung et al. 2010;
Siefert 2012; Kraft et al. 2014), community stability (Agashe
2009; Pruitt et al. 2016;Wood et al. 2017), species coexistence
(Vellend 2006; Lichstein et al. 2007; Lankau 2009), and food
web structure (Barbour et al. 2016).Yet it is oftenassumed that
phenotypic variation among individuals is negligible com-
pared with that among species (Lister 1976; Taper and Case
1985; Schoener 1986; McGill et al. 2006; Petchey and Gaston
2006). This assumption may be premature, given the limited
number of empirical assessments of intraspecificdiversity that
quantify the relative proportion of intraspecific versus inter-
specific variation in resource use across an entire guild (Bol-
nick et al. 2011; Siefert 2012; Kamath and Losos 2017). Also,
existing assessments of individual specialization are likely
biased in favorof speciesknowntohaveconsiderable intraspe-
cific variation, which may overestimate the general nature of
these effects (Bolnick et al. 2003). Although plant ecologists
have made significant progress in assessing the proportion of
trait variation among and within species (Siefert et al. 2015),
we have much less understanding of how these different
levels of variation matter for species interactions, especially
across trophic levels.
In contrast with many other ecological traits (e.g., indirect

proxies of resource use, such as morphology and physiology),
diet is a direct measure of consumer resource use for popula-
tions and species that also impacts the coexistence of compet-
itors and trophic interactions. Dietary niche width consists of
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a between-individual component (BIC) and a within-individual
component (WIC; Roughgarden 1972). In addition to predict-
able between-individual variation due to size (Werner and
Gilliam 1984), age (Polis 1984), and sex (Shine 1989), a broad
range of taxa exhibit consistent between-individual differ-
ences in diet that are not attributable to these characteristics
(Bolnick et al. 2003; Sih et al. 2004a). Indeed, some individuals
may be specialists that each consume only a narrow range of
the resources consumed by the population (Bolnick et al.
2003; Tinker et al. 2008; Woo et al. 2008; Kernaleguen et al.
2015), whereas others are individual generalists that each
consume the full range of resources consumed by the popula-
tion (Costa et al. 2015). Individual specialization is fairly com-
mon and BIC is large for some taxa, but the relative magni-
tude of BIC and WIC in contributing to dietary niche width
across entire consumer assemblages has rarely been quanti-
fied (Bolnick et al. 2011; Maldonado et al. 2017).

Individual dietary specialization can arise from differences
inmorphology, physiology or behavior, or genotype (Bolnick
et al. 2003, 2011). Of these mechanisms, feeding behaviors
are easily comparable across diverse taxa and trophic levels
and are the most proximate measures of diet. Moreover, var-
iation in feeding preference (West 1988; Estes et al. 2003),
habitat use (Werner 1977; Matthews et al. 2010), and activity
level (Pruitt et al. 2012, 2017) can produce interindividual var-
iation in the size, type, and traits of prey obtained by con-
sumers. Furthermore, variation in these behaviors is closely
tied to and has clear implications for ecological processes and
ecosystem dynamics; individual variation in feeding behavior
directly impacts key ecological processes, such as top-down
control (Belgrad and Griffen 2016; Michalko and Pekar 2017;
Pruitt et al. 2017), interspecific competition, and coexistence
(Gibert and Brassil 2014; Hart et al. 2016). We therefore focus
on feeding behavior—specifically, feeding preference—as the
proxy for the dietary niche and ecological function.

California kelp forests and adjacent rocky shores support
complex food webs that host diverse assemblages of preda-
tors, herbivores, and algae (Steneck et al. 2002; Blanchette et al.
2016; Carr and Reed 2016). In these habitats, numerous herbi-
vores influence community structure and dynamics via direct
and indirect effects on algal abundance, diversity, and produc-
tivity (Paine and Vadas 1969; Sousa 1984; Aquilino and Sta-
chowicz 2012). Many of these herbivores occupy similar
habitats and forage on algae along a gradient from intertidal
to shallow subtidal zones. These grazers include crustaceans,
mollusks, and echinoderms that vary in size, morphology, life
history, and occurrence across these zones, and they exhibit
well-documentedbetween-speciesdifferences in foragingpat-
terns (Lowry and Pearse 1973) and feeding preference for al-
gae (Leighton 1966; Thornber et al. 2008). Yet despite the rich
literature on the impacts of herbivory in these systems (Lub-
chenco and Gaines 1981; Menge 2000; Steneck et al. 2002;
Foster et al. 2006), herbivore preference has been documented
This content downloaded from 169.2
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largely through short-term laboratory experiments and field-
tracking surveys, which cannot assess consistent variation
among individuals in preference or variation in a single indi-
vidual’s preference over time (Chapman 2000).
To address this knowledge gap, we repeatedly measured

the feeding preference of 444 individual herbivores of eight
species using a suite of generally available algal foods to es-
timate the relative magnitude of interspecific and intraspe-
cific diet variation. Specifically, we asked two questions. First,
what is the relativemagnitude of interspecific versus intraspe-
cific variation in feeding preference? Second, is individual var-
iation in preference within species primarily due to consistent
specialization among individuals (BIC) or generalist variation
within individuals (WIC)?We interpret our results in light of
how species that share similar feeding preference differ in the
magnitude and source of individual variation (within vs. be-
tween individuals), potentially exerting different structuring
influence on prey assemblages.
Methods

We collected animals and algae from rocky reef habitats be-
tween Bodega Bay (38.3332507N, 123.0480577W) and Point
Arena Cove (38.9140767N, 123.7089077W) in northern Cali-
fornia. Among a diverse community of herbivorous mollusks,
crustaceans, and echinoderms on northern California rocky
shores, we selected the most common, mobile invertebrate
macrograzers occurring in the intertidal and shallow subtidal
zones. These species includedMesocentrotus (formerly Stron-
gylocentrotus) franciscanus (red urchin, n p 27), Strongylo-
centrotus purpuratus (purple urchin, n p 37), Haliotis ru-
fescens (red abalone, n p 36), Tegula brunnea (brown
turban snail, n p 79), Pugettia producta (northern kelp crab,
n p 50), Pagurus samuelis (blueband hermit crab, n p 79),
Pachygrapsus crassipes (lined shore crab, n p 49), and Tegula
funebralis (black turban snail, n p 87). These species live pri-
marily in the shallow subtidal and low intertidal zones, with
the exception of P. crassipes and T. funebralis, which occupy
the mid- and high-intertidal zones but feed on many of the
same algae. We collected adult individuals of moderate size
from a variety of habitats (surfgrass, kelp, bare rock, sand)
within one or two sites per species to account for potential
habitat-related variation in feeding preference (see table A1).
Individuals of each species were brought back to the Bodega
Marine Laboratory, initially housed together, fed the same algae
subsequently used in experimental trials, and allowed to adjust
to laboratory conditions for 1 week before feeding experiments
were conducted. We individually tagged, measured, weighed,
and housed collected animals in separateflow-through contain-
ers or seawater tanks. Tagging and housing methods (and re-
lated laboratory conditions, such as diurnal cycle) varied, de-
pending on the size of the herbivore species (table A1).
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Dietary Niches: The Role of Individuals 000
We conducted feeding-choice assays every 1–2 weeks for
a total of four or five repeated measures of preference for
every individual of each species between July 2013 andMarch
2014 (table A1). During this time period, sea surface temper-
ature ranged from10.57 to 157C, although short-term fluctua-
tions on the order of 27–47C within a single day or week were
not uncommon.We conducted collections and laboratory ex-
periments simultaneously for two or three species at a time,
using algae collected from a single location for all herbivores
within each trial. Feeding-choice assays utilized four species
of algae, including two kelps,Nereocystis luetkeana (bull kelp)
and Laminaria setchellii (stiff-stiped or split kelp), and two
species of foliose red algae,Mazzaella splendens (splendid ir-
idescent seaweed) and Dilsea californica (leathery strap sea-
weed). These species of algae were selected in part because
they are locally abundant, persist from late spring tomidwin-
ter, and are available as food (in an attached or detached
form) for the focal herbivores.We chose these species of algae
to represent a range of taxonomic and morphological char-
acteristics but also to minimize differences in algal morphol-
ogy; all four species are bladelike, and we selected fronds of
comparable thickness, surface area, shape, and tissue weight
for our experiments to minimize the chance that area, shape,
or size would influence feeding rate by altering encounter
frequency.

We collected algae for each trial from a single rocky shore
location and tidal height, using fronds that were ungrazed
and nonreproductive. Blades of similar weight and length
were offered together to individual herbivores by clipping them
to a looped cable tie secured within the container or tank.We
offered the same amount of each alga to each given herbivore
but varied the amount among herbivore species according to
herbivore size. Controls of the same designwere placed in iden-
tical containers, either adjacent to experimental containers for
smaller herbivore species or in perforated, clear plastic con-
tainers inside experimental tanks for larger herbivore species.
We terminated the experimentwithin 5 days, long enough for
herbivores to consume a visible portion of the available algae
but before any one choice had been completely consumed.We
disregarded replicates in which herbivores either did not
consume any algae (55 instances) or consumed all biomass
of any single algal species (157 instances).

To determine individuals’ relative feeding preferences
among the selected algae, algae from feeding-choice assays
were blotted dry and weighed before and after feeding trials.
Wemeasured change in algalmass as a result of herbivore con-
sumption for an experimental trial by subtracting the final
wet mass from the initial wet mass after adjusting initial mass
by the proportional growth observed in grazer-free controls
(Stachowicz and Hay 1999).

Data from these experiments are deposited in the Dryad
Digital Repository: https://dx.doi.org/10.5061/dryad.5nq06fj
(Rhoades et al. 2018).
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Statistical Methods

We sought to (1) identify the important axes of variation in
feeding preference, (2) quantify how the variation in prefer-
ence is partitioned within the entire herbivore assemblage
and within each herbivore species (between-species com-
ponent, BIC, and WIC), and (3) explore the potential eco-
logical factors (body size, sex, source locale/collection loca-
tion) contributing to significant BIC in preference.
We first performed a principal components analysis on

algal consumption data. We used the proportion of total al-
gae consumed, represented by each of the algal species as the
response variables, and treated each individual herbivore in
each trial as an individual sample. This allowed us to assess
how variation in relative consumption of each algal species
contributed to differences in feeding preference among indi-
viduals and species of herbivores. We found that principal
component (PC) 1 accounted for 80% of the total variation
and was strongly positively correlated with the proportion
of diet composed of bull kelp (N. luetkeana; see “Results”; ta-
ble S1.1; tables S1.1–S1.7, S2.1–S2.3 are available online). We
found that PC2 accounted for 13.8% of the total variation and
was strongly positively correlated with the proportion of diet
composed of both species of red algae (M. splendens and D.
californica). We therefore focused analyses on how the rela-
tive consumption of bull kelp varied among individuals and
species of herbivores. We define this response variable as
preference for bull kelp, calculated as the biomass of bull kelp
consumed divided by the total biomass of algae consumed.
This represented our main axis of variation in preference.
We define a second axis of variation as preference for red al-
gae, calculated as the biomass of red algae consumed divided
by the total biomass of algae consumed. This second axis of
variation represents a much smaller proportion of total vari-
ation in preference, and results concerning the partitioning of
preference across the full herbivore assemblage and for each
species are similar for both axes of variation. We therefore
present the results for preference for bull kelp in the main ar-
ticle, while the results of analyses of preference for red algae
are presented in the supplemental material (“Supplemental
Information 2”).
We constructed statistical models of individual prefer-

ence for bull kelp and red algae to evaluate the relative mag-
nitude of variation among individuals versus among species
in contributing to preference. The arcsine–square root trans-
formation was applied to preferences (for bull kelp and for red
algae) to normalize their distributions (see figs. S1.1–S1.3
[figs. S1.1–S1.5, S2.1, S2.2 are available online] for histograms
of model residuals and tables S1.2 and S1.3 for a comparison
of estimates and significance of variance components for the
guild-level and species models using the arcsine–square root
transformation of preference for bull kelp vs. PC1 of prefer-
ence).We used amixed effects model with random intercepts
37.066.128 on August 01, 2018 09:36:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



000 The American Naturalist
for individual, species, and trial and a fixed effect of seasonal
block to account for the fact that feeding trials were grouped
formultiple species across seasons (table A1). The variance of
the random effect of species represents the between-species
component, the variance of the random effect of individual
represents the BIC, and the residual variance represents the
WIC in preference over time. WIC does not include the varia-
tionwithin individuals caused by algal or environmental condi-
tions that varied across trials and seasons, which affected all in-
dividuals regardless of species; these are captured by the random
effect of trial and the fixed effect of seasonal block. The signif-
icanceof randomeffectswas testedusing likelihood ratio tests,
whichcomparemodelswithandwithoutthese randomeffects.

To estimate BIC and WIC for each species, we also con-
structed separatemodels of individual preference for bull kelp
and red algae within each herbivore species. These models
contained random intercepts for individual and experimental
trials. The random effect of individual represents the BIC, and
residual variance represents theWIC of preference, again not
This content downloaded from 169.2
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including any variation among trials that affectedmultiple in-
dividuals in parallel. Total niche width (TNW) of a species
consists of the sum of the variance between individuals
(BIC) and the residual variance (WIC). The degree of indi-
vidual specialization is determined by the ratio (WIC/TNW)
for each species, such that a value of 1 indicates that there is
no within-individual consistency in preference, while a value
of 0 indicates high individual consistency (Bolnick et al.
2002). To investigate potential mechanisms for specialization
in species with high BIC, we constructed additional single-
species models using the same structure described above but
including the fixed effects of individual body size, source lo-
cale/collection location, and sex in species for which these
traits were able to be measured.
To compare preference across herbivore species in the as-

semblage, we constructed a ranked multinomial logit model
of individual preference. This model contained two individual-
specific variables, species and experimental trial. We plotted
the predicted probabilities that each algal species ranked first
Figure 1: Results from the guild-level model of bull kelp preference. A, Estimates and 95% confidence intervals of variance. B, Proportion of
total variance accounted for by the between-species component, the between-individual component, and the within-individual component
extracted from the full model of individual preference for bull kelp across all herbivore species. Parameters estimated using maximum like-
lihood are shown in black fill, and those estimated using Bayesian inference are shown in white fill.
37.066.128 on August 01, 2018 09:36:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Dietary Niches: The Role of Individuals 000
in order of preference for each herbivore species. Predicted
probabilities of rank preference coincided with estimates of
strength of preference for bull kelp and red algae by herbivore
species from the original linear mixed model.

Linear mixedmodels were fit to a normal distribution us-
ing maximum likelihood methods as well as Bayesian infer-
ence (see arguments for use of Bayesian hierarchical models
to estimate individual diet specialization [Coblentz et al.
2017]), and both produced similar predictor estimates (see
“Results”; figs. 1, 2, S1.4). We conducted statistical analyses
in R version 3.4.0 (R Core Development Team 2017). Linear
mixed models were fit using maximum likelihood methods
with the R package lme4 (Bates 2015) and using Bayesian in-
ference methods with the R package rethinking (McElreath
2016). We sampled from Bayesian inference models using
the Hamiltonian Monte Carlo method and noncentered pa-
rameterization, with the R package RStan (Stan Development
Team 2016). We used a ranked multinomial logit model to as-
sess rank preference with the package mlogit (Croissant 2013).
Results

The full model of preference for bull kelp indicated that
within-individual differences are the primary source of var-
iation in preference; WIC accounted for 55%–65% of all
variance in preference for bull kelp (fig. 1B). Species iden-
tity was a significant predictor of preference (P ! :001) and
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the second largest source of variation in preference, repre-
senting 28%–42% of all variance in preference for bull kelp,
although the estimates of between-species variance were
uncertain (wide confidence intervals in fig. 1A). Consistent
between-individual differences contributed substantially less
(4%–5%) to total variance in preference, but BIC was still a
significant random effect in the model (table S1.4; P p :005).
Seasonal block did not significantly impact preference for
bull kelp (P p :096) or red algae (P p :442), indicating that
species differences cannot be explained by seasonal variation
among trials for different groups of species.
The magnitude of BIC varied among grazer species (figs. 2,

S1.4). BIC accounted for 0%–25%of the total variation inpref-
erence for bull kelp, depending on the species (WIC/TNW
ranged from 0.75 to 1.0; table 1). For Tegula funebralis and
Pugettia producta, BIC comprised 13%–14% and 25%, re-
spectively, of the total variation in preference for bull kelp
(WIC=TNW p 0:86, 0.75) and was a significant predictor
of bull kelp preference (P ! :001, P p :014; table S1.5). Ac-
counting for individual variation in body size, source locale/
collection location, and sex reduced the BIC from 25% to
17% of the total variation in P. producta preference for bull
kelp but had minimal effects for T. funebralis (table S1.6)
and did not affect the significance of BIC in determining
preference for bull kelp in either species (table S1.7). While
BIC did comprise 11%–14% of the total variation in prefer-
ence inM. franciscanus, the random effect of individual was
Figure 2: Results from species-level models of bull kelp preference. Shown are estimates and 95% confidence intervals of variance as well as
the proportion of total variance accounted for by the between-individual component (shown in dark gray) and the within-individual com-
ponent (shown in light gray) extracted from the models of individual preference for bull kelp for each herbivore species. Asterisks indicate
the significance of the random effect of individual determined using likelihood ratio tests. Estimates were calculated using maximum like-
lihood methods (using linear mixed models).
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not distinguishable from zero because themajority of individ-
uals variedwidely and inconsistently in preference across trials
(fig. 3). For all other species (Haliotis rufescens,Tegula brunnea,
Pachygrapsus crassipes, and Pagurus samuelis), BIC contrib-
uted minimally (0%–2%) to the total variation in preference
for bull kelp (WIC=TNW p 0:98–1:0), either because all in-
This content downloaded from 169.2
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dividuals prefer the same food or because individuals vary
substantially in preference across trials (fig. 3).
Although all herbivore species exhibited the same rank

preference (highest preference for bull kelp; fig. 4), species
still varied in key aspects of their preference. Species var-
ied with respect to both the probability that bull kelp was
Table 1: Niche components for preferences for bull kelp, including estimates of the between-individual (BIC) and
within-individual (WIC) components of variance, total niche width (TNW; TNW p BIC 1 WIC), and the degree of
individual specialization (WIC/TNW) for each herbivore species, calculated from species-level models
Species model
 N

Repeated
measures
 BIC
37.066.12
s and Con
WIC
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WIC/TNW
36:51 AM
als.uchicago.edu/t-a
Preference
Pagurus samuelis
 79
 4
 .001
 .031
 .032
 .983
 .337–.5

Tegula funebralis
 87
 4
 .011
 .064
 .075
 .858
 .376–.57

Pugettia producta
 50
 5
 .012
 .036
 .048
 .746
 .511–.666

Pachygrapsus crassipes
 49
 4
 .002
 .088
 .089
 .981
 .637–.765

Strongylocentrotus

purpuratus
 37
 4
 .012
 .191
 .203
 .939
 .829–.927

Tegula brunnea
 79
 4
 .004
 .156
 .160
 .977
 .419–.585

Mesocentrotus franciscanus
 27
 4
 .015
 .098
 .113
 .863
 .398–.55

Haliotis rufescens
 36
 5
 .000
 .079
 .079
 1.000
 .644–.776
Note: N represents the number of individual herbivores tested repeatedly across trials. Repeated measures represents the number of repeated
choice feeding assays conducted per individual animal. Preference gives the 95% confidence intervals for bull kelp preference for each herbivore
species, measured as conditional predictions from the full model across all herbivore species.
Figure 3: Raw preference for bull kelp separated by species, individual, and trial. Note that some species are invariant in their preference
(Pagurus samuelis), some vary mostly within individuals across time (Strongylocentrotus purpuratus, Tegula brunnea), and others show some
consistent variation among individuals (Mesocentrotus franciscanus, Pugettia producta, Tegula funebralis). See figure 2 for partitioning of
within- and between-species components of variance.
nd-c).



Dietary Niches: The Role of Individuals 000
their top-ranking food and their proportional consump-
tion of bull kelp over other species (42%–98%; fig. 4). Since
species tested within the same seasonal block did not ex-
hibit similar preferences (fig. S1.5), species preferences are
not attributable to seasonal differences in temperature, light,
or other environmental conditions. Moreover, preference did
not vary significantly among individuals collected from dif-
ferent locations in any species. However, for the two species
that showed significant between-individual variation in pref-
erence for bull kelp, body size (for P. producta, P p :004; for
T. funebralis, P p :013), and sex (for P. producta, P ! :001)
partly explained this preference variation, in which smaller
individuals have a stronger preference for bull kelp. None
of these predictors explained preference among individuals in
any of the other six grazer species.

Although species also differed in their TNWs and the dis-
tribution of preference across individuals (table 1), TNW in
this assemblage is not necessarily reflective of large BIC rela-
tive to WIC, and in fact different combinations of BIC and
WIC produce the same TNW. Mesocentrotus franciscanus,
This content downloaded from 169.2
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P. crassipes, T. brunnea, and S. purpuratus have the broadest
TNW (0.089–0.203), but none of these species exhibit signif-
icant BIC.Haliotis rufescens and T. funebralis have moderate
TNW (0.079, 0.075), yet H. rufescens consists of many indi-
viduals with similar preference and others that vary widely
in preference, while individuals of T. funebralis consistently
vary in preference from one another. Pagurus samuelis and
P. producta have the narrowest TNW (0.032, 0.048), yet P.
samuelis consists of many individuals with similar preference
that vary little across trials, while individuals of P. producta
consistently vary in preference from one another.
Discussion

Even among rocky reef herbivores that all generally prefer
bull kelp and exhibit the same rank preference for kelp over
red algae, we document significant variation among species
and between individuals within species in feeding preference.
Between-species differences account for a much greater pro-
portion of the total variation in feeding preference across the
Figure 4: Mean estimates of rank preference among four algal species for eight herbivore species, based on a multinomial logit model of the
individual rank order of the amount of each algal species consumed. See table 1 for full scientific names.
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guild than the BIC of preference, suggesting that focusing on
species-level differences in preference would approximate the
feeding preferences of many of the species within this partic-
ular assemblage (Roughgarden 1974; Lister 1976; Taper and
Case 1985; Schoener 1986). In contrast, a recent meta-analysis
suggests that the ecological effects of interspecific and intra-
specific variation are often of similar magnitude (Des Roches
et al. 2018). However, published studies available for meta-
analysis may be biased toward species with large intraspecific
variation and typically use only a single comparison species to
estimate interspecific effects. Thus, meta-analyses may provide
an upper limit of the relative strength of intraspecific variation
rather than an estimate of its average importance.Herewe show
that when systematically evaluating within- and between-
species variation for all species in a single guild, interspecific
effects were considerably stronger. Given that these species
have evolved combinations of between- and within-species
niche variation that directly contribute to both their co-
existence and their contribution to ecosystem function, this
across-guild evaluation is essential to understanding the rela-
tive ecological importance of these niche components.

Characterizing niche components in order to understand
their relative importance for community and ecosystem pro-
cesses requires several important methodological decisions.
For example, we deliberately tested feeding preferences of
individuals in isolation and so do not include individual var-
iation driven by intraspecific interactions (Svanbäck and
Bolnick 2007; Svanbäck et al. 2008; Tinker et al. 2008). This
may cause our estimates of individual variation to be conser-
vative. However, interspecific competition or predation could
also suppress individual variation in preference (Eklöv and
Svanbäck 2006; Bolnick et al. 2010; Araujo et al. 2014), so
the net effect of this experimental design choice is not clear.
We also provided only algae that could be consumed by all
species, and we limited morphological variation among algae
to facilitate comparisons, potentially limiting BIC expressed
in other diet axes (e.g., ephemeral algae and invertebrates con-
sumed by some of the herbivores in this assemblage).We also
presented herbivores with at least one highly palatable food
source, bull kelp, which was a priori known to be readily con-
sumed by all species in this guild (Leighton 1966; Hines 1982;
Watanabe 1984; Foster et al. 2015) and which may have fur-
ther limited the expression of BIC amplified by limitation of
the preferred resource (Araujo et al. 2011; Tinker et al. 2012).

However, even with all these caveats, individuals within
some species displayed consistent variation in feeding pref-
erence across trials. For the two species (Pugettia producta
and Tegula funebralis) that showed significant diet varia-
tion between individuals, BIC accounted for up to one-
quarter of the total variation in feeding preference within
those species and for up to one-sixth of the total variation
in feeding preference after accounting for individual varia-
tion due to size, source locale, and sex. The fraction accounted
This content downloaded from 169.2
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for by all sources of BIC is comparable to the proportion of
between-species variation in preference for the entire herbi-
vore guild. Thus, for some species between-individual differ-
ences in phenotype may equal the magnitude of between-
species differences (Kamath and Losos 2017; Des Roches
et al. 2018), while for others between-individual effects may
be quite small. This highlights the need for a better predictive
understanding of which species will have the strongest intra-
specific effects.
Current hypotheses predict that the strength of between-

individual variation may be related to total species niche
width, species interaction strength, or trophic level. For ex-
ample, the niche variation hypothesis (Van Valen 1965; Bol-
nick et al. 2007; Costa et al. 2008; Maldonado et al. 2017) sug-
gests that species with higher niche width should have higher
BIC. We found no evidence of this. However, our focus on
comparable algal food sources may have limited TNW in
our study and reduced the strength of this test. For example,
two species in this assemblage (Pagurus samuelis and Pa-
chygrapsus crassipes) are omnivorous and could exhibit con-
sistent diet variation with respect to additional axes of food
variation, as found for other omnivores (Svanbäck et al.
2015; Maldonado et al. 2017).We also did not find that spe-
cies with large known interaction strengths (e.g., urchins, a
well-documented keystone species) were any more likely to
have large BIC. This is similar to results from a comparison
of intraspecific and interspecific effects on communities
across many taxa (Des Roches et al. 2018). Finally, most
studies of individual specialization have focused on higher
trophic levels (Araujo et al. 2011), whereas ours focused on
herbivores. This contrast is important because intermediate
predators with greater environmental opportunity and vari-
ability in foraging-predation risk trade-offs are hypothesized
to exhibit a greater degree of BIC (Svanbäck et al. 2015).How-
ever, recent work examined the magnitude of within-species
variation across a range of trophic levels, from producers to
secondary consumers, and did not find clear differences (Des
Roches et al. 2018).
Given that the species in this guild vary substantially in

body size, mobility, and primary habitat type, we might also
expect that these factors would explain some of the varia-
tion in feeding preferences both between andwithin species.
For example, larger and more mobile invertebrates are more
likely to encounter a variety of algal food sources on a daily
timescale (Best et al. 2014). In contrast, if individuals consis-
tently occupy home ranges with distinct algal or predator as-
semblages, long-term habituation to local food availabilitymay
reinforce differences in feeding preference through physiolog-
ical conditioning or morphological adjustment (Vesakoski
et al. 2009;Molis et al. 2015). Surprisingly, we found that source
locale/collection location did not explain any of the BIC in
the species for which it was significant. In addition, species’
average body length, which varied from 22 to 200 mm, did
37.066.128 on August 01, 2018 09:36:51 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Dietary Niches: The Role of Individuals 000
not predict TNW or the degree of individual specialization.
Our results do offer some evidence that the presence of
between-individual variation in other traits, such as antipreda-
tor behavior, could be associated with between-individual
variation in diet across this species assemblage. Individuals
of P. producta exhibit phenotypically plastic color states that
they can alter when molting, depending on whether they
are found on brown algae (kelp) versus red algae, and this
color matching affects their susceptibility to predation (Hult-
gren and Stachowicz 2008). Thus, interactions between hab-
itat choice and feeding preference will jointly impact sur-
vival, and it is possible that individual variation could lead
to preference-by-habitat segregation at smaller scales, such
as at the level of algal blades rather than across tidal depths
or among sites. Similarly, predator avoidance strategies in
T. funebralis range from remaining stationary to rapid es-
cape, leading to differential susceptibility to active versus
sit-and-wait predators (Pruitt et al. 2012). These predator
avoidance strategies could influence grazer feeding behavior
by positive preference induction as a result of physiological
or morphological acclimation (Hultgren and Stachowicz
2010) or by alteration of prey availability due to restricted
movement (West 1988; Coleman and Wilson 1998; Stacho-
wicz and Hay 1999; Peacor and Werner 2001). Whatever the
cause, the existence of consistent individual variation in adult
habitat choice, antipredator traits, and feeding preference sug-
gest that BICmay be correlated across traits (Sih et al. 2004b)
and that individuals should be selected from a range of eco-
logical contexts if the goal is to quantify the magnitude of
BIC (Holbrook and Schmitt 1992; Kamath and Losos 2017).

Assuming that laboratory-measured patterns of individual
preferences are reflective of herbivore feeding activity in the
field, we can speculate on the effects of this variation on prey
community composition as well as coexistence and competi-
tion amongherbivores. Specific impacts of specieswith greater
BIC on community structure may be evident (Post et al. 2008;
Bassar et al. 2010) and will depend on the dominance hierar-
chy of prey. Selective herbivory (whatever the source) is widely
known to affect the diversity, biomass, and composition of
seaweeds on rocky shores (Lubchenco 1978; Sousa 1979; Un-
derwood et al. 1983; Sousa 1984), with herbivores often pre-
ferring early successional species that inhibit later successional
perennials. Given thatmany of these herbivores are either rel-
atively sedentary or site faithful, variation among individuals
in preferences could lead to spatial patchiness in intensity of
grazing on early successional species and thus to patchiness in
the rate of succession. Variation within individuals that is un-
synchronized among individuals, in contrast, should create
spatial variability in selectivity of grazing that can result in
spatial patchiness in prey community composition, especially
if the number of individual herbivores impacting a local as-
semblage is small. Over time, high WIC should eliminate any
such variation as preferences vary temporally and mean pref-
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erences among individuals converge. However, if the win-
dow of plant susceptibility to grazing-induced mortality is
small (e.g., size dependent), then high WIC could induce a
stochastic component to grazing preference that could main-
tain prey diversity at the landscape level.
Although BIC is large for some of our species, within-

individual differences represent the majority of total varia-
tion in feeding preference both within and across this her-
bivore guild, supporting previous reviews of the magnitude
of individual specialization within species (Bolnick et al.
2003; Araujo et al. 2011). WIC may represent chance con-
tact with different food sources (within-species noise), al-
though housing and experimental conditions suggest that
each herbivore contacted all algal choices during each assay.
Alternatively, individuals might vary their diet over time as
a feeding strategy to achieve a mixed diet (Aquilino et al.
2012), possibly because such a diet prevents mouthpart wear
(Kitting 1980), provides complementary nutritional benefits
(Horn 1983; Aquilino et al. 2012), and/or dilutes the concen-
tration of any particular defensive chemicals (Bernays et al.
1994). Given seasonal and yearly fluctuations in the availabil-
ity of preferred foods (Cubit 1984; Edwards and Estes 2006),
individuals with large WIC should be favored because they
exploit a broader range of resources. While this may enhance
the stability and resilience of their populations over time
(Wolf and Weissing 2012), greater within-species variation
will also increase the strength of competition among species,
decreasing the likelihood of coexistence among species (Hart
et al. 2016). Where different herbivore species are clearly dif-
ferentiated along other niche axes (e.g., habitat, tidal height),
high BIC could reduce intraspecific competition and increase
population size (by giving multiple individuals access to ex-
clusive resources) without increasing interspecific competi-
tion in a way that might increase the likelihood of persistence.
In contrast with previous meta-analyses and reviews con-

sidering the prevalence and ecological impacts of individual
specialization in natural assemblages, we find that consider-
ing longitudinal preference in all species from a single guild
yields distinct results; variation among individuals within a
species is substantially less, on average, than the variation
among all species. Yet even in this consumer guild dominated
bywithin-individual and between-species variation, between-
individual differences represent up to one-quarter of the total
variation in feeding preference within particular species and
one-sixth of the total variation if we account for body size,
source locale, and sex in these species. Moreover, such
between-individual variation was not predicted by TNW or
ecological importance across species, demonstrating that
BIC represents a unique dimension of species resource use
and ecological function. Finally, this study serves to highlight
that even in well-studied guilds of consumers (e.g., Hay and
Steinberg 1992 and references therein) there are few empirical
studies that repeatedly assess the preferences of the same
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individual over time for several species. This limitation is
parallel to problems with characterizing species- and genotype-
level traits on the basis of a single time point in a single com-
mon garden (Turcotte and Levine 2016) and poses similar
constraints on our ability to predict coexistence under cur-
rent and changing conditions. For example, the relative im-
portance of trait variation within and among species and the
plasticity of this variation in response to short-term (seasonal)
or long-term environmental change could dramatically alter
the ecological consequences of local changes in the number
versus abundance of species. For this reason, additional lon-
gitudinal studies directly measuring resource use in the lab-
This content downloaded from 169.2
All use subject to University of Chicago Press Term
oratory and field will be critical to evaluating the effects of
individual specialization on the structure, dynamics, and eco-
logical functioning of consumer assemblages.
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