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ABSTRACT: Space is the limiting resource for sessile organisms on marine rocky substrata, and the
availability of space is decreased by recruitment and growth but increased through senescence,
physical disturbance and consumption. In the present study, we examined whether consumers me-
diate variation in the relationship between prey richness and resource (space) use in subtidal epi-
faunal communities. First, we used surveys to identify relationships between prey richness, con-
sumer richness, consumer identity and consumer abundance with available space. As predicted,
available space was inversely correlated with sessile prey richness and positively correlated with
consumer richness. However, a model selection approach identified the abundance of sea urchins
and chitons specifically as the best predictors of available space, suggesting that the proportion of
available space is a reasonable indicator of recent disturbance. Next, we manipulated urchin den-
sity in the field to test the hypothesis that urchins control the structure of this community by
grazing sessile taxa and facilitating smaller consumers. Diet analyses and structural equation mod-
els together indicate that urchins generate available space directly by consuming macroscopic ses-
sile prey, and indirectly by facilitating chitons, which maintain patches of space free of microscopic
algae and recruits of larger sessile taxa. The significant interaction between prey richness and ex-
perimental urchin density on available space suggests that prey richness may buffer the impacts of
urchin grazing. More generally, we highlight the need to study the effects of species richness on
the structure of communities in the context of relevant ecological processes.
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INTRODUCTION

Although ecologists have long investigated the
causes of species richness (MacArthur & Wilson
1963, Connell 1978), more recently the focus has
shifted to the consequences of richness within an
ecosystem function framework (Hooper et al. 2005,
Stachowicz et al. 2007). An accumulating body of
experiments has demonstrated a positive effect of
genotypic, species and functional diversity on vari-
ous ecosystem functions, including productivity, bio-
mass, resource use and resistance to environmental
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perturbations (Balvanera et al. 2006). However, the
effect of diversity inferred from a carefully con-
trolled experiment may be overwhelmed by other
processes (Grace et al. 2007), such as propagule
supply (Levine 2000) and disturbance (Cardinale et
al. 2005). Consequently, researchers are now exam-
ining the effects of biodiversity change in the field
(Stachowicz et al. 2008, Spooner & Vaughn 2009),
and in the context of environmental factors known
to affect the structure and function of communities
(e.g. herbivory; Parker et al. 2010, Bracken et al.
2011).
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In particular, interpreting the consequences of
richness within a trophic context is imperative to con-
servation because species are being lost at upper
trophic levels through extinctions, but gained at
lower trophic levels through introductions (Byrnes et
al. 2007). The manipulation of consumer abundance
and/or diversity has revealed strong top-down con-
trol in some marine and terrestrial systems, which
can ultimately impact ecosystem function (Paine
2002). In marine communities the effects of mobile
consumers are ubiquitous (Connell 1961, Paine 1966,
Lubchenco 1978, Underwood et al. 1983) and operate
to restart succession through the provision of avail-
able space. Space on primary substrata is considered
to be the limiting resource for sessile algae and filter-
feeding invertebrates in rocky intertidal (Dayton
1971) and subtidal habitats (Sebens 1986a, Vance
1988). Fluctuations in available space are buffered
by greater numbers of sessile species, leading to
increased stability and reduced invasibility in exper-
imental marine communities (Stachowicz et al. 2002).

Hard-bottom marine communities are tractable
systems in which to test the relative importance of
grazing and richness on resource use because the
resource —available space —is easily quantified as a
percentage of total space cover. We focused on epi-
faunal communities on subtidal vertical rock surfaces
(walls) because they harbor an impressive diversity
of sessile taxa that occupy the relatively 2-dimen-
sional and homogeneous space (Witman et al. 2004,
Miller & Etter 2011). Importantly, subtidal rock walls
are exposed to minimal physical disturbance, unlike
more commonly studied rocky intertidal shores or
shallow subtidal reefs (Witman & Dayton 2001). Con-
sequently, the dynamics of space occupation are
determined primarily by the recruitment and growth
of sessile taxa and counteracted by their death,
caused primarily by intrinsic factors, competition or
predation. In particular, grazing by a variety of gen-
eralist and specialist consumers, including mollusks,
crustaceans and echinoderms, provides newly avail-
able space (Sebens 1986b, Miller & Etter 2011).

Classic field experiments have highlighted the
effects of consumer identity (Paine 1992) and density
(Underwood et al. 1983). More recent studies testing
the role of consumer richness have also found strong
support for the role of particular species (Duffy et al.
2001, Duffy et al. 2003, Byrnes & Stachowicz 2009).
Urchins and chitons are 2 well-studied but morpho-
logically dissimilar consumers, each of which can exert
strong effects in hard-bottom marine communities. In
the San Juan Islands, Washington, USA, red urchins
Strongylocentrotus franciscanus and lined chitons

Tonicella spp. are conspicuous on subtidal rock walls.
Red urchins attain large sizes (test diameter >18 cm)
and eat primarily kelp (Vadas 1977, Britton-Simmons
et al. 2009), but will feed opportunistically on in-
vertebrates (Duggins 1981, Epelbaum et al. 2009).
Notably, their removal does not lead to changes in
kelp communities (Carter et al. 2007) observed in
similar experiments on shallow reefs elsewhere
(Duggins 1980). It is likely that these urchins do not
graze heavily upon attached algal thalli, but capture
drift kelp transported by strong tidal currents (Brit-
ton-Simmons et al. 2009). In comparison, lined chi-
tons are small (<3 cm) and feed on crustose coralline
algae (Demopulos 1975) and diatoms (Latyshev et al.
2004). However, the ecological effects of these 2 con-
sumers on invertebrate-dominated vertical rock sur-
faces are unknown, and are likely to differ from those
on algal-dominated horizontal rocky substrata.

The primary goal of this study was to examine
how grazing pressure influences the relationship
between sessile prey richness and space availability
on subtidal rock walls. With respect to grazing, we
evaluated the role of consumer richness, consumer
identity and consumer density. Using field surveys,
we first identified urchins and chitons as potentially
‘strong’ interactors in this community from a suite
of diverse consumers (e.g. molluscs, arthropods
and echinoderms) based on their abundances and
known categories of prey. Then we examined rela-
tionships between sessile prey richness, mobile con-
sumer richness, urchin and chiton densities, and
available (cleared) space. We hypothesized that
the percent cover of available space would relate
inversely with prey richness (Stachowicz et al. 1999)
but positively with consumer richness and density
(Byrnes & Stachowicz 2009). A field experiment
tested the role of urchins in creating the observed
patterns from our surveys, and changes in the rela-
tive abundances of sessile taxa were compared with
the gut contents of urchins and chitons. Finally,
we used structural equation modeling (Grace et
al. 2010) to test the hypothesis that urchins exert
indirect effects on space availability by facilitating
chiton grazing.

MATERIALS AND METHODS
Field surveys
We established a hierarchical sampling design of

permanent quadrats on subtidal rock walls at 3 sites
with the explicit goal of relating spatial variation in
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diversity and resource availability of the sessile prey
community to the abundance of mobile consumers.
The sites, Shady Cove (San Juan Island; 48°33'8" N,
123°0" 20" W), Point George (Shaw Island; 48°33' 33" N,
122°59' 18" W) and O'Neal (O'Neal Island; 48° 36' 17" N,
123°5"34" W), are 2-8 km apart within San Juan
Channel, Washington, USA. They are characterized
by steep walls ranging in size from 2 to 10 m in
height, interspersed with horizontal and sloping rock
substrata.

In December 2007, permanent horizontal transects
(2.5 m long, n = 6) separated by at least 5 m were
installed haphazardly on rock walls between 12 and
18 m depth at each site. Quadrats (0.09 m? n = 4)
were positioned randomly along transects with cor-
ners marked with marine epoxy to enable repeated
sampling of the benthos. Photographs of quadrats
were taken using an Olympus C-8080 digital cam-
era with an Ikelite strobe attached to a 36 x 25 cm
aluminum frame, allowing identification of organ-
isms 23 mm in diameter. These photographs were
used to quantify percent cover of sessile taxa, as
well as the densities of chitons and other ‘small’
(<3 cm adult size) consumers. Concurrently, the
abundance of 'large’ (>3 cm adult size) consumers
was quantified within 1 m above and below each
transect. In this paper we describe patterns of
sessile prey richness and space availability from
photographs taken in July 2008. Because of their
high mobility, consumer densities in quadrats and
on transects were estimated over 3 time points:
December 2007, March 2008 and July 2008. Con-
sumers were defined as those mobile macro-inver-
tebrates capable of scraping invertebrates or algae
off rock surfaces, or able to consume whole or parts
of sessile organisms such that space is made avail-
able for recruitment. Occupied space is generally
not available for recruitment, but may be available
to certain competitively superior species by direct
overgrowth (Sebens 1986a).

Field experiment

We conducted a field experiment to test hypo-
theses related to the effects of the red urchin Stron-
gylocentrotus franciscanus (hereafter ‘urchin’) on the
benthic community. Specifically, we were interested
in the effect of urchins on space availability, prey
richness, consumer richness and the density of lined
chitons Tonicella spp. (hereafter ‘chitons’). Approxi-
mately 20 urchins (4 urchins m™2) were added to
3 new permanent transects (2.5 m) on rock walls

(12-18 m depth) at each site. At Shady Cove, one
transect was interspersed within the original perma-
nent transects, and one was placed at either end. At
O'Neal and Point George, 2 transects were placed at
one end, and the third at the other end of the original
transects. The experimental target density of urchins
was within the natural range of densities (0-
5.2 urchins m~2) observed during monitoring dives.
These experimental transects (hereafter 'addition’
transects) were compared with 3 transects without
the addition of urchins (hereafter ‘control’ transects)
from the permanent monitoring study (see above),
using a before-after, control-impact design. Ten to
12 photographs were taken within 1 m of each tran-
sect immediately before the addition of urchins
(27 June 2009) and at the end of the experiment
(24 September 2009). Six photographs from each
transect were selected randomly for the analysis of
mobile and sessile species richness and cover (see
below). Approximately every 2 wk (6 observations
during the experiment), we quantified the density of
urchins on all transects, and added urchins as neces-
sary to maintain the target density on addition tran-
sects. Urchin collections were focused ~3 m above
and below target transects, and care was taken
to ensure that urchins were not collected from the
vicinity of neighboring transects.

Urchin and chiton diets

To determine whether the diets of the 2 major con-
sumers reflected our field observations of prey
removal, we quantified the gut contents of urchins
and chitons from the rock wall communities. Urchins
(n = 36) and chitons (n = 29) were collected for gut
content analysis from permanent monitoring tran-
sects at O'Neal, Point George and Shady Cove in
April 2009. All consumers were taken to the Univer-
sity of Washington's Friday Harbor Laboratories for
dissection, and gut contents were isolated and frozen
(=20°C) for subsequent analysis. For urchin gut con-
tents, we used a protocol modified from Cobb &
Lawrence (2005) to estimate the proportions of sev-
eral food categories. After thawing, urchin samples
were mixed thoroughly and a representative layer of
contents was spread evenly into a Petri dish.
Contents were viewed using a dissecting scope
(x10 magnification), and the proportion of prey was
estimated from 50 random points. A 6 x 6 mm grid
was placed under the dish, and food items at 10 ran-
dom intersections within each of 5 haphazard fields
of view were identified to the lowest possible taxo-
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nomic level. Rare taxa viewed in scans of the entire
Petri dish were assigned arbitrary values of 0.5%.
The diet of chitons was also quantified visually
(Demopulos 1975, Fulton 1975, Robb 1975, Laty-
shev et al. 2004). In summary, we extracted the
contents from the chiton foregut onto a glass slide,
and observed them using a compound microscope
(x200 magnification). We used a point count method
using 10 equally spaced points on the ocular microm-
eter for 10 haphazard fields of view (100 points per
chiton). Food items were classified into the following
categories: microalgae, diatoms, crustose red algae,
multicellular algae (filamentous and foliose) and
other (unidentified materials and animal parts).

Analysis

The percent cover of sessile organisms was quanti-
fied from photographs using a visual-based method
(Dethier et al. 1993). A grid of 20 rectangles was
superimposed onto each image and the percent
cover of sessile taxa was scored for each rectangle
as follows: 0 = absence, 1 =<1%, 2 =10% (1-19%),
3 =30% (20-39%), 4 = 50% (40-59%), 5 = 70%
(60-79%), 6 =90 % (80-99 %) and 7 >99 %. The sum
of scores for each organism was expressed as a per-
centage of the total sum for the quadrat. Taxa were
scored only if they were attached to rock or encrust-
ing algae. Epibiotic taxa were not quantified because
they do not occupy primary space and because habi-
tat-forming ‘foundation’ species that might facilitate
secondary space holders (Stachowicz & Byrnes 2006)
were rare at the study sites. Organisms were identi-
fied to the lowest possible taxonomic level and were
assigned unique pseuodonyms when species identi-
fication was not possible.

We defined available space as the substratum
available for the recruitment and growth of macro-
algae and sessile invertebrates (Dayton 1971), in-
cluding bare rock, calcified encrusting algae and
non-calcified encrusting algae (as in Sebens 1986b).
Encrusting algae are included in the definition of
space because there is very little bare rock in shallow
hard-bottom subtidal habitats, and most inverte-
brates can settle on or overgrow coralline and non-
calcified algal crusts (Sebens 1986a). In so doing we
assumed that these algal crusts are functionally
equivalent, in part for simplicity, but also because the
extent to which various species of encrusting algae
facilitate (Morse et al. 1988) or inhibit (Breitburg
1984) the settlement of other sessile taxa is poorly
understood in this community. Because we consid-

ered encrusting algae to be available space, we did
not include them in our estimates of richness and
diversity.

We used a linear mixed-effects model and Akaike's
information criterion corrected for small sample size
(AIC,) to infer the best model (Burnham & Anderson
2002) predicting the percent cover of available space
(logit transformed). For the surveys completed in
2008, we tested the relative importance of sessile
prey richness, consumer richness, density of red
urchins and density of chitons. These 2 morphologi-
cally dissimilar consumers were selected because
only their densities exhibited significant positive
relationships to available space (Table S1 in the
Supplement at www.int-res.com/articles/suppl/m452
pl131_supp.pdf), and because they were relatively
abundant at the study sites (Fig. S1 in the Supple-
ment). Transect was nested within site and both were
treated as random effects; quadrats were treated as
the unit of replication.

To determine whether urchin abundance was
related causally to the patterns of the other indepen-
dent predictors of available space in the 2008 sur-
veys, we tested the fixed effects of experimental
treatment (control and urchin addition) on changes in
sessile functional groups (percent cover), prey rich-
ness, prey evenness, consumer richness and chiton
density (no. m2) over the 3 mo experiment. We cal-
culated the mean of each dependent variable for
each transect (n = 6 quadrats) at the beginning and
end of the 3 mo experiment. We then used a linear
mixed-effects model to test for change in dependent
variables. Site was treated as a random effect; tran-
sects were treated as the unit of replication.

To test whether urchins change the relationship
between available space and prey richness, we capi-
talized on variation in the manipulated urchin den-
sities during the course of the 2009 experiment.
Urchins were not restricted in their movement to or
from transects, resulting in some overlap in densities
between treatments, especially at O'Neal (Table S2
in the Supplement). Therefore, we treated the mean
density of urchins (per transect) as a continuous vari-
able, and used a linear mixed-effects model to test
the effects of urchin density, prey richness (in
quadrats at the end of the experiment) and their
interaction on available space in quadrats at the end
of the experiment. Transect was nested within site
and both were treated as random effects; quadrats
were treated as the unit of replication. The mean
density of urchins was calculated from the number of
urchins remaining on transects 2 wk after every
urchin addition (Table S2 in the Supplement). There-
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fore, our estimates of mean urchin density through-
out the manuscript can be considered conservative.

For all of our linear mixed-effects models, we used
a Monte Carlo Markov chain resampling method to
test the significance of fixed effects because the num-
ber of degrees of freedom in the denominator of a lin-
ear mixed-effects model is uncertain (Baayen et al.
2008). Residuals were inspected visually for normal-
ity and homoscedasticity. Note that because of the
limitation of species identification from high-resolu-
tion quadrat photographs, both prey richness and
consumer richness include categories that comprise
not only species, but also higher taxa, which com-
prise several species. We consider this limitation to
be acceptable, because the same categories were
used across surveys and experiments.

Quantile regression was used to illustrate the rela-
tionships between available space and its predictors
(sessile prey richness, consumer richness, chiton
density and urchin density), because we were inter-
ested in testing the upper and lower limits of the
response variable distribution (Cade & Noon
2003), not just the mean response. Furthermore,
some of the bivariate distributions (e.g. space vs.
prey richness) violated the assumption of homo-
scedasticity for ordinary least squares regression
(Cade & Noon 2003), and the quantile approach pro-
vided a uniform testing approach for all regressions.
For the survey data (2008), we calculated the 15th
and 85th quantiles (t = 0.15 and 0.85, respectively) to
estimate the upper and lower bounds to the relation-
ship between available space and the independent
variables, as well as median quantiles (t = 0.5) across
all 3 sites. For data collected at the end of the experi-
ment (September 2009), we calculated median quan-
tiles for 3 ranges of urchin densities (0-0.2, 0.2-1.2
and 1.2-4.4 urchins m~% n = 36 for each range), but
included all quadrats to estimate 10th and 90th quan-
tiles (t = 0.1 and 0.9, respectively). We used slightly
more extreme quantiles because of the increased
sample size (n = 108 as opposed to n = 72) for the
regressions (n > 10/, ; Scharf et al. 1998). Lastly, to
investigate potential mechanisms driving variation
between available space and prey richness, we cal-
culated median quantile regressions between the
percent cover of macroalgae and clonal ascidians
(both response variables) as a function of prey rich-
ness (predictor) before and after the addition of
urchins to experimental transects (n = 54 for each
time point). Statistical analyses were conducted
using the packages lme4 (Bates et al. 2011) and
quantreg (Koenker 2011) in R 2.13 (R Development
Core Team 2011).

Structural equation modeling

The analysis of our observational and experimental
data, together with the literature on the effects of con-
sumers on sessile prey in marine systems, led to the
development of structural equation models (StEMs;
Grace et al. 2010). The use of StEMs allowed us to dis-
tinguish between alternative hypotheses represent-
ing the direct (i.e. consumption of sessile prey) and
indirect effects of urchin grazing (i.e. facilitation of
chitons) on benthic community structure. We did not
include consumer richness in our StEMs for simplicity,
and because it was highly correlated with chiton
density (r > 0.71) in both datasets.

The saturated model, StEM A, represented the
direct effects of urchin and chiton grazing on the
sessile community, as well as the indirect effects
of urchins mediated through chiton grazing. We
included a path from urchin density to available
space and prey richness because urchin grazing
clears space and affects prey richness (Paine & Vadas
1969, Sebens 1986b). A path from urchin density to
chiton density represented facilitation (Dethier &
Duggins 1984) by urchins. Paths from chiton density
to prey richness and available space represented the
direct effect of chiton grazing on sessile prey (Dug-
gins & Dethier 1985, Paine 1992). We included a
covariance term between prey richness and available
space because it is uncertain which variable is
causal, and because both are likely to be affected by
consumers simultaneously.

In StEM B, both urchins and chitons exert direct
effects on the sessile community through grazing, but
urchins do not facilitate chitons. This model was iden-
tical to StEM A, except that it lacked the path from
urchin density to chiton density. In StEM C, urchins
exert direct effects on sessile taxa and facilitate chi-
tons, but chitons do not exert measurable effects on
the sessile community. This model was identical to
StEM A, except that it lacked the paths from chiton
density to prey richness and available space. In StEM
D, urchins (but not chitons) exert direct effects on the
sessile community, and do not facilitate chitons. This
last model was identical to StEM A, but lacked paths
from urchin density to chiton density, as well as paths
from chiton density to prey richness and available
space. In all StEMs, urchin and chiton density were
log(x + 1)-transformed and available space was logit-
transformed to improve normality. Nevertheless, the
data failed to meet the assumption of multivariate
normality; therefore, we used maximum likelihood
estimation with robust standard errors and a Satorra-
Bentler scaled test statistic to calculate the fit of our
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models. We used a model selection approach (AIC,)
to identify the best model for the survey and experi-
mental data separately. The best-fit model was then
used in a multi-group analysis (Grace & Pugesek
1998) to test whether the magnitude and direction
of the causal paths differed between the survey and
experimental data. All analyses were conducted using
the lavaan package (Rosseel et al. 2011) in R.

RESULTS

In surveys (2008) across the 3 sites, available space
was correlated negatively with sessile prey richness
and positively with consumer richness, chiton density
and urchin density (Fig. 1). Quantile regression re-
vealed upper and lower limits to the amount of avail-
able space as a function of consumer richness, chiton
density and urchin density (Fig. 1, Table S3 in the
Supplement). In contrast, there was an upper, but not
lower, limit to the amount of available space as a
function of sessile richness, resulting

Table 1. Linear mixed-effects models used to predict percent
cover of available space (logit-transformed) in permanent
quadrats surveyed in 2008. Transect was nested within site;
both were treated as random effects. Candidate models are
listed with the number of parameters (K), corrected AIC
(AIC,), the difference in AIC between the candidate model
and the best model (Ai), and Akaike weights (w;). The best
model, including only the densities of lined chitons Tonicella
spp. and red urchins Strongylocentrotus franciscanus, is
shown in bold

in a triangular relationship. Of these 4
variables, chiton density was the best
single predictor of space (Table 1).
The 2 best predictors of space were
chiton density and urchin density, a
model considerably better than the full
model including all 4 predictors (Ai =
10.45; Table 1).

During the field experiment (2009),
the urchin addition treatment effec-

tively increased the density of urchins
relative to the control treatment (2.3 +

1.5 vs. 0.3 + 0.3 urchins m™?, mean =+
1 SD; n = 9 transects per treatment),
despite the fact that urchins were free
to move. Consequently, urchin graz-
ing on addition transects caused a sig-
nificant increase in available space
(bare rock and encrusting algae), con-
sumer richness and chiton density

(Fig. 2, Table S4 in the Supplement).

80 1

Available space (%)

Model K AIC, Ai w;
Prey richness (PR) 5 247.66 35.03 0.0000
Grazer richness (CR) 5 234.93 22.30 0.0000
Chiton density (CD) 5 215.50 2.88 0.1772
Urchin density (UD) 5 235.27 22.65 0.0000
PR + CR 6 237.45 24.82 0.0000
PR + CD 6 221.94 9.31 0.0071
PR + UD 6 238.48 25.85 0.0000
CR + CD 6 217.52 4.89 0.0647
CR + UD 6 231.60 18.98 0.0001
CD + UD 6 212.63 0 0.7469
PR + CR+ CD + UD 8 223.08 10.45 0.0040
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per quadrat by the end of the experi-
ment (Fig. 2B, Table S4 in the Supple-
ment). The magnitude of the grazing
effect on available space was contin-
gent upon the number of sessile spe-
cies within quadrats, indicated by the
urchin density x prey richness inter-

Fig. 1. Percent cover of available space in quadrats plotted as a function of (A)
richness of sessile prey taxa in quadrats, (B) richness of consumer taxa in
quadrats, (C) density of the lined chiton Tonicella spp. in quadrats, and (D)
density of the red urchin Strongylocentrotus franciscanus in transects sur-
veyed in 2008. Black lines show the median (50th quantile) relationship be-
tween space and the independent variable, and dashed lines show the upper
and/or lower bounds (85th and 15th quantile, respectively) of the relationship
when significant (p < 0.05). Note the lack of a lower limit to space only when
plotted against prey richness (A)
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cover, mean + SD, n = 108) and macro-
algae (14.5 + 10.7 % cover, mean =+ SD,
n 108) in June 2009, actually in-
creased in response to urchin grazing
(Fig. 2, Table S4 in the Supplement).
In contrast, hydroid cover increased
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Sponges B Urchin the Supplement). The decline of the

Other clonal invertebrates spatially dominant sessile taxa (algae
and clonal ascidians) on urchin tran-
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J_ 5 -0.054 5 S 04 (Fig. 5A). Second to algae, the most

- © 0.0- © abundant food item found in urchins
Treatment was the clonal ascidian Metandro-

Fig. 2. Change in mean (+1 SE) percent cover of (A) functional groups, (B)
prey richness, (C) prey evenness, (D) consumer richness and (E) lined chiton
density (no. m™2) on transects (n = 9) in control and urchin addition treatments
from June to September 2009 (pre and post-treatment, respectively). In (A),
the 3 functional groups above the dashed line together represent available
space. Asterisks denote the significance of a treatment effect in linear mixed-

effects models

action (Table S5 in the Supplement). Notably, at
the end of the experiment, the median regression
between available space and prey richness was
significant for quadrats exposed to intermediate and
high urchin densities, but not low urchin densities
(Fig. 3, Table S3 in the Supplement). In support of
the triangular relationship observed in the survey
results, there was an upper limit (i.e. the 90th quan-
tile) to available space as a declining function of
richness, but no lower limit (Fig. 3, Table S3 in the
Supplement).

Urchin grazing caused changes in the relative
abundances of sessile taxa by September 2009, the
end of the field experiment. After urchin addition,
the percent cover of macroalgae (primarily red algae)
and clonal ascidians decreased significantly, uncov-
ering bare rock and algal crusts (Fig. 2, Table S4 in
the Supplement). Solitary invertebrates, which occu-
pied very little space (8.3 + 5.1 % cover, mean + SD,
n = 108) relative to clonal invertebrates (41.1 + 17.5%

carpa taylori (Fig. 5A), which was also
the most abundant sessile inverte-
brate species across the 3 study sites
before urchin addition (8.5 + 7.6%
cover, mean + SD, n = 108). In contrast,
chitons cannot eat macroalgae and
ascidians because of their smaller size,
and thus their diet is composed primarily of micro-
algae and diatoms (Fig. 5B), which are ubiquitous on
encrusting algae and ‘bare’ rock.

The saturated structural equation model (StEM A)
best fit the observed data for the survey and experi-
ment (Table 2). The unsaturated StEMs lacking the
facilitation of chitons by urchins, and/or chiton graz-
ing, did not fit the observed covariance matrices (p <
0.01; Table 2), and were far worse than StEM A (Ai >
14). Therefore, we used StEM A in a multi-group
context (Grace & Pugesek 1998) to test whether the
magnitude and direction of causal paths were consis-
tent between the survey and experimental data. We
constructed a model identical to StEM A, but con-
strained the path coefficients to be identical for both
datasets. We focused on the results of the constrained
multi-group model because it fit the data nearly as
well as StEM A without constraints (Ai = 1.4) and
it adequately reproduced the observed covariance
matrix (xz =7.6,df =5, p=0.18); we were able to test
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Fig. 3. Available space declines with increasing richness,
but only in the presence of red urchin Strongylocentrotus
franciscanus grazing at the end of the 2009 experiment.
Points represent quadrats subjected to low (0-0.2 urchins
m~%; open symbols), medium (0.2-1.2 urchins m~%; grey sym-
bols) and high (1.2-4.4 urchins m~%; black symbols) urchin
densities (n = 36 quadrats per density). Solid lines depict the
median (50th quantile) regression for each urchin density,
where significant (p < 0.05). The dashed line represents the
upper bound (90th quantile) to space as a function of rich-
ness for all quadrats combined. Note that there is no lower
limit to space (10th quantile), and no relationship between
space and richness at low urchin densities, resulting in a
triangular relationship between space and richness

the fit of the constrained model because the equality
constraints across the survey and experimental data
produced 5 degrees of freedom. R scripts for the 4
StEMs, as well as covariance matrices and means for
the survey, experimental and multi-group analyses
are provided in Tables S6 & S7 in the supplement.
All of the hypothesized causal paths in the multi-
group, constrained StEM were statistically signifi-
cant (p < 0.05), although there was considerable vari-
ation in the magnitude of the path coefficients. The
StEM explained variation in available space (R? =
0.46-0.64) better than the variation in prey richness
(R? = 0.06-0.11), and the direct effects of consumer
densities were stronger on available space than prey
richness (Fig. 6). The magnitude of indirect effects is
calculated as the product of standardized regression
coefficients. With respect to available space, urchins
exerted a stronger direct effect (0.35-0.58) relative to
the indirect effect (0.10-0.17) mediated via chiton
density. Similarly, urchins exerted a stronger direct
effect (~ —0.15) on prey richness relative to the indi-
rect effect (~ —0.05) mediated via chiton density. We
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Fig. 4. (A) Percent cover of macroalgae is not related to prey
richness, but (B) percent cover of clonal ascidians increases
with prey richness after the addition of red urchins Strongy-
locentrotus franciscanus. Points represent quadrats from
urchin transects, before (open circles) and after (filled
circles) the addition of urchins during the 2009 experiment.
The line represents a significant (p < 0.05) median regression

did not constrain the covariation between prey rich-
ness and available space, and we observed signifi-
cant residual covariance between these endogenous
variables in the experimental dataset only.

DISCUSSION

In this study, we demonstrate that natural variation
between the number of sessile prey species and
resource use on subtidal rock walls is a function of
urchin grazing. Urchins mediate this relationship
directly by altering the relative abundances of sessile
taxa (Fig. 2A), and indirectly by facilitating chitons
and their grazing activities (Figs. 2D & 6). The mech-
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anism of size-specific mortality could be-
come irrelevant in an artificially assem-

bled community, yet our field observa-
tions support a negative relationship be-
tween richness and available space.

In addition to artificial assembly, we
propose that grazing is another mecha-
nism that negates the advantage that
large invertebrate colonies possess in
low-diversity, competitive arenas associ-
ated with relatively undisturbed habitats
(e.g. docks; Dunstan & Johnson 2004).
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crustose algae), though not necessarily
the competitive dominants, such as large
cnidarians, sponges and ascidians (Sebens
1986a,b). Urchins thus contributed to the
variation in available space at low levels
of prey richness (Figs. 1A & 3). It is
unclear whether urchins were selectively
foraging for macroalgae (mostly red
algae) and clonal ascidians, or whether
they were simply consuming the most
abundant prey available; red urchins are
generally thought to prefer kelp (Vadas

T
0 0.2 0.4

Proportion of diet

Fig. 5. (A) Macroalgae and a clonal ascidian, Metandrocarpa taylori, consti-
tute the majority of the red urchin diet, whereas (B) microalgae and diatoms
are the most abundant food items found in the intestines of Tonicella
chitons. Chelyosoma is a solitary ascidian. Boxplots display the median and
interquartile range (IQR) of data, with outliers plotted as circles beyond
whiskers when the values are 1.5x IQR from the first or third quartile

anisms underlying dynamic variation between rich-
ness and available space use in epifaunal communi-
ties on natural substrata are critical to understanding
the relevance of previous biodiversity—ecosystem
function research in epifaunal communities on man-
made structures (e.g. ‘fouling’ communities on docks).
Given that we studied prey richness by observing
natural gradients, it is surprising that its inverse rela-
tionship with available space was more concordant
with experimental manipulations of sessile richness
(Stachowicz et al. 1999, 2002) than with observa-
tional approaches in fouling communities. In con-
trast, available space increased with sessile diversity
in unmanipulated, epifaunal dock assemblages, a
consequence of high mortality rates of necessarily
small colonies (Dunstan & Johnson 2004). This mech-

0.6

1977). Regardless, in the absence of graz-
0.8 ing disturbance, clonal ascidians and red
algae are capable of monopolizing space
on these rock walls, resulting in a triangu-
lar relationship (supported by quantile
regression) between prey richness and
available space. Both the survey and ex-
perimental data revealed that although
there was an upper limit (significant upper
quantile), there was no lower limit (non-
significant lower quantile) to available
space as a function of richness. In other words,
quadrats with many (>20) taxa had very little open
space, but the amount of space was not necessarily
high at low richness (Fig. 1). The absence of a lower
limit is a consequence of the interaction between
dominant space occupiers and the most abundant
consumers.

The densities of 2 morphologically dissimilar con-
sumers—urchins and chitons—together best ex-
plained patterns of available space in the surveys
(Table 1). The positive correlation between consumer
richness and open space (Fig. 1B) may have been
related to the increased likelihood of including a chi-
ton (Byrnes & Stachowicz 2009), rather than a ‘true’
diversity effect (e.g. complementarity). Most impor-
tantly, the manipulation of urchins demonstrated
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Table 2. %2 likelihood ratio tests and model selection results
examining the fit of structural equation models (StEMs) to
observed covariance matrices for survey and experimental
data. We report Satorra-Bentler corrected xz test statistics,
corrected AIC (AIC,), the difference in AIC between the
candidate model and the best model (Ai), and Akaike
weights (w;). StEM A: urchin facilitation, chiton grazing
(saturated model); StEM B: no facilitation, chiton grazing;
StEM C: urchin facilitation, no chiton grazing; StEM D: no
facilitation, no chiton grazing. na: not applicable

Model daf x? p AIC, Al oW
Survey (2008)
StEM A 0 na na 1003.7 0.0 1.0
StEM B 1 6.89 0.009 1018.2 14.5 0.0
StEM C 2 13.57 0.001 10253 21.6 0.0
StEM D 3 27.43 <0.001 10399 36.2 0.0
Experiment (2009)
StEM A 0 na na 1340.7 0.0 1.0
StEM B 1 11.21 0.001 1363.3 22.7 0.0
StEM C 2 14.60 0.001 1365.1 24.4 0.0
StEM D 3 36.44 <0.001 13879 472 0.0
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Fig. 6. Path diagram estimating the strength of direct and in-
direct effects of urchins. The covariance matrix of the com-
bined survey and experimental data is adequately repre-
sented by a multi-group structural equation model with
equality constraints for each of the 5 causal paths. Solid and
dashed lines represent positive and negative relationships,
respectively. All causal paths are significant (p < 0.05); the
number beside each path is the unstandardized path coeffi-
cient. Covariance between prey richness and available
space was allowed to vary freely, and thus the 2 numbers
below this path represent the unstandardized coefficients
for the survey and experimental datasets, respectively. Like-
wise, the 2 numbers inside parentheses are the standardized
coefficients for the survey and experimental datasets, re-
spectively. The covariance between prey richness and avail-
able space was only significant for the experimental dataset

mechanistically that they uncover new patches of
available space on rock walls, accompanied by
increases in chiton density and consumer richness
(Fig. 2). Together, the survey and experimental data
suggest that an instantaneous measure of free space,
defined in this way, provides a snapshot of recent
grazing disturbance (Sebens 1986b). It is likely that
the density of chitons increased in response to urchin
grazing because chitons cannot adhere effectively to
the soft bodies of sessile invertebrates and thalli of
red algae. Further, chiton diet was composed primar-
ily of microalgae and diatoms (Fig. 5), which rapidly
colonize encrusting algae and bare substrata (O'Neill
& Wilcox 1971, Dethier & Duggins 1984). We hypoth-
esize that the increase in consumer richness reflects a
similar response, as we identified 4 species of Toni-
cella, 2 species of the chiton Mopalia, the chiton
Lepidozona mertensii and several other mollusks
(e.g. Margarites spp., Acmaea spp. and Lottia spp.)
that may require encrusting algae as a suitable sub-
stratum for attachment and/or grazing (i.e. 'foraging
space’; Dethier & Duggins 1984). Our results indicate
that red urchins, as generalist consumers of both
macroalgae and sessile invertebrates, facilitate the
diversity and abundance of chitons and other special-
ized consumers, in a manner similar to the ‘indirect
commensalism' observed between Katharina chitons
and acmaeid limpets on intertidal rocky shores
(Dethier & Duggins 1984). In the latter study, small
specialist limpets were dependent on the larger, gen-
eralist Katharina to remove macroalgae and provide
the appropriate substratum for microalgal growth.

It is unlikely that urchins were solely responsible
for the creation of available space, because StEMs
lacking paths from chiton density to available space
and prey richness fit the observed data poorly
(Table 2). Furthermore, the effect of urchin grazing
on the sessile community appears partially mediated
through a facilitative effect on chitons, because
incorporating a path from urchin density to chiton
density greatly improved the fit of the model
(StEM A; Table 2). Indeed, removing urchin facili-
tation (StEM B), chiton grazing (StEM C), or both
(StEM D) resulted in poor model fit for both datasets
(Table 2). Despite the inherent differences between
the survey data (which integrate ecological effects
over a longer time scale) and experimental data
(which emphasize the top-down effects of a 3 mo
‘pulse’ disturbance) our multi-group analysis (Grace
& Pugesek 1998) suggests that the strength and
direction of direct and indirect effects were similar
across the 2 datasets. While the StEMs permit a
richer ecological interpretation of our data than the
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linear mixed effects models alone, the role of chiton
grazing as a causal mechanism must be viewed as a
hypothesis to be tested in future manipulations
(Wootton 1994).

The experimental treatment period coincided with
summer recruitment in the San Juan Islands, thus the
trend of increased richness on control transects in
September (Fig. 2B) may have been manifested
through chiton grazing on early life stages of sessile
taxa (Nydam & Stachowicz 2007). However, the
effects of these 2 consumers on prey richness were
relatively weak (Fig. 6), and grazing primarily af-
fected the relative abundances of taxa (Fig. 2a). Any
negative effects on prey richness would likely mani-
fest only when red urchins occupy a specific area on
rock walls for extended periods of time. In the San
Juan Islands, we occasionally observe temporally
stable (>5 yr), and dense (~18 m™2), aggregations of
red urchins on rock walls that are effectively barren,
with few sessile species except for encrusting calci-
fied algae (as in Sebens 1986b). Such prey-species-
poor walls are uncommon (R. Elahi pers. obs.), and
may reflect a nonlinear threshold as described for
kelp forest— urchin barren community shifts (Watan-
abe & Harrold 1991, Arkema et al. 2009). The extent
to which communities dominated by encrusting algae
are maintained by the positive feedback of urchin-
mediated chiton grazing remains to be determined.

Although prey richness was independent of graz-
ing at the end of the experiment, there was an inter-
action between urchin density and prey richness
(Fig. 3), indicating that the upper bound of the rela-
tionship between available space and richness was
related causally to the grazing effects of urchins.
Similarly, the presence of upper trophic levels en-
hanced the effects of diversity on ecosystem function
in seagrass (Duffy et al. 2005) and terrestrial plant
(Parker et al. 2010) communities. Although red urchins
ate a variety of prey, their diets were composed pri-
marily of macroalgae and clonal ascidians (Fig. 5),
and thus reflected the significant reductions in these
2 functional groups of sessile taxa after the experi-
mental addition of urchins. The decline in cover of
clonal ascidians (but not macroalgae) was consistent
with the urchin-mediated variation in available space
and prey richness. Namely, the significant median
regression between clonal ascidian cover and prey
richness after the addition of urchins appeared to
be driven by disproportionately lower cover within
quadrats harboring fewer taxa (Fig. 4B). In contrast,
macroalgal cover was lower across all quadrats after
urchin addition, regardless of prey richness, which
may be related to urchin preference for algae.

The decline of spatially dominant prey was associ-
ated with an increase in prey evenness at the end of
the experiment (Fig. 2C). Intermittent urchin grazing
within the range of densities observed in this study
may therefore act as a mechanism promoting coexis-
tence of sessile taxa (Lubchenco 1978). In particular,
solitary invertebrates suffer a clear disadvantage
against clonal invertebrates with respect to competi-
tion for space (Jackson 1977). Urchins indirectly
facilitated the significant increase in percent cover of
solitary invertebrates (e.g. barnacles), probably by
reducing the cover of clonal invertebrates (Fig. 2A).
In addition to consuming clonal ascidians, urchins
appear to have exerted negative effects on hydroid
colonies, but these were probably not related to graz-
ing (Fig. 5A). Perhaps non-trophic impacts, such as
spine abrasion, prevented hydroids from increasing
their percent cover on urchin addition transects
(Fig. 2A).

In summary, our results indicate that urchin
feeding on spatially dominant ascidians is one spe-
cific mechanism that drives variation in the trian-
gular relationship between open space and rich-
ness. The availability of space is a useful metric of
community structure (Paine 1984) and an important
corollary of at least one ecosystem function: invasi-
bility (Stachowicz et al. 2002, Clark & Johnston
2011). The susceptibility of rocky shores to inva-
sions of exotic sessile taxa at local scales (<1 m?) is
likely a consequence of the indirect effects of
grazing on resource availability and prey richness,
in addition to the direct effects of biological distur-
bance (or lack thereof) on exotic species (Simoncini
& Miller 2007, Shinen et al. 2009, Grey 2010). Fur-
ther, if we accept available space to be a reason-
able index of recent grazing disturbance, the sig-
nificant correlation between space and richness
observed in the presence of urchins is consistent
with the hypothesis that high prey richness buffers
the impacts of grazing disturbance (Hillebrand &
Cardinale 2004, Edwards et al. 2010). Of course,
correlations are always open to interpretation and
we acknowledge the limitations of studying nat-
ural gradients in diversity. Even the static outcomes
of ecological experiments may provide limited
insight into the mechanisms of observed change
(Wootton 1994). Our manipulation of urchins caus-
ed an increase in available space, but the role that
chitons may play in the creation of space was not
revealed until we applied a structural equation
model to the data. A combination of approaches
was necessary to uncover the potential for feed-
back among consumers and their prey.
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