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Abstract. Ecosystems are changing at alarming rates because of climate change and a wide
variety of other anthropogenic stressors. These stressors have the potential to cause phase
shifts to less productive ecosystems. A major challenge for ecologists is to identify ecosystem
attributes that enhance resilience and can buffer systems from shifts to less desirable alternative
states. In this study, we used the Northern Channel Islands, California, as a model kelp forest
ecosystem that had been perturbed from the loss of an important sea star predator due to a sea
star wasting disease. To determine the mechanisms that prevent phase shifts from productive
kelp forests to less productive urchin barrens, we compared pre- and postdisease predator
assemblages as predictors of purple urchin densities. We found that prior to the onset of the
disease outbreak, the sunflower sea star exerted strong predation pressures and was able to
suppress purple urchin populations effectively. After the disease outbreak, which functionally
extirpated the sunflower star, we found that the ecosystem response—urchin and algal abun-
dances—depended on the abundance and/or size of remaining predator species. Inside Marine
Protected Areas (MPAs), the large numbers and sizes of other urchin predators suppressed
purple urchin populations resulting in kelp and understory algal growth. Outside of the MPAs,
where these alternative urchin predators are fished, less abundant, and smaller, urchin popula-
tions grew dramatically in the absence of sunflower stars resulting in less kelp at these loca-
tions. Our results demonstrate that protected trophic redundancy inside MPAs creates a net of
stability that could limit kelp forest ecosystem phase shifts to less desirable, alternative states
when perturbed. This highlights the importance of harboring diversity and managing predator
guilds.

Key words: California sheephead; California spiny lobster; kelp forest; linear mixed effects models;
managing for resilience; phase shifts; predator guilds; sea star wasting disease; size class structure; sunflower
sea star; trophic redundancy; urchin barrens.

INTRODUCTION

Keystone species often play important roles in sustain-
ing the functioning of ecosystems and can be found
occupying niches at various trophic levels (Power et al.
1996). Loss of keystone species at higher trophic levels
can ultimately affect lower trophic levels through cascad-
ing forces that alter ecosystem structure and function
(Paine 1966, Power et al. 1996, Estes et al. 2004). In both
terrestrial and marine systems, overharvesting and cli-
mate change have driven dramatic changes in the popu-
lations of foundational and keystone species, thus

resulting in abrupt and sudden phase shifts (Estes and
Palmisano 1974, Daskalov et al. 2007, DeYoung et al.
2008, Ling et al. 2015, McCary et al. 2016). This trend
has led to great concern about losses of biodiversity and
valuable ecosystem services and spurs the need to better
understand and manage for ecosystem traits that confer
resilience to communities and ecosystems (Folke et al.
2004).
There is a growing body of evidence that high-diver-

sity systems may have enhanced ecosystem stability and
resilience potential. These benefits can arise due to the
number and strength of species interactions (McCann
et al. 1998) and redundancy in traits and trophic roles
(Menge 1983, Peterson et al. 1998, Steneck et al. 2002,
Snyder et al. 2008). Ecosystems that exhibit redundancy
in important functions have been shown to be more
resistant to the cascading effects of disturbance and
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extinction (Borrvall et al. 2000, Finke and Denno 2004,
Dunne and Williams 2009, Sanders et al. 2018). How-
ever, much of our understanding of the relationships
between diversity, trophic redundancy, and ecosystem
resilience comes from theoretical models, controlled
experiments, and hypotheses derived from large-scale
correlative observations. There are few clear demonstra-
tions of this concept in complex natural systems (but see
Burt et al. 2018, McLean et al. 2019).
The Northern Channel Islands (NCI), in the Southern

California Bight, provide a unique setting to explore
how trophic redundancy and predator diversity
strengthen resilience in kelp forest ecosystems by exam-
ining patterns occurring at the intersection of several
features: historical overfishing, a historically diverse
predator guild, the establishment of a large network of
marine protected areas (MPAs), and a recent distur-
bance event. Here we explore how the disturbance, the
loss of a single predator due to a widespread disease epi-
demic, affects populations of its preferred prey, a bar-
rens-forming, herbivorous sea urchin. The presence of
two additional fished predators in the system along with
spatial variation in fishing pressure due to the MPAs
allows us to test whether functional redundancy in the
predator guild has buffered the system from the cascad-
ing effects of the loss of an important predator.
Kelp forests are iconic and highly dynamic coastal

ecosystems that provide a multitude of ecological func-
tions and valuable ecosystem services (summarized in
Krumhansl et al. 2016). One of the major threats to kelp
forests is degradation due to overgrazing by herbivorous
sea urchins, which can rapidly shift a healthy kelp forest
to an urchin barren when present in high densities (Har-
rold and Reed 1985, Steneck et al. 2002, Filbee-Dexter
and Scheibling 2014, Ling et al. 2015). Once established,
urchins in barrens may prevent the recolonization of
kelps by consumption of spores and recruits and thereby
stabilize the system in a degraded state (Chapman 1981).
In a global analysis, Ling et al. (2015) found that such
discontinuous phase shifts with hysteresis effects have
been recorded in a number of macroalgae-dominated
ecosystems. Notably, across studies it was found that the
minimum urchin density to initiate phase shifts from
healthy kelp forests to unproductive urchin barrens
occurs at ~11–14 urchins/m2 but that once barrens are
established urchin densities have to be reduced by an
order of magnitude for kelp to recover (Filbee-Dexter
and Scheibling 2014, Ling et al. 2015, Dunn and Hovel
2019). Phase shifts with hysteresis can often have catas-
trophic effects on fisheries and other ecosystem services
when systems are shifted into unproductive alternative
states. In such situations, it is important for wildlife
managers to manage for resilience, where possible,
through understanding the thresholds and feedback
mechanism that can foster ecosystem stability and
prevent phase shifts.
Kelp forests are complex, disturbance-driven systems

that respond to a wide variety of top-down and bottom-

up controls (Dayton 1985, Steneck et al. 2002, Reed
et al. 2011, Byrnes et al. 2013, P�erez-Matus et al. 2017),
however, in many kelp systems there is good evidence for
strong cascading effects of urchin predators on founda-
tional kelps through their control of urchin populations
(Estes and Palmisano 1974, Shears and Babcock 2002,
Behrens and Lafferty 2004, Hamilton and Caselle 2015).
Diverse suites of predatory species can further increase
top-down control of urchin populations by differentially
targeting various size classes (Burt et al. 2018), and by
modifying urchin behaviors (Byrnes et al. 2006), ulti-
mately stabilizing and enhancing ecosystem resilience
through the increased top-down control (Borrvall et al.
2000, Finke and Denno 2004, Dunne and Williams
2009, Sanders et al. 2018).
The urchin predator guild along the west coast of

North America is made up of four dominant species; sea
otters (Enhydra lutris), sunflower sea stars (Pycnopodia
helianthoides), California (CA) sheephead (Semicossy-
phus pulcher, a labrid fish), and California (CA) spiny
lobsters (Panulirus interruptus) (Fig. 1a). These four spe-
cies vary both temporally and spatially in their distribu-
tions across the region. Sunflower sea stars, until
recently, occurred from southern Alaska to the Southern
California Bight (Estes and Duggins 1995, Pondella
et al. 2015) and were important urchin predators across
this region (Moitoza and Phillips 1979, Duggins 1983,
Schultz et al. 2016). Recently, a sea star wasting disease
epidemic has affected more than 20 sea star species rang-
ing from Alaska to Mexico (Hewson et al. 2018). Sun-
flower sea stars were particularly susceptible to the
effects of the disease, and by 2014 they were functionally
extirpated from most of their historic range (Schultz
et al. 2016, Harvell 2019). Sea otters, a well-known key-
stone predator of urchins in North Pacific kelp forests,
were historically present along much of Northeast
Pacific Coast until populations were decimated by
intense overharvesting for the fur trade in the early
1800s (Estes and Palmisano 1974, Estes et al. 2004).
Today, sea otters only persist in high densities in a frac-
tion of their historic range (Bodkin 2015). In British
Columbia, where otters and sunflower sea stars histori-
cally co-occurred, Burt et al. (2018) showed that sea
otters and sunflower sea stars display niche complemen-
tarity in their predation on sea urchins, resulting in
strong top-down control when both predators were pre-
sent. Using natural variability in the presence/absence of
sea otters, they showed that after the extirpation of sun-
flower sea stars from disease, urchin densities increased
and kelp declined, but that this result was much stronger
in the absence of sea otters. This demonstrates that
trophic redundancy in urchin predators had allowed kelp
forests in the North Pacific to persist after the loss of a
single top predator.
The Northern Channel Islands (NCI) are outside of

the present-day range of sea otters, but host two addi-
tional major urchin predator species, which, along with
sunflower sea stars, comprised a diverse predator guild
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that likely fostered robust kelp forests in the region (Ste-
neck et al. 2002). CA sheephead and CA spiny lobsters
are both generalist predators that prey upon purple
urchins (Stronglyocentrotus purpuratus), with both spe-
cies increasing their effectiveness as urchin predators
with increasing body size (Behrens and Lafferty 2004,
Eurich et al. 2014, Hamilton et al. 2014, Hamilton and
Caselle 2015, Selden et al. 2017). The waters

surrounding the western NCI, where the present study
was conducted, have a mosaic of protection status
through a network of MPAs that was established in
2003. Within the MPAs, the fished predators (CA sheep-
head and CA spiny lobsters) are released from commer-
cial and sportfishing pressures. Their numbers and sizes
are significantly greater in the MPAs relative to nearby
fished areas (Lafferty 2004, Hamilton et al. 2010aa,
Caselle et al. 2015, Selden et al. 2017).
Using the extirpation of the unfished predator—the

sunflower sea star—and the presence of a mosaic of pro-
tected areas for the other two predators as a “natural”
experiment, we test the effects of predator identity, abun-
dance, and size structure on the density of purple urchins
and the consequent patterns of kelp abundance. We uti-
lize data from a long-term monitoring study that spans
the periods before and after the loss of the sunflower sea
star. Specifically, we ask how MPAs might facilitate
trophic redundancy through targeted predator protec-
tion and influence patterns of size-specific foraging on
purple urchins. We then ask how purple urchin abun-
dance affects both canopy-forming giant kelp and
understory kelp. We conduct this work in the western
portion of the Northern Channel Islands in order to
constrain variability in some of the other drivers of kelp
abundance including productivity, upwelling, and wave
exposure. We hypothesize that in places with greater
redundancy of predators, trophic effects will be stronger,
resulting in fewer urchins and more kelp.

METHODS

Study sites

We conducted the study at seven sites across three
islands at the western NCI (Fig. 1b). Historically, sun-
flower sea stars were prevalent in the colder waters of
the western islands and uncommon in the eastern NCI
(Bonaviri et al. 2017), so we restricted our study area to
the western portion of the region. Restricting the study
area to the western islands also allowed us to better con-
trol for environmental conditions (e.g., sea temperature,
productivity; see Hamilton et al. 2010bb, Pondella et al.
2015, 2019). All MPAs used for this study are no-take
state marine reserves where all forms of fishing are
banned.

Community surveys

Kelp forest community surveys have been conducted
in this region since 1999 by the Partnership for Interdis-
ciplinary Studies of Coastal Ocean (PISCO). Surveys
are conducted annually in rocky reefs/kelp forests in
MPAs and reference areas (sites where fishing is permit-
ted) at depths less than 25 m. Fish surveys are con-
ducted at three levels of the water column: benthic,
midwater, and canopy (if present) between August and
October. Twenty-four fish transects (30 9 2 9 2 m) are

FIG. 1. (a) Approximate current (solid lines) and historical
(dotted lines) distribution along the Pacific coast of major
predators of purple and red sea urchins. (Estes and Duggins
1995, Pringle 2011, Bodkin 2015, Pondella et al. 2015, Fish-
base.org). California sheephead and spiny lobster historical and
current ranges are the same, so only current range is shown.
Map of North America is projected in North America Albers
Equal Area Conic for display purposes. (b) Study sites and
Nearshore State Marine Protected Areas (MPAs) located at the
Northern Channel Islands (NCI).
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conducted at each site in order to characterize fish com-
munity structure. All fishes (except very small-bodied
and cryptic species) are identified and sized to the near-
est centimeter by the diver. Fish surveys are stratified
into four depth zones, targeting 5-, 10-, 15-, and 20-m
bottom depth, although the depth of surveys varies
slightly per site depending on reef topography. In addi-
tion, 12 “benthic” transects (30 9 2 m) are surveyed at
each site between June and August to quantify densities
of invertebrates and macroalgae. Benthic surveys are
stratified into three depth zones (approximately 5-, 10-,
and 15-m depth). Giant kelp (Macrocystis pyrifera) indi-
viduals greater than 1-m in height are counted and stipes
are enumerated per individual and later summed at the
transect level for analysis. Understory kelps, Eisenia
arborea, Pterygophora californica, Laminaria farlowii,
Laminaria setchellii greater than 30 cm in height and the
common fucoid Stephanocystis osmundacea greater than
6 cm across are also counted along benthic transects
and were later pooled for analysis. Sea stars and purple
urchins greater than 2.5 cm in diameter and lobsters of
all sizes are also counted. At high densities, benthic
organisms are subsampled within 10-m segments of the
transect using a variable area subsampling methodology,
with the exception of giant kelp, which is not subsam-
pled. Benthic data (urchin, sea star, lobster, understory
algae, and kelp densities) were analyzed at the transect
level. Giant kelp individual density and understory algal
density were combined to create a total macroalgal den-
sity at a per-transect level for analysis. Fish abundance
and size data were averaged at the site level to account
for the high mobility of the CA sheephead relative to the
invertebrates (Topping et al. 2006).

Sea surface temperature

Sea surface temperature (SST) was provided by the
Santa Barbara Channel Marine Biodiversity Observa-
tion Network (SBC MBON). SBC MBON acquires SST
with the Multiscale Ultra-high Resolution Sea Surface
Temperature satellite (MUR SST) in daily incremental
grids at each PISCO survey site. SST data were then con-
verted into annual site-level means.

Analyses

We developed and fit a candidate set of generalized
linear mixed effect models (GLMMs) of purple urchin
densities using the R package lme4 (Bates et al. 2015, R
Development Core Team 2018). Models were fit to the
natural logarithm of the response (purple urchin density)
using the identity link. We also fit a set of models to kelp
densities, Macrocystis pyrifera, Eisenia arborea, Ptery-
gophora californica, Laminaria farlowii, Laminaria
setchellii, and Stephanocystis osmundacea (we include
this fucoid algae with kelps because of its large, habitat-
forming growth form), to ensure our data support
known trophic relationships between macroalgae and

urchins; these results are presented in the electronic sup-
plementary material (ESM). Because we expected the
processes driving urchin density to vary pre- and post-
extirpation of sunflower sea stars, we fit and ranked can-
didate models separately to these periods, which corre-
sponded to 2010–2012 and 2014–2017, respectively.
Data from 2013 were insufficient because few sites were
sampled and therefore were not included. The period of
interest began in 2010, prior to the onset of the wide-
spread sea star disease. By 2014, sunflower sea stars were
absent from our study sites (with no observed/expected
recovery to date). Site-specific intercepts (i.e., random
effect of site) were included in the models to account for
variation among sites.
We suspected that SSTwould explain much of the pre-

dictable variation in macroalgal density and purple
urchin density across the NCI (Ohgaki et al. 2018), so
we did not include a random effect of island, as there is
a strong east–west temperature gradient across the
islands. SST can also vary interannually due to the El
Ni~no–Southern Oscillation (ENSO). We included tran-
sect depth in the models, instead of a random effect of
transect, in order to explore the influence of depth on
macroalgal and purple urchin abundance. We predict
that macroalgal and purple urchin densities may vary
with depth due to influences of wave surge, available
sunlight, temperature, and algal distributions.
We ranked candidate models of macroalgal and

urchin density with Akaike’s information criterion cor-
rected for small sample sizes (AICc; Burnham and
Anderson 2004). To illustrate the effects of different pre-
dictors on macroalgal and urchin density, we generated
predictions from the fitted models. Prediction intervals
were estimated with the R package merTools (Knowles
and Frederick 2018). Homoscedastic variance, linearity,
and the presence of outliers were checked by visual
inspection of residual plots for the top-ranking models.

Candidate models

Prior to analyses, we generated several hypotheses for
trophic drivers of macroalgal densities (Reed et al. 2011)
and for why purple urchin densities may differ in MPAs
and reference areas. We then constructed multiple mod-
els based on these hypotheses, including predator assem-
blages and abiotic factors (temperature and depth) to
test their effects on controlling macroalgal and purple
urchin populations pre- and postextirpation of sun-
flower sea stars (Appendix S1: Tables S1–S3). Models
used to predict macroalgal densities included variations
of temperature, depth, and purple urchin densities as
additive variables.
Red urchins (Mesocentrotus franciscanus) were not

included in the models because the predators in our
study region show preference for purple urchins, likely
due to stronger defenses due to longer spines of red
urchins (Moitoza and Phillips 1979, Tegner and Levin
1983). Lobster density was not included in purple urchin
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models due to colinearity with CA sheephead (r = 0.78;
Fig. 2b, c) and because very few (nearly zero) lobster
were detected in the fished reference areas (Fig. 2c).
Temperature and depth were additive variables in all
models, which, as noted above, helped account for varia-
tion in island biogeography and variation among tran-
sects. We included an interaction between sunflower sea
stars and protection status in purple urchin models,
because we expected their effect on urchin density to
vary with the level of protection due to interspecific
competition with the other two predators (i.e., CA
sheephead, CA lobster) both of which have been shown
to benefit from MPA protections (Lafferty 2004, Hamil-
ton and Caselle 2015). We also expected size-specific
effects of CA sheephead due to gape limitation and size-
specific predation rates (Selden et al. 2017), so the effect
of CA sheephead was included in purple urchin models
as the interaction between mean density and mean
length per site. Collinearity between the predictors
included in the final set of candidate models was checked
with variance inflation factors (VIFs), which were
all <2.4 (Appendix S1: Tables S4-S5).

RESULTS

Sunflower sea stars were completely extirpated by dis-
ease from the rocky reef/kelp forest communities in the
western NCI by 2014, which corresponded with strong
temperature increases associated with an ENSO event
(Fig. 2a). Prior to the extirpation of sunflower sea stars,
the magnitude of difference between CA sheephead den-
sity inside and outside of reserves was relatively stable.
Postextirpation, those differences increased (Fig. 2b).
CA spiny lobster densities remained extremely low in the
western NCI, pre- and postextirpation in both the refer-
ence and MPAs; however, CA spiny lobster densities
were slightly higher in the MPAs and continued to
increase postextirpation of sunflower sea stars (Fig. 2c).
In general, purple urchin densities were similar in the
MPAs and reference sites prior to the extirpation of sun-
flower sea stars, but coinciding with the loss of sea stars,
purple urchin densities increased dramatically in the ref-
erence areas (Fig. 2d). Inside MPAs purple urchin den-
sity were variable following the loss of the sea stars
(Fig. 2d). Both kelp stipe and understory algal densities
varied over time (Fig. 2e, f). However, in the reference
areas, algae showed a steady decline resulting in very low
density, especially in recent years. Inside the MPAs,
despite interannual variation, kelp and understory algal
densities were greater than the reference areas
(Fig. 2e, f).
We note that although our field observations of urchin

barrens formation following the loss of sunflower sea
stars indicated that barrens became more common and
widespread, particularly in the reference areas (motivat-
ing the current analysis), we did not necessarily observe
wholesale, site-level phase shifts at all sites such as

reported elsewhere in the world. Reference-area sites
showed overall declines in canopy forming and under-
story kelps, but retained some patches of kelp in places
(Fig. 2e, f). Similarly, we did observe some high-density
patches of urchins developing in the MPAs but to a les-
ser extent than in the reference areas and without the
resulting site-level declines in macroalgae (Fig. 2d–f).
When analyzed at finer spatial scales, at the transect
level, we see supporting evidence for small-scale patch
dynamics, with barrens being more common in the refer-
ence areas than in the MPAs after the extirpation of sun-
flower sea stars, but with a high degree of variability in
the abundance of urchins and algae within and across
sites (Appendix S1: Fig. S1).
Prior to the extirpation of sunflower sea stars, the top

model (lowest AICc and highest AICc weight [0.51]) for
purple urchin density included fixed effects of tempera-
ture, depth, and sunflower sea star densities
(Appendix S1: Table S1a) and a random effect of site
(variance partition coefficient VPC = 0.615). Examining
residual plots indicated linearity between the predictors
and response, and homoscedastic variance; we also did
not find any outliers or overly influential points
(Appendix S1: Fig. S2). Interestingly, model predictions
indicate purple urchin populations both in the MPAs,
and reference areas were low when sunflower sea stars
were present at any density (Fig. 3).
Postextirpation of sunflower sea stars, the top model

(lowest AICc and highest AICc weight [0.99]) included
fixed effects of temperature, depth, CA sheephead abun-
dance, CA sheephead total length, and protection status
(Appendix S1: Table S2a) and a random effect of site
(VPC = 0.158). Again, examining residual plots indi-
cated linearity between the predictors and response,
homoscedastic variance, and no outliers nor overly influ-
ential points (Appendix S1: Fig. S3). Empirically mea-
sured mean CA sheephead total length (TL) and
abundance were larger inside the MPAs
(XTL = 33.45 cm [STL = 9.03 cm], XAbundance = 98.35
[SDAbundance = 77.06]) compared to reference areas
(XTL = 30.34 cm [SDTL = 7.89 cm], XAbundance = 42.91
(SDAbundance = 34.81), indicating that the urchin preda-
tor demographics are different, with larger more numer-
ous individuals within the MPAs. We plotted the
predicted urchin densities from this model against CA
sheephead density for three different size classes of CA
sheephead (small = 24.56 cm, medium = 31.50 cm, and
large = 38.15 cm; sizes were calculated based on the
first, second, and third quartiles of CA sheephead sizes
in the empirical field data set). Predictions from the fit-
ted model suggest effects of CA sheephead abundance
and size on purple urchin densities are stronger in MPAs
(Fig. 4a). Large CA sheephead are more effective at sup-
pressing purple urchins at lower abundances than
other size classes, yet even smaller CA sheephead
can also suppress purple urchin populations when
present at high abundances (Fig. 4a). Outside of
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MPAs, the effects that CA sheephead size and abun-
dance have on purple urchin populations are similar
to the effects in MPAs, yet of smaller magnitude
(Fig. 4b).

Filbee-Dexter and Scheibling (2014) summarized the
threshold urchin densities needed to reverse phase shifts
from barrens to kelp in California using data from Dean
et al. (1984) and Dayton et al. (1992). The threshold

FIG. 2. Temporal patterns of key members of the kelp forest community and sea surface temperature from 2010 to 2017. Solid
lines are marine protected areas (MPA) sites, dashed lines are reference sites. All species data are mean density (per 60 m2) � 1 stan-
dard error. (a) Sunflower sea star and temperature (°C), (b) California (CA) sheephead, (c) California spiny lobster, (d) purple
urchin, (e) giant kelp, and (f) understory kelp.
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densities were 2–3 individual urchins/m2. We asked how
many CA sheephead of different size classes (TL) would
be required to produce an urchin density of 2/m2. Using
our model predictions, we find that inside the MPAs 11
“large-sized” individuals (average TL 38.2 cm) per 60-m2

transect corresponds with 2 urchins/m2, compared with
91 “small-sized” individuals per transect (average TL
24.6 cm) to result in that same urchin density. To obtain
that same urchin density in the reference areas would
require a density of 24 large-sized or 210 small-sized CA
sheephead per transect.
The top model (lowest AICc and highest AICc weight

[1.00]) for macroalgal density included effects of temper-
ature, depth, and purple urchin densities (Appendix S1:
Table S3a, Appendix S1: Fig. S4), showing a strong neg-
ative association between purple urchin density and
macroalgal density.

DISCUSSION

We found that healthy kelp forest ecosystems har-
bored trophic redundancy in the urchin predator guild.
Additionally, we found relationships between the
observed size class distributions of certain predators and
urchin populations. Populations that included large
predators were more effective at controlling urchins.
These differences in predator demographics were related
to levels of protection across an MPA network (Lafferty
2004, Hamilton et al. 2010aa, Caselle et al. 2015, Selden
et al. 2017). Using the NCI as a model ecosystem for
kelp forest dynamics, we showed that the effects CA
sheephead, CA spiny lobster, and sunflower sea stars
had on purple urchin densities varied as a function of
the presence of the other urchin predators, ultimately
leading to the differences in the persistence of canopy
forming giant kelp and understory macroalgae. In
MPAs, prior to the disease outbreak, purple urchins
were exposed to predation from a three-pronged preda-
tor guild that effectively maintained low urchin densities.
With the onset of the sea star disease and widespread
extirpation of sunflower sea stars, the predation pressure
by CA spiny lobsters and CA sheephead on purple urch-
ins was still strong enough to maintain low purple urchin
densities inside the MPAs allowing macroalgae to persist
(Figs. 2 and 4). In addition to protection from fishing
afforded by the MPAs, the loss of the sunflower sea star
might also have benefited the other two predators by
releasing them from competitive pressures. However,
outside of the MPAs, these fished predators were inca-
pable of compensating for the loss of sunflower sea stars,
and urchin barrens became common. The greater preda-
tion pressures exerted by CA sheephead and CA spiny
lobsters in MPAs are likely driven by the intact size
structures and higher abundances resulting from protec-
tion from fishing (Hamilton et al. 2010a). However, the
predictions from the models indicate that CA sheephead
at the reference sites might exert weaker predation pres-
sures on purple urchins than CA sheephead of the same

FIG. 3. Empirical data (filled circles) and model prediction
(line) of purple urchin densities (per 60 m2) with temperature,
depth, and sunflower sea star densities (per 60 m2) as predictors
with 95% prediction intervals both inside marine protected
areas (MPAs) and reference sites at the Western Northern
Channel Islands.

FIG. 4. Predictions of purple urchin densities (per 60 m2)
from model containing temperature, depth, California (CA)
sheephead abundance (per site [1,440 m2]), and CA sheephead
total length (TL) as predictors with 95% prediction intervals
(dotted lines) (a) inside MPAs and (b) at reference sites at the
Western Northern Channel Islands. CA sheephead lines indi-
cate small-sized CA sheephead = 24.57 cm TL (red line; quar-
tile 1 of CA sheephead TL), medium = 31.50 cm TL (blue line;
quartile 2 of CA sheephead TL), large = 38.15 cm TL (black
line; quartile 3 of CA sheephead TL).
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size and abundance inside the MPA. Although this
intriguing result requires further research, we hypothe-
size that CA sheephead may preferentially avoid eating
urchins from barrens because of a lower quality and lack
of gonads in barren urchins, as was found for CA spiny
lobster by Eurich et al. (2014). This pattern may also be
explained in part by the additive predation pressure
resulting from higher densities of CA spiny lobster in the
MPAs (Kay et al. 2012). One particularly interesting
result of our modeling of relationships between different
size classes of CA sheephead and urchin abundance was
the large disparity in the density required to maintain
urchins at low densities across size classes of CA sheep-
head. Both in and out of the MPAs, the number of small
sheephead required is nearly an order of magnitude
higher than the number of large sheephead required to
maintain the same density of urchins. Given the diffi-
culty for small predators to compensate for the func-
tional role of large predators, this result further
emphasizes the importance of MPAs in restoring size
distributions of fished species. Furthermore, in addition
to the direct consumptive effects of predators on urchin
populations, higher densities and diversity of predators
in MPAs can potentially magnify trophic cascades indi-
rectly because of effects on prey behavior (Byrnes et al.
2006, Spyksma et al. 2017). It is also important to note
that CA sheephead are diurnal predators and CA spiny
lobster are nocturnal predators, resulting in temporal
variation in predation risk which could also have
impacts on urchin grazing behavior and degree of urchin
predation. Lobsters may have been underestimated by
our daytime, visual surveys, but clear MPA effects on
their abundance and size have been shown in the NCI
(Kay et al. 2012). Our study lends support to the effec-
tiveness of MPAs not only for restoring the biomass of
fished species (Hamilton et al. 2010aa), but also for
enhancing ecosystem resilience through trophic redun-
dancy and restoration of biodiversity and size class
structure.
In southern California, there is evidence that kelp forest/

urchin barren dynamics operate at finer spatial scales
(<500 m) than in other sections of the Pacific coast, where
physical forces such as wave disturbance have been shown
to influence regional trends in urchin and kelp abundance
(Dayton et al. 1984, Reed et al. 2011, Cavanaugh et al.
2013, Karatayev et al. 2019). Our findings are consistent
with these fine-scale patch dynamics in urchin and algal
abundances in our study region (Appendix S1: Fig. S1).
Along with Southern California’s finer-scale feedbacks
between grazers and kelps, we know that abiotic (physical
and chemical) factors are important for structuring
macroalgal communities (Dayton 1985, Reed et al. 2011,
Cavanaugh et al. 2013) and likely contribute to some of the
temporal variation documented in our data sets. However,
the spatial configuration of our sites is appropriate for con-
trolling those factors to evaluate the effects of the MPAs.
Sites are closely paired, in and out of MPAs at three
islands, thus we would not expect abiotic factors to be

driving the differences we show here. Instead, though cor-
relative, the MPA effects we document are more consistent
with trophic effects.
The NCI are situated in a biogeographic transition

zone where the cold waters of the California current
meet the warmer southern California countercurrent
(Harms and Winant 1998). The resulting strong east–
west temperature gradient is associated with variation in
kelp forest communities across the islands (Hamilton
et al. 2010bb, Caselle et al. 2015). Nearby Point Concep-
tion is a well-recognized biogeographic boundary and
this region is near the northern range limits for both CA
sheephead and CA spiny lobsters (Fig. 1a), which are
both associated with the warmer waters south of Point
Conception and the eastern NCI (Murray et al. 1980,
Burton 1998, Pondella et al. 2015). Prior to extirpation,
sunflower sea stars were associated with the cooler
waters north of Point Conception and the western NCI
(Bonaviri et al. 2017). The overlapping range limits of
these predators demonstrates an interesting spatial com-
plementarity that potentially balances the weaker preda-
tor pressures exerted from CA sheephead and CA spiny
lobsters at the cooler islands. North of Point Concep-
tion, sunflower sea stars and sea otters were the primary
urchin predators prior to the onset of sea star disease;
however, the patchy distribution of sea otters along the
northern coast of North America has left large sections
of the coast without a dominant urchin predator follow-
ing the loss of sunflower sea stars. In some of these
regions, such as northern California, the loss of macroal-
gae in those areas has been extensive. This mosaic of
urchin predator distributions across the coast of North
America (Fig. 1a) sets up interesting and testable
hypotheses regarding the relationships between predator
redundancy and coastwide resilience of kelp forests,
which, we recommend, should guide future work.
At Anacapa Island, the easternmost and warmest of

the NCI, CA spiny lobsters and CA sheephead are the
primary predators of sea urchins (Caselle et al. 2018),
and densities of sunflower sea stars were historically low
even prior to their extirpation (Bonaviri et al. 2017). The
island is zoned with varying levels of protection, which
include a no-take marine reserve, a partial-take marine
conservation area (commercial and recreational take of
CA spiny lobsters permitted), and areas fully open to
fishing. Caselle et al. (2018) showed that CA sheephead
and CA spiny lobsters have strong direct negative effects
on urchin abundance and an indirect positive effect on
native algal abundance through their predation on urch-
ins. Urchin densities were lowest and kelp densities high-
est in the no-take reserve, where both urchin predators
are protected. The inverse was observed in the fished
area where CA sheephead and CA spiny lobsters are in
low abundance. In the partial-take MPA, where only one
predator is protected, urchins and kelp were at interme-
diate densities, demonstrating the complementary effects
of multiple predators such as we showed here. These spa-
tial patterns are an indication that trophic redundancy
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enhances resilience and may help prevent ecosystems
from shifting to alternative states. It also reinforces the
importance of ecosystem-based management strategies
such as MPAs, which preserve functional roles at high
trophic levels, thus restoring and preserving ecosystem
integrity.
Areas along the coast that lacked diverse predator guilds

or redundancy in the trophic structure were affected dis-
proportionately more from loss of predators because of the
sea star disease (Schultz et al. 2016). Sea otters, where they
were present, maintained the predatory niche breadth,
through trophic redundancy, in the absence of sunflower
sea stars (Burt et al. 2018). However, in our study this
trophic redundancy was only observed in the MPAs,
because the redundant predators (i.e., CA sheephead and
CA spiny lobsters) are subject to fisheries. Sea otter popu-
lations are positively correlated with black abalone popula-
tions and negatively correlated with urchin populations
along the central coast of California, where sea otters are
locally present (Raimondi et al. 2015). The sea otters sup-
press urchin populations, preventing urchin barrens from
forming and allowing kelp to persist. The presence of the
kelp forests creates a favored environment for black aba-
lone food sources, thus demonstrating how the presence of
a keystone species in a healthy kelp forest can indirectly
harbor more diversity. In northern California, the recre-
ational red abalone fishery is valued in the tens of millions
of dollars (Reid et al. 2016). The California Fish and Game
Commission closed the abalone fishery in 2018 for a mini-
mum of three seasons, citing negative effects on abalone
populations due to “extreme environmental condition”
which broadly included the loss of the only key urchin
predator to disease, massive increases in urchin barrens,
and widespread losses of kelp (Rogers-Bennett and Catton
2019). This is an example of how cascading ecological
effects can reverberate through lower trophic levels result-
ing in devastating environmental effects that require drastic
management actions that ultimately have profound eco-
nomic consequences. Such consequences could perhaps be
minimized, however, by placing additional management
focus on trophic redundancy when possible.
As conservation efforts work to enhance ecosystem sta-

bility and buffer against anthropogenic change, manage-
ment that promotes trophic redundancy has the potential
to be highly effective. In coral reef systems, trophic redun-
dancy has been found to play an important role in
macroalgal abatement. With protection, there was signifi-
cantly more functional herbivore diversity and functional
redundancy when compared to fished areas, with the high-
est functional diversity and functional redundancy found
in the large roving browsers of turf and macroalgae
(Micheli et al. 2014). Through protection, these grazers
proliferated, thus keeping the reef in a coral-dominated
state due to the resiliency that increased diversity brings.
Diversity of grazer species can maximize herbivory pro-
cesses leading to increased coral recruitment due to a
release from competition with algae (Lefcheck et al. 2019).
However, protecting the diversity needed to promote

resiliency can be especially challenging for wildlife man-
agers in naturally lower diversity systems such as those that
occur at higher latitudes (Pianka 1966). Lower natural
diversity at high latitudes combinedwith human harvesting
may present additional challenges in preventing ecosystems
from shifting to alternative states once disturbed. The
interlocking web of stability a predator guild creates allows
for ecosystems to absorb more perturbation than single
predator systems. Mathematical modeling has indicated
that ecosystem stability increases when multiple weak
predator–prey interactions occur when compared to one
strong predator–prey interaction (McCann et al. 1998).
The presence of only one predator in a system creates a sce-
nario where a perturbation to the predator populations
could drastically shift the community to an alternative
state.
As ecosystems are becoming more and more disturbed

through climate change and anthropogenic stressors, it
is important that we understand the mechanisms that
prevent community-wide phase shifts and ecosystem
attributes that enhance resiliency. Our study demon-
strates the importance of trophic redundancy in stabiliz-
ing perturbed system, which lends support to the
previous theories, models, and small-scale experiments
on trophic redundancy (Steneck et al. 2002, Byrnes et al.
2006, McCary et al. 2016, Sanders et al. 2018), and iden-
tifies practical management actions that help to stabilize
a key marine ecosystem in the face of a large-scale
ecosystem shock. Now more than ever, we need to pro-
tect our ecosystems’ predator guilds in order to maintain
the stability of our ecosystems and prevent phase shifts
in hopes of combatting ecosystem stressors.

ACKNOWLEDGMENTS

We thank all the current and previous PISCO divers who
helped obtain the data. We also thank A. Parsons-Field for the
helpful comments and leading the dive teams. Temperature data
were made available by the SBC-MBON project. Funding was
provided by David and Lucille Packard Foundation, the Cali-
fornia Ocean Protection Council, California SeaGrant, and the
UC Santa Barbara Coastal Fund. JHE, KD, and JEC con-
ceived the project idea and collected the data. JHE, JME, and
PC designed the analytical methods. JHE and JME analyzed
the data. JHE led the manuscript. All authors contributed to
drafts and editing of the manuscript and provided final
approval for publication. This is publication 506 from PISCO, a
long-term ecological consortium, which is funded primarily by
the David and Lucille Packard Foundation.

LITERATURE CITED

Bates, B., M. Maechler, B. Bolker, and S. Walker. 2015. Fitting
linear mixed-effects models using lme4. Journal of Statistical
Software 67:1–48.

Behrens, M. D., and K. D. Lafferty. 2004. Effects of marine
reserves and urchin disease on southern Californian rocky
reef communities. Marine Ecology Progress Series 279:129–
139.

Bodkin, J. L. 2015. Historic and contemporary status of sea
otters in the north Pacific. Pages 43–61 in S. E. Larson, J. L.
Bodkin, and G. R. VanBlaricom, editors. Sea otter conserva-
tion. Elsevier Inc., San Diego, California, USA.

Xxxxx 2020 TROPHIC REDUNDANCY IN KELP FORESTS Article e02993; page 9



Bonaviri, C., M. Graham, P. Gianguzza, and N. T. Shears. 2017.
Warmer temperatures reduce the influence of an important key-
stone predator. Journal of Animal Ecology 86:490–500.

Borrvall, C., B. Ebenman, and T. Jonsson. 2000. Biodiversity
lessens the risk of cascading extinction in model food webs.
Ecology Letters 3:131–136.

Burnham, K. P., and D. R. Anderson. 2004. Multimodel infer-
ence: Understanding AIC and BIC in model selection. Socio-
logical Methods and Research 33:261–304.

Burt, J. M., M. Tim Tinker, D. K. Okamoto, K. W. Demes, K.
Holmes, and A. K. Salomon. 2018. Sudden collapse of a meso-
predator reveals its complementary role in mediating rocky reef
regime shifts. Proceedings of the Royal Society B 285:1–9.

Burton, R. S. 1998. Intraspecific phylogeography across the Point
Conception biogeographic boundary. Evolution 52:734–745.

Byrnes, J., J. J. Stachowicz, K. M. Hultgren, A. Randall Hughes,
S. V. Olyarnik, and C. S. Thornber. 2006. Predator diversity
strengthens trophic cascades in kelp forests by modifying her-
bivore behaviour. Ecology Letters 9:61–71.

Byrnes, J. E., B. J. Cardinale, and D. C. Reed. 2013. Interactions
between sea urchin grazing and prey diversity on temperate
rocky reef communities. Ecology 94:1636–1646.

Caselle, J. E., A. Rassweiler, S. L. Hamilton, and R. R. Warner.
2015. Recovery trajectories of kelp forest animals are rapid
yet spatially variable across a network of temperate marine
protected areas. Scientific Reports. 5:1–14.

Caselle, J. E., K. Davis, and L. M. Marks. 2018. Marine man-
agement affects the invasion success of a non-native species in
a temperate reef system in California, USA. Ecology Letters
21:43–53.

Cavanaugh, K. C., B. E. Kendall, D. A. Siegel, D. C. Reed, F.
Alberto, and J. Assis. 2013. Synchrony in dynamics of giant
kelp forests is driven by both local recruitment and regional
environmental controls. Ecology 94:499–509.

Chapman, A. 1981. Stability of sea urchin dominated barren
grounds following destructive grazing of kelp in St. Mar-
garet’s Bay. Eastern Canada. Marine Biology 62:
307–311.

Daskalov, G. M., A. N. Grishin, S. Rodionov, and V. Mihneva.
2007. Trophic cascades triggered by overfishing reveal possi-
ble mechanisms of ecosystem regime shifts. Proceedings of
the National Academy of Sciences 104:10518–10523.

Dayton, P. K. 1985. The structure and regulation of some South
American kelp communities. Ecological Monographs 55:447–
468.

Dayton, P. K., V. Currie, T. Gerrodette, B. D. Keller, R. Rosen-
thal, and D. V. Tresca. 1984. Patch dynamics and stability of
some California kelp communities. Ecological Monographs
54:253–289.

Dayton, P. K., M. J. Tegner, P. E. Parnell, and P. B. Edwards.
1992. Temporal and spatial patterns of disturbance and
recovery in a kelp forest community. Ecological Monographs
62:421–445.

Dean, T. A., S. C. Schroeter, and J. D. Dixon. 1984. Effects of
grazing by two species of sea urchins (Strongylocentrotus fan-
ciscanusi and Lytechinus anamesus) on recruitment and
survival of two species of kelp (Macrocystis pyrifera and
Pterygophora californica). Marine Biology 78:301–313.

DeYoung, B., M. Barange, G. Beaugrand, R. Harris, R. I.
Perry, M. Scheffer, and F. Werner. 2008. Regime shifts in mar-
ine ecosystems: detection, prediction and management.
Trends in Ecology and Evolution 23:402–409.

Duggins, D. O. 1983. Starfish predation and the creation of mosaic
patterns in a kelp-dominated community. Ecology 64:1610–1619.

Dunn, R. P., and K. A. Hovel. 2019. Experiments reveal limited
top-down control of key herbivores in southern California
kelp forests. Ecology 100:1–10.

Dunne, J. A., and R. J. Williams. 2009. Cascading extinctions
and community collapse in model food webs. Philosophical
Transactions of the Royal Society B 364:1711–1723.

Estes, J. A., and D. O. Duggins. 1995. Sea otters and kelp forests
in Alaska: generality and variation in a community ecological
paradigm. Ecology 65:75–100.

Estes, J., and J. Palmisano. 1974. Sea otters: their role in struc-
turing nearshore communities. Science 185:1058–1060.

Estes, J., E. Danner, D. Doak, B. Konar, A. Springer, P. Stein-
berg, M. Tinker, and T. Williams. 2004. Complex trophic
interactions in kelp forest ecosystems. Bulletin of Marine
Science 74:621–638.

Eurich, J. G., R. L. Selden, and R. R. Warner. 2014. California
spiny lobster preference for urchins from kelp forests: impli-
cations for urchin barren persistence. Marine Ecology Pro-
gress Series 498:217–225.

Filbee-Dexter, K., and R. E. Scheibling. 2014. Sea urchin bar-
rens as alternative stable states of collapsed kelp ecosystems.
Marine Ecology Progress Series. 370:1–10.

Finke, D. L., and R. F. Denno. 2004. Predator diversity damp-
ens trophic cascades. Nature 429:407–410.

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L.
Gunderson, and C. S. Holling. 2004. Regime shifts, resilience,
and biodiversity in ecosystem management. Annual Review
of Ecology, Evolution, and Systematics 35:557–581.

Hamilton, S. L., and J. E. Caselle. 2015. Exploitation and recov-
ery of a sea urchin predator has implications for the resilience
of southern California kelp forests. Proceedings of the Royal
Society B 282:1–10.

Hamilton, S. L., J. E. Caselle, C. A. Lantz, T. L. Egloff, E.
Kondo, S. D. Newsome, K. Loke-Smith, D. J. Pondella, K. A.
Young, and C. G. Lowe. 2010a. Extensive geographic and
ontogenetic variation characterizes the trophic ecology of a
temperate reef fish on southern California (USA) rocky reefs.
Marine Ecology Progress Series 429:227–244.

Hamilton, S. L., J. E. Caselle, D. P. Malone, and M. H. Carr.
2010b. Incorporating biogeography into evaluations of the
Channel Islands marine reserve network. Proceedings of the
National Academy of Sciences 107:18272–18277.

Hamilton, S. L., S. D. Newsome, and J. E. Caselle. 2014. Diet-
ary niche expansion of a kelp forest predator recovering from
intense commercial exploitation. Ecology 95:164–172.

Harms, S. L., and C. D. Winant. 1998. Characteristic patterns
of the circulation in the Santa Barbara Channel. Geophysical
Research 103:3041–3065.

Harrold, C., and D. C. Reed. 1985. Food availability, sea urchin
grazing, and kelp forest community structure. Ecology 66:1160–
1169.

Harvell, C. D., et al. 2019. Disease epidemic and a marine heat
wave are associated with the continental-scale collapse of a
pivotal predator (Pycnopodia helianthoides). Science
Advances 5:eaau7042.

Hewson, I., K. S. I. Bistolas, E. M. Quijano Card�e, J. B. Button,
P. J. Foster, J. M. Flanzenbaum, J. Kocian, and C. K. Lewis.
2018. Investigating the complex association between viral
ecology, environment, and northeast pacific sea star wasting.
Frontiers in Marine Science 5:1–77.

Karatayev, V. A., M. L. Baskett, D. J. Kushner, N. T. Shears, J.
E. Caselle, and C. Boettiger. 2019. bioRxiv 722215. https://d
oi.org/10.1101/722215

Kay, M., H. Lenihan, C. Guenther, J. Wilson, C. Miller, and S.
Shrout. 2012. Collaborative assessment of California spiny
lobster population and fishery responses to a marine reserve
network. Ecological Applications 22:322–335.

Knowles, J. E., and C. Frederick. 2018. merTools: Tools for
analyzing mixed effect regression models. R package version
0.4.1. https://CRAN.R-project.org/package=merTools

Article e02993; page 10 JACOB H. EISAGUIRRE ETAL. Ecology, Vol. xx, No. xx

https://doi.org/10.1101/722215
https://doi.org/10.1101/722215
https://CRAN.R-project.org/package=merTools


Krumhansl, K. A., et al. 2016. Global patterns of kelp forest
change over the past half-century. Proceedings of the
National Academy of Sciences 113:13785–13790.

Lafferty, K. D. 2004. Fishing for lobsters indirectly increases epi-
demics in sea urchins. Ecological Applications 14:1566–1573.

Lefcheck, J. S., A. A. Innes-Gold, S. J. Brandl, R. S. Steneck, R.
E. Torres, and D. B. Rasher. 2019. Tropical fish diversity
enhances coral reef functioning across multiple scales. Science
Advances 5:1–7.

Ling, S. D., et al. 2015. Global regime shift dynamics of catas-
trophic sea urchin overgrazing. Philosophical Transactions of
the Royal Society B 370:20130269.

McCann, K., A. Hastings, and G. R. Huxel. 1998. Weak trophic
interactions and the balance of nature. Nature 395:794–798.

McCary, M. A., R. Mores, M. A. Farfan, and D. H. Wise. 2016.
Invasive plants have different effects on trophic structure of
green and brown food webs in terrestrial ecosystems: A meta-
analysis. Ecology Letters 19:328–335.

McLean, M., A. Auber, N. A. J. Graham, P. Houk, S. Villeger,
C. Violle, W. Thuiller, S. K. Wilson, and D. Mouillot. 2019.
Trait structure and redundancy determines sensitivity to dis-
turbance in marine fish communities. Global Change Biology
25:3424–3437.

Menge, B. A. 1983. Components of predation intensity in the low
zone of the New England rocky intertidal. Oecologia 58:141–
155.

Micheli, F., P. J. Mumby, D. R. Brumbaugh, K. Broad, C. P.
Dahlgren, A. R. Harborne, K. E. Holmes, C. V. Kappel, S. Y.
Litvin, and J. N. Sanchirico. 2014. High vulnerability of
ecosystem function and services to diversity loss in Caribbean
coral reefs. Biological Conservation 171:186–194.

Moitoza, D. J., and D. W. Phillips. 1979. Prey defense, predator
preference, and nonrandom diet: the interactions between
Pycnopodia helianthoides and two species of sea urchins. Mar-
ine Biology 53:299–304.

Murray, S., M. Littler, and I. Abbott. 1980. Biogeography of the
California marine algae with emphasis on the southern Cali-
fornia islands. Pages 325–339 in Power, M. editor. The Cali-
fornia islands: Proceedings of a Multidisciplinary
Symposium. Santa Barbara Museum of Natural History,
Santa Barbara, California, USA.

Ohgaki, S. I., T. Kato, N. Kobayashi, H. Tanase, N. H. Kuma-
gai, S. Ishida, T. Nakano, Y. Wada, and Y. Yusa. 2018. Effects
of temperature and red tides on sea urchin abundance and
species richness over 45 years in southern Japan. Ecological
Indicators 96:684–693.

Paine, T. P. 1966. Food web complexity and species diversity.
American Naturalist. 100:65–75.

P�erez-Matus, A., S. A. Carrasco, S. Gelcich, M. Fernandez, and
E. A. Wieters. 2017. Exploring the effects of fishing pressure
and upwelling intensity over subtidal kelp forest communities
in central Chile. Ecosphere 8:1–18.

Peterson, G., C. R. Allen, and C. S. Holling. 1998. Ecological
resilience, biodiversity, and scale. Ecosystems 1:6–18.

Pianka, E. R. 1966. Latitudinal gradients in species diversity: A
review of concepts. American Naturalist 100:33–46.

Pondella, D. J., J. E. Caselle, J. T. Claisse, J. P. Williams, K. Davis,
C. M. Williams, and L. A. Zahn. 2015. South Coast Baseline
Program Final Report : Kelp and Shallow Rock Ecosystems
Shallow Rock Ecosystems Baseline Characterization of the
Shallow Rocky Reef and Kelp Forest Ecosystems of the South

Coast Study Region. California Ocean Protection Council,
Sacramento, California, USA.

Pondella, D. J. II, S. E. Piacenza, J. T. Claisse, C. M. Williams, J. P.
Williams, A. J. Zellmer, and J. E. Caselle. 2019. Assessing drivers
of rocky reef fish biomass density from the Southern California
Bight. Marine Ecology Progress Series. 628:125–140.

Power, M. E., et al. 1996. Challenges in the quest for keystones.
BioScience 46:609–620.

Pringle, J. D. 2011. California spiny lobster (Panulirus interrup-
tus) larval retention and recruitment: a review and synthesis.
Canadian Journal of Fisheries and Aquatic Sciences. 43
(11):2142–2152.

R Development Core Team.2018. R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/

Raimondi, P., L. J. J. Urgens, and M. T. Tinker. 2015. Evaluat-
ing potential conservation conflicts between two listed spe-
cies: sea otters and black abalone. Ecological Applications
96:3102–3108.

Reed, D. C., A. Rassweiler, M. H. Carr, K. C. Cavanaugh, D. P.
Malone, and D. A. Siegel. 2011. Wave disturbance over-
whelms top-down and bottom-up control of primary produc-
tion in California kelp forests. Ecology 92:2108–2116.

Reid, J., L. Rogers-Bennett, F. Vasquez, M. Pace, C. A. Catton,
J. V. Kashiwada, and I. K. Taniguchi. 2016. The economic
value of the recreational red abalone fishery in northern Cali-
fornia. California Fish and Game 102:119–130.

Rogers-Bennett, L., and C. A. Catton. 2019. Marine heat wave
and multiple stressors tip bull kelp forest to sea urchin bar-
rens. Scientific Reports. 9:15050.

Sanders, D., E. Th�ebault, R. Kehoe, and F. J. Frank van Veen.
2018. Trophic redundancy reduces vulnerability to extinction
cascades. Proceedings of the National Academy of Sciences
115:2419–2424.

Schultz, J. A., R. N. Cloutier, and I. M. Côt�e. 2016. Evidence
for a trophic cascade on rocky reefs following sea star mass
mortality in British Columbia. PeerJ 4:e1980.

Selden, R. L., S. D. Gaines, S. L. Hamilton, and R. R. Warner.
2017. Protection of large predators in a marine reserve alters
size-dependent prey mortality. Proceedings of the Royal Soci-
ety B S 284:1–9.

Shears, N. T., and R. C. Babcock. 2002. Marine reserves
demonstrate top-down control of community structure on
temperate reefs. Oecologia 132:131–142.

Snyder, G. B., D. L. Finke, andW. E. Snyder. 2008. Predator biodi-
versity strengthens aphid suppression across single- and multi-
ple-species prey communities. Biological Control 44:52–60.

Spyksma, A. J. P., R. B. Taylor, and N. T. Shears. 2017. Predation
cues rather than resource availability promote cryptic behavior
in a habitat-forming sea urchin. Oecologia 183:821–829.

Steneck, R. S., M. H. Graham, B. J. Bourque, J. M. Erlandson,
J. A. Estes, and M. J. Tegner. 2002. Kelp forest ecosystems:
biodiversity, stability, resilience and future. Environmental
Conservation 29:436–459.

Tegner, M. J., and L. A. Levin. 1983. Spiny lobsters and sea
urchins: Analysis of a predator–prey interaction. Journal of
Experimental Marine Biology and Ecology 73:125–150.

Topping, D. T., C. G. Lowe, and J. E. Caselle. 2006. Site fidelity
and seasonal movement patterns of adult California sheep-
head Semicossyphus pulcher (Labridae): an acoustic monitor-
ing study. Marine Ecology Progress Series 326:257–267.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/
10.1002/ecy.2993/suppinfo

Xxxxx 2020 TROPHIC REDUNDANCY IN KELP FORESTS Article e02993; page 11

https://www.R-project.org/
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2993/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.2993/suppinfo

