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Sea Otters Homogenize Mussel Beds and Reduce Habitat
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Abstract

Sea otters (Enhydra lutris) are keystone predators that consume a variety of benthic invertebrates, including the intertidal
mussel, Mytilus californianus. By virtue of their competitive dominance, large size, and longevity, M. californianus are
ecosystem engineers that form structurally complex beds that provide habitat for diverse invertebrate communities. We
investigated whether otters affect mussel bed characteristics (i.e. mussel length distributions, mussel bed depth, and
biomass) and associated community structure (i.e. biomass, alpha and beta diversity) by comparing four regions that varied
in their histories of sea otter occupancy on the west coast of British Columbia and northern Washington. Mussel bed depth
and average mussel lengths were 1.5 times lower in regions occupied by otters for >20 years than those occupied for
<5 yrs. Diversity of mussel bed associated communities did not differ between regions; however, the total biomass of
species associated with mussel beds was more than three-times higher where sea otters were absent. We examined
alternative explanations for differences in mussel bed community structure, including among-region variation in
oceanographic conditions and abundance of the predatory sea star Pisaster ochraceus. We cannot discount multiple drivers
shaping mussel beds, but our findings indicate the sea otters are an important one. We conclude that, similar to their effects
on subtidal benthic invertebrates, sea otters reduce the size distributions of intertidal mussels and, thereby, habitat
available to support associated communities. Our study indicates that by reducing populations of habitat-providing
intertidal mussels, sea otters may have substantial indirect effects on associated communities.
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and attain much larger sizes [18], [19], [20]. Despite these well-
known effects on shallow subtidal populations and communities,
few studies have investigated how otters influence intertidal

Introduction

The capacity of top predators and ecosystem engineers to

structure communities and affect ecological processes has been
documented globally in a variety of systems, from mussel-
dominated rocky intertidal shores [1] to subtidal rocky reefs [2],
fish dominated rivers [3] and pelagic systems [4]; nematode
dominated soil communities [5], and wolf dominated mountain
forests [6]. While top predators are known to drive top-down
processes [7], ecosystem engineers are recognized for their roles in
creating or modifying habitat [8]. When the two interact,
profound ecological changes can ensue, making the understanding
of the effects of these species a central focus in ecology and
conservation biology [7], [9], [10].

Sea otters (Enhydra lutris) are widely known for their strong
indirect effects, via consumption of sea urchins, on shallow rocky
reef and kelp forest ecosystems [2], [11], [12], [13], [14]. Otters,
however, consume a wide variety of benthic invertebrates,
including snails, crabs, clams, and sea stars [15], [16], [17]. In
the absence of predation by otters, as a result of enhanced
longevity, invertebrate prey frequently become “hyper-abundant”
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communities (but see [21], [22], [23]), and none to our knowledge
on the structurally complex mussel beds that are characteristic of
temperate rocky intertidal communities throughout the northeast
Pacific.

The California mussel (Mytilus califormianus) is a competitively
dominant species, well known for its ability to exclude other sessile
organisms that attach to primary substrate [24] and change
diversity at local scales [1]. Mussels are also ecosystem engineers
[25] that facilitate a variety of marine invertebrates by providing
secondary substrata and structurally complex habitat across large
spatial scales [26]. Diversity of mussel-associated species is related
to mussel bed complexity [27] and positively correlated to mussel
bed thickness, mussel biomass, and the amount of sediment
trapped by mussel beds [25]. Otters, however, readily consume
mussels, swallowing small mussels whole and breaking large
mussels open with rocks [21], [28], and thereby have potentially
widespread but poorly known negative indirect effects on mussel-
associated communities.
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Understanding the effects of sea otters on mussel beds may be
confounded, however, by the effects of another keystone predator,
the sea star, Pusaster ochraceus, (hereafter referred to as “Pisaster”),
bottom-up and abiotic effects that regulate conditions for mussel
recruitment, growth, and survival. Pisaster feed at the lower edge of
mussel beds and can limit the lower extent of mussel bed
distributions and, through size-selective foraging, increase hetero-
geneity and change species diversity of primary space occupiers
within intertidal communities [1], [29]. However, Pisaster can also
denude mussel beds and remove habitat for mussel-associated
species, especially when coupled with a warming climate [30].

Mussel beds are also structured by oceanographic and other
abiotic processes including water temperature, upwelling dynamics
and wave exposure [31], [32], [33]. Mussel growth rates vary with
water temperature and nutrient availability and, therefore, coastal
upwelling dynamics [32]. Nutrient-rich upwelled waters support
higher phytoplankton productivity, higher mussel growth rates,
and larger mussels [32] and transport of mussel larvae onshore is
correlated with higher recruitment rates and denser mussel beds
[34].

In this study, we addressed the following questions. First, do
areas with different histories of sea otter occupation have
correspondingly different mussel bed structural characteristics?
Second, if so, do mussel beds with different structural character-
istics support different mussel-associated communities? We pre-
dicted that mussel length distributions would be reduced, mussel
bed depths would be shallower, and mussel biomass lower in
regions of longer otter occupancy time. Given the above, we
predicted that mussel-associated communities should have higher
biomass and species diversity in the prolonged absence of sea
otters.

We investigated alternative hypotheses concerning the con-
founding effects of abiotic and bottom-up processes and the top-
down effects of Pisaster. If oceanographic processes account for
mussel bed characteristics, we expected that larger mussels would
be found in regions where water temperature is generally higher,
and that deeper mussel beds would correspond to areas with
stronger upwelling. If Pisaster is largely the driver of mussel bed
characteristics, we expected to find a higher proportion of smaller
mussels, shallower mussel beds, and lower distributional limits of
mussels to be higher on the shore where Pisaster are more
abundant. There are multiple drivers of change in mussel beds,
and the results of this study indicate that otters may be a significant
but as-of-yet largely unexplored driver of mussel bed structure and
communities.

Methods

Study system and experimental design

This study was conducted in four regions spanning the west
coast of Vancouver Island, British Columbia and the northwest
coast of Washington state (Figure 1) using a space-for-time
substitution approach [35]. Among-region differences in sea otter
reintroduction and range expansion has created a natural
experiment in which regions differ in their recent history of sea
otter occupancy and predation rates. These regions were Kyuquot
Sound (otters present since before 1990, [13], [36]), Cape Flattery
(otters present since 1990, [37]), Clayoquot Sound (otters present
since about 2001, [36]), and Barkley Sound (otters not yet
established, [38]). Within each region, we sampled three replicate
sites. All sites were chosen based on similar observed conditions of
wave exposure, slope, and species composition. Because otters
were well established at both the northernmost and southernmost
sites, we were able to avoid (to the extent possible) confounds
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assoclated with latitude. Collections permissions were granted by
Fisheries and Oceans Canada, and permission to conduct field
work on traditional lands were granted by the Makah Nation
(Cape Flattery), the Huu-ay-aht First Nations (Barkley Sound), the
Ahousaht First Nations (Clayoquot Sound), and the Kyuquot-
Checleset First Nations (Kyuquot Sound).

Mussel bed characteristics and associated community
structure

All measurements of mussel bed distributional limits were
measured relative to Canadian tidal datum; lower low water, large
tide (LLWLT). At each site, ten 2525 cm plots were randomly
chosen at the middle (272-301 cm above LLWLT of vertical
range) and lower (228-251 cm above LLWLT of vertical range)
extent of mussel beds along a contour line. Average mussel size in
each plot was determined by haphazardly choosing and measuring
15-50 mussels along the longest linear dimension. Fifty mussels
were taken in regions where plots were removed from the mussel
bed for quantification of species richness (Barkley Sound and
Kyuquot Sound, see below) and 15-30 mussels were removed in
regions where plots were not taken in their entirety (Clayoquot
Sound and Cape Flattery). Haphazard sampling was implemented
by removing mussels from the bed, mixing them in a bucket, and
selecting the first X number of mussels. Mussel bed depth was
determined by measuring the depth at which a knitting needle
could be pushed into each bed, normal to the rock surface, until
hitting bedrock.

Kyuquot Sound
(>20 years)

Clayoquot Sound

(~5 years)
Barkley Sound
(otters absent)
Cape Flattery
(~20 years)
{ /
b
\
5
012525 50 75 |oa"°melers \}yﬁ(/
v

Figure 1. The regions included in this study. Shaded grey areas of
the coast indicate the extent of otters at the time of sampling.
doi:10.1371/journal.pone.0065435.9001
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In Kyuquot Sound and Barkley Sound, where sea otter
occupancy differed the most (i.e. >20 years vs. otters absent),
ten 25x25 cm plots were excavated from lower and mid mussel
beds at three sites in each region (the same plots that mussel size
were sampled from). Mussel biomass was measured by aggregating
and weighing live mussels after having separated them from all
mussel-associated species and sediment. Mussel-associated com-
munity biomass was measured by aggregating and weighing in the
field all mussel bed species other than mussels. The mussel-
associated community from each plot was then taken to the lab,
fixed in formalin and preserved in a series of ethanol treatments
[25], and later sorted and identified. A random 453.6 g subsample
was taken from each mussel-associated community sample and
sorted to the lowest taxonomic class possible (henceforth referred
to as “morphospecies”). The weight of each morphospecies was
recorded and the proportion of weight of each species group was
multiplied by the total weight of the plot’s mussel-associated
species to calculate an estimate of the morphospecies for the plot.
In the few samples where vertebrate fish were found, total lengths
were estimated in the field while individual biomass was estimated
based on published length-weight relationships for those species, or
for morphologically similar species when necessary. For Xiphister
mucosus we used the relationship for Pholis gunnellus [39], and for
Gobiesox maeandricus we used the relationship for Lepadogaster
lepadogaster [40].

Regional oceanography

We used monthly sea surface temperature (SST) over 10 years
and monthly upwelling index (UI) over 20 years (obtained from
http://las.pfeg.noaa.gov) to quantify the variation in SST and Ul
among regions and the degree to which these oceanographic
variables could explain differences in mussel bed structure. These
data were used to build time series across regions based on yearly
aggregated data. Mean upwelling and temperature indices were
calculated to compare yearly averages among regions.

Sampling Pisaster ochraceus

In the three northern regions we conducted surveys in the lower
intertidal to quantify the density and size distributions of Pisaster. In
each site (n=3 per region) we randomly placed ten 1 mx1 m
quadrats in the lower intertidal (along the lower extent of M.
calyfornianus beds and into the S. sessile zone). In each quadrat we
counted and measured the maximum diameter of all Pisaster. We
used length-weight regressions established with field-collected
individuals to determine Pisaster biomass.

In all four regions, we measured the lower extent of mussel beds
as an indication of the pressure of Pisaster foraging in mussel beds,
as these seastars feed at the lower extent of beds while sea otters
are not so spatially restricted. In Kyuquot Sound and Barkley
Sound, these surveys were conducted at five sites while in
Clayoquot Sound and Cape Flattery surveys were conducted at
three sites. These sites (in Kyuquot and Barkley Sound) included
the sites chosen for mussel bed community sampling. Five
measures were taken haphazardly at every site. Sites in Washing-
ton were converted to Canadian chart datum (LLWLT) by
comparing tidal projections at Makah Bay (in Washington) to Port
Renfrew (across the Straight of Juan de Fuca on Vancouver Island)
at Canadian tidal heights at 0 m over 2 years and finding the
difference in tidal heights. This gave a correction factor (76 cm) to
apply to the Washington mussel lower limits to estimate them at
LLWLT. We also accounted for differences in tidal amplitude
(Barkley Sound 582 cm, Clayoquot Sound 586 cm, Cape Flattery
602 cm, Kyuquot Sound 612 cm) on measures of lower extent by
multiplying the lower extent above LLWLT by an index of the
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relative tidal amplitude (0-1, scaled to the maximum tidal
amplitude in each region). This adjustment standardizes for the
effect of emersion time [41], which differs at a fixed (absolute)
shore level across a gradient of tidal amplitude, and thereby
allowed us to isolate any effects of predation on the position of the
lower limit of the mussel bed [42].

Data analyses

All analyses (except where specified) were performed using R
[43]. To test the effects of region on mussel bed characteristics, we
used nested mixed effects models fit with Unequal Variance
Restricted Maximum Likelihood (REML, [44]). We used models
previously developed for regional comparisons using hierarchical
sampling [45]. We treated Region as a fixed effect and Site as a
random effect. The distributions of residual errors were graphi-
cally assessed for normality and homoscedasticity. Tukey post-hoc
tests were used for multiple comparisons of mussel sizes and mussel
bed depth. Because different sample sizes were used in different
regions, we represented mussel sizes with probability density
histograms, where the area under the curve integrates to one. We
tested for differences in mussel size distributions using Kolmo-
gorov-Smirnov tests.

To compare community composition between an otter present
and otter absent region we used Nonmetric Multi-Dimentional
Scaling (NMDS) and nested Analysis of Similarity (ANOSIM) tests
with Bray-Curtis dissimilarities. We used a nested ANOSIM using
sites as replicates because of the hierarchical design of the
sampling, and because of the limited replication, only ten
permutations were possible for analysis. As a consequence,
significance levels are set at 4=0.1 to protect against type II
errors [46]. To supplement this analysis, we used hierarchical
cluster analysis with Bray-Curtis dissimilarties. Complete linkages
were used to prevent clusters being aggregated based on nearest
elements being close together despite most elements in each cluster
being distant from each other [47].

Species accumulation curves were modeled to estimate the total
richness of the two extreme regions of otter occupancy time (i.c.
otter >20 years vs. otters absent). Species accumulation curves
estimate species richness by plotting the cumulative number of
species discovered as a function of the number of individuals
collected in the order they were observed. Species accumulation
curves are recommended for estimating species richness with non-
random spatial sampling [48]. We calculated diversity indices
(Shannon-Weiner and beta diversity) to test for differences (using a
nested mixed effect model) in biodiversity between regions
differing in otter occupancy time. We calculated beta diversity as
Whittaker’s species turnover, By = y/a - 1, where 7 is regional
richness and o is plot richness. Beta diversity is a measure of
community diversity among habitats.

We used Similarity Percentages (SIMPER) analyses to deter-
mine which species contributed most to differences in community
structure between regions. Mussel bed biomass data were square-
root transformed to minimize the impact of highly dominant
morphospecies in this analysis. NMDS, ANOSIM, diversity
indices, and SIMPER analyses were conducted using PRIMER
6. Species accumulation curves were analyzed with the ‘vegan’
package in R [49].

Results

Mussel bed characteristics

We found smaller mussels and truncated length-frequency
distributions associated with increasing sea otter occupancy time
(Figure 2). Mussels from Barkley Sound (otters absent) and
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Clayoquot Sound (otters <5 years) were larger than mussels from
Kyuquot Sound (otters >20 years) and Cape Flattery (otters ~20
years) (F39=28.05, p=0.0001). Kolmogorov-Smirnov tests indi-
cated that distributions of mussel lengths differed between Barkley
Sound (otters absent) and Clayoquot Sound (p<<0.01), between
Clayoquot Sound and Cape Flattery (p<<0.01), and between Cape
Flattery and Kyuquot Sound (p<<0.01).

The depths of mussel beds also decreased with increasing
history of sea otter occupancy (Figure 3). Mussel beds were deeper
(£33=9.06, p=0.006) in Barkley (absent) and Clayoquot (<5
years) Sounds than they were in Kyuquot Sound (>20 years).
Variability in the depths in mussel beds also decreased with
increasing sea otter occupancy (Figure 3).

Correspondingly, the biomass of mussels in Barkley Sound
(absent) tended to be higher than in Kyuquot Sound (Figure 4a),
but not significantly (t= —1.43, df = 4, P=0.23). The total biomass
of the mussel-associated taxa (Figure 4b) was greater (t= —3.86,
df=4, P=0.018), and the biomass of sediment and shell remains
(data not shown) was greater (on average three times greater,
t=—2.88, df=4, P=0.045) in Barkley Sound (absent) than in
Kyuquot Sound (>20 years).

Regional differences in oceanography

Although all four regions demonstrated similar annual patterns
of upwelling, the two northern regions (Clayoquot and Kyuquot)
varied similarly, while the two southern regions (Barkley and Cape
Flattery) tended to mirror one another (Figure S1). Between 1990
and 2010, the mean index of coastal upwelling was highest in
Cape Flattery (~20 years), followed by Barkley Sound (absent),
Clayoquot Sound (<5 years) and Kyuquot Sound (>20 years).
SST demonstrated less consistent regional pairings than upwelling
(Figure S2).

Mean SST from 1999 to 2009 was highest in Clayoquot Sound
(<5 years), followed by Barkley Sound (absent), Kyuquot Sound
(>20 years), and Cape Flattery (~20 years). Kyuquot Sound was
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Figure 2. Size distributions of mussels in the four regions
sampled. Mean sizes of mussels are indicated for each region by the
vertical bar. Sample size for the different regions are 1368 (Barkley
Sound), 519 (Clayoquot Sound), 450 (Cape Flattery), and 1018 (Kyuquot
Sound).

doi:10.1371/journal.pone.0065435.g002
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more similar to Clayoquot Sound and Barkley Sound in some
years (e.g. 2005-2006) than Cape Flattery, and more like Cape
Flattery in others (e.g. 2007-2008). Barkley Sound sometimes had
the coldest sea surface temperatures (e.g. 2000-2002) and
sometimes was one of the warmest regions (e.g. 2004-2009). Cape
Flattery was sometimes a relatively cold region (e.g. 2004-2009)
and sometimes a relatively warm region (e.g. 1999-2001).
Clayoquot Sound was sometimes closest to Cape Flattery in
temperature (e.g. 1999-2003) and sometimes more similar to
Barkley Sound (e.g. 2004-2006). Immediately preceding sampling,
Barkley Sound and Clayoquot Sound had similar SST, while Cape
Flattery and Kyuquot Sound had similar SST (Figure S2).

Regional differences in Pisaster abundance

Densities of Pisaster ochraceus (mean # m™ 2 + SE) differed
among regions (f5=28.60, P=0.017), with densities highest in
Barkley Sound (16.5%1.82), followed by Kyuquot Sound
(10.70%=1.18), and Clayoquot Sound (5.04*=1.09). A Tukey post-
hoc test identified Barkley Sound as having significantly higher
densities than Clayoquot Sound (P<<0.001), but not Kyuquot
Sound (p=10.057).

Biomass of Pisaster (mean ¢ m > * SE) did not differ
(Fo6=2.47, P=0.165) between Barkley Sound (0.54%0.15),
Clayoquot (0.79%0.24), and Kyuquot Sound (0.11%0.03). Simi-
larly, the tidal-amplitude corrected lower extent of mussel beds did
not differ (F3,,=0.734, P=0.55) between Barkley Sound
(210.99%5.62 cm), Clayoquot Sound (216.25%+7.80), Cape Flat-
tery (214.93+12.66), or Kyuquot Sound (228.0%4.09).

Mussel bed associated community structure

Mussel bed associated communities from Barkley (absent) and
Kyuquot (>20 years) generally formed two NMDS clusters
(Figure 5) that were distinct at the significance level chosen (nested
ANOSIM, R =0.63, p=0.1). Among-site differences were smaller
(nested ANOSIM, R=0.19, p=~0.001) than among-region differ-
ences. Cluster analysis further indicated that individual plots
clustered into two major groups; Barkley Sound (otters absent,
67% of the plots in the cluster) and Kyuquot Sound (otters present,
89% of the plots in the cluster) (Figure S3).

Our bootstrapped estimates of species richness from species
accumulation curves indicated that mussel bed associated com-
munities from Barkley (absent) have more species than those in
Kyuquot (>20 years); 69.6 species vs. 64.1 species, respectively
(Figure 6).

Based on Shannon diversity index values (mean = SE), diversity
did not differ (t=0.17, df=58, p=0.86) between Barkley
(1.14%0.07) and Kyuquot (1.16x0.11) Sounds. Values of beta
diversity were not significantly different (t=—0.78, df=3.9,
p=0.48) between Barkley (2.16%£0.17) and Kyuquot (1.95%+0.21)
either.

The species accounting for the largest portions of the variation
in mussel bed communities between Barkley (absent) and Kyuquot
(>20 years) - summing to 75% of total variation - are shown in
Table 1. Large barnacles, shore crabs, clams, cuacumbers, isopods,
peanut worms, and predatory snails make up this list. Semibalanus
cariosus, Pollicipes polymerus, Petrolisthes cinctipes, and Huatella arcitca
together make up 53% of the dissimilarity between regions, and
have between 1.7-3.6 times higher biomass in Barkley Sound than
in Kyuquot Sound. Community biomass of mussel-associated
species was approximately three-times higher in Barkley Sound
than in Kyuquot Sound. All species (except Nucella ostrina) included
in this table are included in the ten most abundant species found in
cach region. All species (except for Cucumaria pseudocurata and
Annelid worms) had higher biomass in Barkley Sound.
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Discussion of otters, many species — including urchins, abalone, and clams —
are more abundant and attain larger sizes [18], [19], [20], [50].
Effects of sea otters on mussel bed characteristics Here we argue that intertidal mussels can be included in this list of
Our results support the hypothesis that sea otter predation invertebrate species regulated, in part, through sea otter predation.
prevents mussels from attaining larger sizes and forming complex Some authors have not found mussel beds to change following sea
multi-layer beds. The structural characteristics of mussel beds otter reintroduction [53], though these authors acknowledge that
measured in this study varied consistently with sea otter occupancy otters may have removed large patches post-sampling.
time. We found that mussels were largest where otters are absent, Mussel bed depth was also correlated with otter occupancy
and smallest where otters have been present for long periods of time. Even within mussel beds, mussel bed depth can be quite
time. Given that mussels are able to grow to large sizes variable due to abiotic stressors such as wave exposure [54], time
(>150 mm), we argue that this phenomenon results from sea since last disturbance, and the sizes and layering behaviour of
otters selectively removing large individuals while recruitment mussels. Despite this potential variation, we found significant
continues to supply small mussels [21], [51], [52]. In the absence differences between regions, with deep beds where otters are
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three boxplots (horizontal bar: median, box: 25% and 75%, whiskers: minimum and maximum values) within each region represent the three sites
sampled in each region. Dots represent site means. Different lower-case letters indicate significantly different mussel bed depths among regions.
doi:10.1371/journal.pone.0065435.9004
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absent and shallow beds where they are present. Crowding in
mussel beds often leads to layering as the availability of primary
substrate is reduced. The removal of mussels from beds and the
underlying substrate by sea otters would thereby decrease bed
depth.

Given that mussels are larger, and mussel beds are generally
deeper where otters are absent, it is not surprising that we also
found that the amount of sediment accumulated within mussel
beds is also higher where otters are absent. Deeper, complex
mussel beds can entrain sediment, and species diversity is
positively associated with quantity of sediment in mussel beds
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Figure 6. Estimates of species richness in regions with and
without sea otters. Species accumulation curves for Barkley Sound
and Kyuquot Sound. Average and bootstrapped 95% confidence
intervals (shaded polygons) are based on 1000 permutations.
doi:10.1371/journal.pone.0065435.9006
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[27]. Sediment is used as habitat and/or food source for
polychaete worms, clams, and peanut worms [26], [55].

Despite mussels being much larger in the absence of sea otters,
the biomass of mussels (per unit area) did not differ between
regions; however, this may have resulted from small sample size
(n = 3 sites) and particularly high among-site variability in Barkley
Sound, where older mussel beds with larger mussels experience
greater disturbance and recovery in patches [31]. Additionally,
self-thinning is a process known to occur in mussel beds [56], and
this process may have contributed to the lack of significant
difference between regions found in this study. High densities of
small mussels in Kyuquot Sound (>20 years) and lower densities
of large mussels in Barkley Sound (absent) frequently resulted in
similar estimates of mussel biomass. However, all explanations
given here (low sample size, self-thinning) cannot be verified
without further evidence.

We conclude that these multiple lines of evidence (smaller mean
sizes, narrower size distributions, and shallower mussel bed depths)
indicate that these regional-scale differences in mussel bed
structural characteristics may plausibly be the result of varying
sea otter occupancy times and corresponding predation rates.

Alternative hypotheses: sea star predation and
oceanographic conditions

Our regional comparisons of Pisaster indicate that this keystone
predator is not likely responsible for inter-regional differences
observed in our mussel bed parameters of interest. The size
distribution of mussels in this study did not follow the expected
pattern of mostly small mussels with few very large ones where
Pisaster is abundant. Rather, the largest mussels and deepest mussel
beds were sampled in the regions with highest abundances of
Pisaster. The positive correlation between Pisaster abundance and
large mussel sizes itself may be a result of otter absence, as otters
are known to prey on both mussels and sea stars [15]. The lower
boundary of mussel beds is regulated by Pusaster predation and by
tidal exposure effects on productivity (recruitment and growth) so
that the lower boundary falls at the shore level on which occurs a
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phase shift in the equilibrium between production and predation
[42], [57], [58]. Pisaster typically forage on the lower edge of
mussel beds, and can prevent mussel beds from extending into the
lower intertidal zone [1], but we did not find differences in the
lower extent of mussel beds corresponding to differences in Pisaster
populations.

While differences in mussel beds were detected among regions
varying in otter occupancy time, these differences did not in
general correspond to patterns of key oceanographic variables or
abundance of the keystone intertidal predator, Pisaster. Our
regional comparisons of upwelling and SST indicate that these
oceanographic variables do not vary consistently with regional
patterns of mussel sizes, however we found a concordance of SST
and mussel bed characteristics around the years that we sampled.
Mussel growth is dependent on temperature and food availability
[32], [59] and there can be an association between mussel
recruitment and upwelling intensity [33]; thus these factors could
lead to denser mussel beds with larger mussels. We do not have
time series data on micro-habitat conditions (a scale at which
mussels would respond), but at least we would expect to see mussel
bed characteristics between regions with similar oceanographic
properties to co-vary. We found this pattern in SST in the years
immediately prior to sampling, which could indicate a role of
oceanography in shaping our results. However, it can take
upwards of five years for mussels to attain a length greater than
8-10 cm, and longer still to grow larger [29], so this period of
covariance between mussel beds and oceanography may not be
long enough to lead to the differences we see between regions.

We do not discount the importance of multiple drivers of
change in mussel beds (including temperature, upwelling, and
other predators), but argue and provide evidence that otters also
play a key role, and in this case may be a plausible driver in
structuring mussel beds.

Biomass of mussel-associated communities

Mussels are competitive dominants in rocky intertidal commu-
nities, able to grow over and exclude other primary space
occupiers [24]; however, their structural characteristics provide
important secondary substrate and habitat for numerous sessile
and mobile invertebrates. Larger mussels provide more surface
area for epibionts to occupy, older mussels (often larger mussels)
allow more time for epibiont colonization, sediment provides
substrate for species and collects food, and deeper beds provide
shelter from wave action, fluctuating temperatures, and desicca-
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Table 1. The species that contribute to the greatest dissimilarity in community biomass between regions.

Functional group/ Biomass (g) Kyuquot Biomass (g) Barkley Contribution (%) to
Species Common name (>20 yrs) (absent) Dissimilarity Index  Dissimilarity
Semibalanus cariosus Barnacle 17.62 30.33 11.73 23.23
Pollicipes polymerus Barnacle 5.41 12.77 6.96 13.78
Petrolistes cinctipes Crab 245 8.93 4.83 9.56
Hiatella arcitca Clam 1.99 7.36 37 7.32
Cucumaria pseudocurata Sea cucumber 4,98 3.65 2.45 4.86
Cirolana harfordi Isopod 3.2 5.09 217 43
Nucella canaliculata Predatory snail 1.1 3.75 2.05 4.05
Leukoma staminea Clam 1.18 2.66 1.72 34
Phascolosom agassizii Peanut worm 1.6 272 1.71 3.38
Nucella ostrina Predatory snail 0.73 1.6 0.97 1.93
doi:10.1371/journal.pone.0065435.t001

tion stress [25]. We found that the total biomass of mussel-
associated communities was three-times higher in the otter-absent
region, where mussels are larger, beds are deeper, and there is
more sediment. Large barnacles (Semibalanus cariosus and Pollipes
polymerus) contributed over a third of the dissimilarity in
community biomass between regions (Table 1). Both of these
species are long lived (maximum age estimated at 15-20 years;
[60], [61]) and are the dominant mussel-associated species. That a
greater abundance of long-lived species is found in deeper beds
with larger mussels suggests that mussels play a facilitative role and
provide stable habitat for associated species for long periods of
time. Our findings indicate that sea otters may have importance
indirect effects on energy flows through rocky intertidal food webs,
though further research is required to determine what, if any,
effect sea otters might have on rocky shore productivity.

Diversity of mussel-associated communities

Although higher micro-habitat diversity is generally associated
with higher species diversity [62], in this study we did not find
strong relationships between mussel bed structural characteristics
and the diversity of associated mussel bed communities. This result
contrasts with the findings of Kanter [27], [55], who found greater
diversity in deeper beds with larger mussels. The different findings
between these studies may be a consequence of a difference in the
regional species pool and latitudinal gradients in diversity. Our
work was conducted in British Columbia, Canada and Kanter
[27], [55] conducted his work in California. The estimate of
regional species richness for our study was just under 70 while in
California over 100 species were recorded. A difference in
methodology might also explain the contrasting findings, because
our taxonomic resolution did not go to species in some cases (c.g.
we considered polychaete worms as a single group). Finally,
differences in diversity might be a response to global climate
change since Kanter’s work was conducted, as in 2006 a study [25]
found reduced richness and no effect of mussel bed structure on
diversity in the same area of California as Kanter, and attributed
these differences to climate change.

Estimates of community richness and diversity show remarkable
similarity between regions (based on bootstrapped richness
estimates, Shannon diversity indices and beta-diversity). This
suggests that regional pools of species are similar between otter
present and otter absent areas, and that higher variability in
mussel bed structure does not result in higher species accumula-
tion. This result was surprising, given that we expected to see
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greater variation among plots in Barkley Sound, where we found
greater variation in mussel sizes and mussel bed depth and
therefore presumably greater variation in available niche space
among mussel beds.

However, to our knowledge, our study is the first to examine the
identity of species in mussel beds that contribute most to
dissimilarity between communities of different mussel bed
structure, and therefore provides mechanistic insight into this
finding. We found that the species that contribute most to the
dissimilarity of mussel-associated community diversity between
regions are also most dominant within each region. These species
are barnacles that attach and grow on mussel shells (~2 times
greater biomass where otters absent), clams that usually burrow
(~3 times greater biomass where otters absent), and free-living
decapods, echinoderms, isopods, gastropods, and sipunculid
worms (~2 times greater biomass where otters absent) that could
be subject to wave dynamics in the absence of appropriately sized
refuge habitats as are found in the beds of large mussels [63].

Conclusions

Our study builds on and integrates concepts of facilitation by
ecosystem engineers and strong per capita interaction strength of
keystone species. It also suggests an addition to the list of the
driving forces of intertidal communities (e.g. SST, upwelling,
exposure) and expands what is known about the community
ecology of sea otters by specifically exploring how sea otters
influence intertidal communities. By investigating how a large,
mobile keystone predator interacts with a mid-trophic level
ecosystem engineer, this study demonstrates how negative
interactions (predation) can hinder positive interactions (facilita-
tion through habitat formation). The mussel bed attributes
investigated in this study decrease in variability across a gradient
of sea otter influence, and biomass of associated species is lower
where otters are present; this phenomenon can be attributed to
otters homogenizing mussel bed structure and decreasing the
function of mussels as habitat providers. However, this phenom-
enon can also be seen from another perspective — that large
mussels and deep beds with high community biomass, similar to
large urchins, clams, and other invertebrates [18], [19], [20], [50],
are a by-product of sea otter extirpation. As sea otter populations
continue to grow and re-colonize historic ranges shallower mussel
beds with smaller mussels and lower community biomass may be a
return to population and community dynamics that precede
human-induced sea otter extirpation.
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Supporting Information

Figure S1 Time series of upwelling among the four
regions in the study. Annual upwelling anomaly (difference
from a global mean) for the four regions in the study, from 1990 to
2010. Upwelling patterns do not vary consistently with regional
patterns of mussel bed characteristics measured in this study.

(TIF)

Figure S2 Time series of Sea Surface Temperature
(SST) among the four regions in the study. Annual sea
surface temperature anomaly (difference from a global mean) for
the four regions in this study, from 1999 to 2009. SST patterns do
not vary consistently with regional patterns of mussel bed
characteristics measured in this study.

(TIF)

Figure S3 Mussel bed communities in each quadrat
group according to region (otters present or absent). A
hierarchical cluster analysis on the mussel bed associated
communities in both regions. Of the two distinct clusters, one is
predominantly made of plots from Barkley Sound (otters absent),
while the other is predominantly made up of plots from Kyuquot
Sound (otters present).

(TIF)

Acknowledgments

Field and laboratory help was provided by Stefan Dick, Patrick Martone,
Emma Hodgeson, Morgan Tien, Ruth Begg, Kelsic Hardman, Giulia
Bernardi, Camille Cacnio, Darah Gibson, Wendy Chu, Mingshu Dong,
Allan Padilla, Ryan Crim, Jenn Sunday, Matt Siegle, Tao Eastham,
Jennifer Jorve and especially Theraesa Coyle, Jocelyn Nelson, Sarah
Nyrose, and Kang Wang. Their work was greatly appreciated. Thanks to
the Bamfield Marine Science Centre, West Coast Aquatic, Fisheries and
Oceans Canada, Parks Canada, and the Canadian Coast Guard for
providing logistical and other support. Finally, thanks to the Makah
Nation, the Huu-ay-aht First Nations, the Ahousaht First Nations, and the
Kyuquot-Checleset First Nation for granting access to their lands for our
research.

Author Contributions

Conceived and designed the experiments: GGS RM RM CH. Performed
the experiments: GGS RM RM AS CH KC. Analyzed the data: GGS RM
RM. Contributed reagents/materials/analysis tools: CH KC. Wrote the
paper: GGS RM RM AS CH KC.

12. Irons DB, Anthony RG, Estes JA (1986) Foraging strategies of glaucous-winged
gulls in a rocky intertidal community. Ecol 67: 1460-1474.

13. Watson JC, Estes JA (2011) Stability, resilience and phase shifts in rocky subtidal
communities along the west coast of Vancouver Island. Ecol Monogr 81:215—
239.

14. Anthony RG, Estes JA, Ricca MA, Miles AK, Forsman ED (2008) Bald eagles
and sea otters in the Aleutian Archipelago: indirect effects of trophic cascades.
Ecol 89: 2725-2735.

15. Morris R, Ellis DV, Emerson BP (1981) The British Columbia transplant of sea
otters FEnhydra lutris. Biol Conserv 20: 291-295.

16. Ostfeld RS (1982) Foraging strategies and prey switching in the California sea
otter. Occologia 53: 170-178.

17. Tinker MT, Bentall G, Estes JA (2008) Food limitation leads to behavioral
diversification and dietary specialization in sea otters. Proc Natl Acad Sci U S A
105: 560-565.

18. Lowry LF, Pearse JS (1973) Abalones and sea urchins in an area inhabited by sea
otters. Mar Biol 23: 213-219.

19. Kuvitek RG, Oliver JS, DeGage AR, Anderson BS (1992) Changes in Alaskan
soft-bottom prey communities along a gradient in sea otter predation. Ecol 73:
413-428.

20. Fanshawe S, Vanblaricom GR, Shelly AA (2003) Restored top carnivores as

detriments to the performance of marine protected areas intended for fishery

May 2013 | Volume 8 | Issue 5 | e65435



21.

22.
23.

NN

[

26.

27.

28.

30.

31.

32.

33.

34.

36.

37.

38.

41.

sustainability: a case study with red abalones and sea otters. Conserv Biol 17:
273-283.

VanBlaricom GR (1988) Effects of foraging by sea otters on mussel-dominated
intertidal communities. In: VanBlaricom GR, Estes JA, editors. The Community
Ecology of Sea Otters. Berlin, Springer-Verlag. pp. 48-91.

Estes JA (1980) Enhydra lutris. Mamm Species 133: 1-8.

Salomon AK, Tanape NM, Huntington HP (2007) Serial depletion of marine
invertebrates leads to the decline of a strongly interacting grazer. Ecol Appl 17:
1752-1770.

4. Paine R T (1974) Intertidal community structure. Oecologia 15: 93-120.

Smith JR, Fong P, Ambrose RIF (2006) Dramatic declines in mussel bed
community diversity: response to climate change? Ecol 87: 1153-1161.
Suchanek T H (1979) The Mytilus califormianus community: studies on the
composition, structure, organization, and dynamics of a mussel bed: Seattle,
University of Washington.

Kanter RG (1977) Structure and diversity in Mpytilus californianus (Mollusca:
Bivalvia) communities: Los Angeles, University of Southern California.

Laidre K, Jameson RJ (2006) Foraging patterns and prey selection in an
increasing and expanding sea otter population. ] Mammal 87: 799-807.

. Paine RT (1976) Size-limited predation: an observational and experimental

approach with the Mytilus-Pisaster interaction. Ecol 57: 858-873.

Harley CDG (2011) Climate change, keystone predation, and biodiversity loss.
Science 334:1124-1127.

Paine RT, Levin SA (1981) Intertidal landscapes: disturbance and the dynamics
of pattern. Ecol Monogr 51: 145-178.

Menge BA, Chan I, Lubchenco J (2008) Response of a community dominant to
climate patterns in rocky intertidal ecosystems. Ecol Lett 11: 151-162.

Smith JR, Fong P, Ambrose RF (2009) Spatial patterns in recruitment and
growth of the mussel Mytilus californianus (Conrad) in southern and northern
California, USA, two regions with differing oceanographic conditions. J Sea Res
61: 165-173.

Menge BA, Chan F, Neilson KJ, Di Lorenzo E, Lubchenco J (2009) Climatic
variation alters supply-side ecology: impact of climate patterns on phytoplankton
and mussel recruitment. Ecol Monogr 79: 379-395.

. Pickett STA (1989) Space-for-time substitution as an alternative to long-term

studies. In: Likens GE editor. Long-term studies in ecology: approaches and
alternatives. New York, Springer-Verlag. pp. 110-135.

Nicol LM, Watson JC, Ellis GM, Ford JKB (2005) An assessment of abundance
and growth of the sea otter population (Enhydra lutris) in British Columbia.
Fisheries and Ocean Canada, Canadian Science Advisory Secretariat.

Lance MM, Richardson SA, Allen HL (2004) Washington state recovery plan
for the sea otter. Washington Department of Fish and Wildlife, Wildlife
Program.

Gregr EJ, Nichol LM, Watson JC, Ford JKB, Ellis GM (2008) Estimating
carrying capacity for sea otters in British Columbia. J Wildl Manage 72: 382—
388.

Sawyer PJ (1967) Intertidal life-history of the rock gunnel, Pholis gunnellus, in the
Western Atlantic. Copeia 1: 55-61.

. Ozen O, Ayyildiz H, Oztekin A, Altin A (2009). Length-weight relationships of

17 less-studied fish species from Canakkale, Marmara region of Turkey. J Appl
Ichthyol 25: 238-239.

Harley CDG, Helmuth BST (2003). Local- and regional- scale effects of wave
exposure, thermal stress, and absolute versus effective shore level on patterns of
intertidal zonation. Limnol Oceanogr 48: 1498-1508.

PLOS ONE | www.plosone.org

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

56.

57.

58.

59.

60.

61.

62.
63.

Sea Otter Predation on Mussel Beds

Robles CD, Desharnais RA, Garza C, Donahue M]J, Martinez CA (2009).
Complex equilibria in the maintenance of boundaries: experiments with mussel
beds. Ecol 90: 985-995.

R Development Core Team (2012). R: A language and environment for
statistical computing. Vienna, Austria, R Foundation for Statistical Computing,.
ISBN 3-900051-07-0, URL http://www.R-project.org/.

Crawley MJ (2007) The R Book. Chichester: Wiley. 950 p.

Picquelle SJ, Mier KL (2011) A practical guide to statistical methods for
comparing means from two-stage sampling. Fish Res 107: 1-13.

James CS, Capon §J, White MG, Rayburg SC, Thomas MC (2007) Spatial
variability of the soil seed bank in a heterogeneous ephemeral wetland system in
semi-arid Australia. Plant Ecol 190: 205-217.

Everitt BS, Landau S, Leese M (2001) Cluster analysis (4th edition). London:
Arnold. 256 p.

Collins MD, Simberloff D (2009) Rarefaction and nonrandom spatial dispersal
patterns. Environ Ecol Stat 16: 89-103.

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’Hara RB, et al. (2010) vegan:
Community Ecology Package. R package version 1.17-4. http://CRAN.R-
project.org/package = vegan.

Watson J (2000) The effects of sea otters (Enhydra lutris) on abalone (Haliotis
spp.) populations. Canadian Special Publication of Fisheries and Aquatic
Sciences: 123-132.

Feder HM and Bryson-Schwatfel B (1988) The intertidal zone. In Shaw DG and
Hameedi MJ, editors. Environmental Studies in Port Valdez, Alaska: A Basis for
Management. Berlin: Springer-Verlag. pp. 116-164.

Reidman ML Estes JA (1990) The Sea Otter (Enhydra lutris): Behavior, Ecology,
and Natural History. US Fish and Wildl. Serv., Biol. Rep. 90(14) 126 p.
Pearse JS, McClintock JB, Vicknair KE, Feder HM (2010) Long-term
population changes in sea stars at three contrasting sites. In: Harris LG Bottger
SA Walker CW, Lesser MP, editors. Echinoderms: Durham. Durham:
Proceedings of the 12" International Echinoderm Conference. pp. 633-640.

. Hammond W, Griffiths C L (2004) Influence of wave exposure on South African

mussel beds and their associated infaunal communities. Mar Biol 144: 547-552.

. Kanter R (1979) Intertidal study of the Southern California Bight, Volume II;

7.0 Mussel community studies. US Bureau of Land Management, Dept of the
Interior.

Guinez R, Castilla JC (1999). A tridimensional self-thinning model for
multilayered intertidal mussels. Am Nat 154: 341-357.

Robles CD, Garza C, Desharnais RA, Donahue MJ (2010). Landscape patterns
in boundary intensity: a case study of mussel beds. Landscape Ecol 25: 745-759.
Donahue MJ, Desharnais RA, Robles CD, Arriola P (2011). Mussel bed
boundaries as dynamic equilibria: thresholds, phase shifts, and alternative states.
Am Nat 178: 612-625.

Coe WR, Fox DL (1944). Biology of the California sea-mussel (Mpytilus
californianus). 111. Environmental conditions and rate of growth. Biol Bull 87:
59-72.

Barnes H, Reese ES (1960) Feeding in the pedunculate cirripede Pollicipes
polymerus J.B. Sowerby. J Zool 132: 569-584.

Morris RH, Abbot DP, Haderlie EC (1980) Intertidal Invertebrates of
California. Stanford: Stanford University Press. 690 p.

MacArthur RH (1972) Geographical Ecology. New York: Harper and Row.
Sousa R, Gutierrez JL, Aldridge DC (2009) Non-indigenous invasive bivalves as
ecosystem engineers. Biol Invasions 11: 2367-2385.

May 2013 | Volume 8 | Issue 5 | e65435



