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Abstract

Mussels occupy a key middle trophic position in nearshore food webs linking primary
producers to predators. Climate-related environmental changes may synergistically
combine with changes in predator abundance to affect intertidal ecosystems. We ex-
amined the influence of two major events on mussel (Mytilus trossulus) abundance in
the northern Gulf of Alaska: the recent Pacific marine heatwave (PMH, 2014-2016)
and an outbreak of sea star wasting (SSW). We investigated how mussel abundance
changed since the onset of SSW and whether the density of predatory sea stars or
PMH-related temperature metrics explain variation in mussel abundance. Sea stars
and mussels were surveyed since 2005 approximately annually in four regions of the
northern Gulf of Alaska: Katmai (KATM), Kachemak Bay (KBAY), Kenai Fjords (KEF))
and western Prince William Sound (WPWS). Mussel percent cover in the mid-intertidal
increased 1-3years after declines in sea stars at all regions and in the low-intertidal
at KATM, KBAY, and KEFJ, but not at WPWS. After the onset of SSW, large (220 mm
length) mussel density and mussel bed width increased at KATM but not the other
regions. Total mussel densities, including recruits, did not differ before and after the
onset of SSW. The total number of sea stars significantly explained variation in mussel
metrics, but the proportions of the three sea star species examined did not. We did
not find strong evidence for direct effects of temperature on mussels. The effects
of the PMH and the SSW outbreak appear to have combined, with increased tem-
peratures indirectly benefiting mussels in concert with relaxed top-down pressure
from sea stars, allowing for increased mussel abundance. Changing mussel abundance
may affect intertidal local productivity and the abundance or performance of other

nearshore consumers of mussels.
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1 | INTRODUCTION

Intertidal communities are important for nearshore ecosystems as
they provide recreational and subsistence food for humans (Harley
et al., 2020; Krylovich et al., 2019) and prey for numerous other
nearshore consumers (Suchanek & Seed, 1992) such as sea otters
(Enhydra lutris), sea ducks, and sea stars (O'Clair & O'Clair, 1998).
Mussels (Mytilus spp.) play an important role in linking primary pro-
ducers to upper trophic predators and compete with other intertidal
primary space holders, with consequences for productivity and bio-
diversity. For example, Mytilus edulis can outcompete intertidal sea-
weeds, forming extensive mussel beds (Lubchenco & Menge, 1978).
Mytilus californianus beds provide habitat for more than 300 spe-
cies (Suchanek, 1992). Although M. trossulus is ephemeral in loca-
tions where its competitive superior, M. californianus dominates, M.
trossulus outcompetes small barnacles (Berlow, 1997), and in Alaska
can form beds that persist for several years to decades (authors'
personal observations). Mytilus spp. are globally ubiquitous, occu-
pying the intertidal on most continents, and are model organisms
for physiological and ecological processes and often used as bioin-
dicators of pollution (Suchanek & Seed, 1992). Sea stars often act as
keystone predators in the intertidal, with their predation on mussels
facilitating the persistence of other habitat-forming species such as
macroalgae and, thus, increasing intertidal biodiversity (Paine, 1974).

In recent years, two major events had the potential to influence
mussels and the wider nearshore ecosystem. First, the Pacific marine
heatwave (PMH, 2014-2016) was associated with unprecedented
positive water temperature anomalies and major disruptions to ma-
rine food webs (Suryan et al., 2021). Elevated temperatures during
heatwaves can affect mussel abundance through changes in meta-
bolic rates, stress, and mortality. When adequate food is available,
increased water temperature within their thermal tolerance window
can increase mussel growth rates (Almada-Villela et al., 1982; Zippay
& Helmuth, 2012). Both exceptionally high and low air tempera-
tures have been shown to negatively affect Mytilus survival, phys-
iology, and performance (Aarset, 1982; Carroll & Highsmith, 1996;
Olabarria et al., 2016). Mytilus trossulus produces heat shock pro-
teins between 23 and 28°C depending on the season in Puget Sound
(Buckley et al., 2001). Numerous studies have shown elevated mor-
tality of Mytilus spp. as a result of freezing air temperatures, particu-
larly when associated with exceptionally low tides and prolonged air
exposure (Bourget, 1983; Carroll & Highsmith, 1996; Davenport &
Davenport, 2005; Williams, 1970).

Second, sea star populations in rocky intertidal habitats along
the eastern Pacific coastline were impacted by an outbreak of
sea star wasting syndrome (SSW) (Hamilton et al., 2021; Hemery
et al., 2016). The SSW outbreak led to large declines in sea star pop-
ulations and there is also some evidence of SSW-related declines in
sea star abundance affecting sea star prey species (Cerny-Chipman
et al., 2017; Gravem & Morgan, 2017). The SSW outbreak began
along the west coast of North America in 2013 and affected more
than 20 species (Hewson et al., 2014; http://www.seastarwasting.
org). The epidemic started in Washington and California in 2013,

and spread to Baja California and Alaska (Hewson et al., 2014;
Miner et al., 2018). SSW reached Alaska last, with major sea star
declines first observed in 2014 in the eastern Gulf of Alaska (Konar
etal., 2019).

The eastern Pacific rocky intertidal community has been af-
fected in various ways by declines in sea star abundance. Declines
in Pisaster ochraceus during the recent SSW outbreak in Oregon led
to increased abundance of small whelks, Nucella spp., which are
preyed on by P. ochraceus (Cerny-Chipman et al., 2017). Populations
of the black turban snail Tegula funebralis in northern California
more than doubled and small and medium-sized individuals shifted
their distribution lower in the intertidal after declines in P. ochraceus
and Leptasterias hexactis due to SSW (Gravem & Morgan, 2017). In
Oregon, sea star predation on mussels was up to 15.5 times lower
after SSW in 2014 than for the previous 23 years (Menge et al., 2016).
In some cases, despite the large decline in predation pressure due to
SSW, effects on prey species were muted due to low recruitment
(Cerny-Chipman et al., 2017).

To investigate potential effects of a major heatwave and a wide-
spread sea star die-off on the abundance of Pacific blue mussels, M.
trossulus (Gould, 1850), we used data from a long-term monitoring
program in the northern Gulf of Alaska (https://gulfwatchalaska.
org/monitoring/nearshore-ecosystems-4/; U.S. Geological Survey &
National Park Service, 2022; U.S. Geological Survey Alaska Science
Center & National Park Service Southwest Alaska Inventory and
Monitoring Network, 2022; U.S. Geological Survey Alaska Science
Center, National Park Service Southwest Alaska Inventory and
Monitoring Network, & University of Alaska Fairbanks College of
Fisheries and Ocean Sciences, 2022) that include in situ tempera-
ture monitoring at 20 sites where mussel and sea star abundance
are surveyed annually. Our research questions were: (1) did mus-
sel abundance change after SSW?, and (2) which sea star and tem-
perature metrics explain variation in mussel abundance? This study
demonstrates how multiple large scale disturbances can lead to large
changes in mussels, which may have implications for higher trophic
levels.

2 | MATERIALS AND METHODS

Intertidal temperature, sea star and mussel abundance were exam-
ined at four regions in the northern Gulf of Alaska: Katmai National
Park and Preserve (KATM), Kachemak Bay (KBAY), Kenai Fjords
National Park (KEFJ), and western Prince William Sound (WPWS,
Figure 1). Some differences in methods between KBAY and the
other regions exist because two separate, historic monitoring pro-
grams were merged into the Gulf Watch Alaska program. However,
comparative analyses have shown that data are comparable among
regions (Konar et al., 2016) and are further discussed in syntheses
of data from across the northern Gulf of Alaska (Konar et al., 2019;
Weitzman et al., 2021). Five sites were sampled in each region
(Table S1). Rocky sites in KBAY were selected to be similar in slope,
substrate, and exposure and have at least 100 m of continuous rocky
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FIGURE 1 Map of study area showing locations of study sites within each of the four regions (Katmai National Park and Preserve
(KATM), Kachemak Bay (KBAY), Kenai Fjords National Park (KEFJ) and western Prince William Sound (WPWS))

habitat. Rocky sites in the other three regions were selected using
generalized random tessellation stratified sampling from maps of
sheltered rocky shoreline (Dean et al., 2014). At KATM, KEFJ, and
WPWS, mussel bed sites were defined as the closest 100 m of con-
tiguous mussels to the rocky site. In KBAY, mussel bed sites were
directly adjacent to each rocky site. At KATM, KEFJ, and WPWS
the mussel bed sites are often not at the exact same location as the
rocky sites but are in close proximity (within 4.1km). Here we refer
to the rocky and mussel bed locations as one site. For more details
on rocky site and mussel bed locations, see Table S1. Mussel and sea
star abundance have been monitored approximately annually start-
ing in 2005 (see Table S1 in the Supporting Materials for details on
data availability in each year and region).

2.1 | Temperature

To monitor intertidal temperature, HOBO V2 temperature loggers
(Onset Computer Corporation, Bourne, MA, USA) were placed

at each rocky site (U.S. Geological Survey Alaska Science Center,
National Park Service Southwest Alaska Inventory and Monitoring
Network, & University of Alaska Fairbanks College of Fisheries and
Ocean Sciences, 2022). Loggers were installed in 2007 at KATM and
KEFJ, in 2010 at WPWS, and 2013 at KBAY (Table S1). The HOBO
temperature sensors had measurement accuracy of +0.2°C. Loggers
were placed inside a 1.5-inch diameter PVC pipe, which was bolted to
a boulder or bedrock at 0.5m above mean lower low water (MLLW).
Loggers recorded temperature every 20, 30, or 60 min. Prior to 2013
logger sampling frequency was inconsistent: from 2013-2017 log-
gers were mostly set to record every 60min, and since 2018, loggers
have consistently been set to record every 30 min. Data were sepa-
rated into water temperature when the tide level from the nearest
tide station was 21.5m (logger wet) and air temperature when the
tide was <Om (logger dry; Tides and Currents software, NOBELTEC,
Beaverton, OR, USA). Transition periods when it was unclear
whether the loggers were submerged were omitted. Temperatures
were averaged within five time periods relating to mussel life his-
tory: late winter (January-March, gonad development), spring
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(April-May, spawning and settlement), summer (June-July, spawning
and early growth), fall (August-October, spawning and late growth),
and early winter (November-December, senescence and early gonad
development; Suchanek & Seed, 1992, Blanchard & Feder, 1997,
Hiebert, 2016). Water temperature anomalies were calculated by
subtracting logger mean seasonal water temperatures from the re-
gional mean for the whole time series within each of the five time
periods (Figure S1).

Hours of exposure to extreme warm (225°C) and cold (<-4°C)
air temperatures from HOBO loggers at each site were summed for
each day and averaged within above-mentioned five time periods.
These air temperatures fall outside of the average maximum air tem-
perature in summer and average minimum air temperature in early
and late winter (Figure S2). Air temperature metrics were based on
absolute temperatures rather than anomalies because air tempera-
tures are more variable than water temperatures and can more easily
exceed the physiological limits of intertidal mussels.

Air temperature close to the rock surface where mussels live in
the rocky intertidal can be highly influenced by aspect and topog-
raphy that can affect shading. To assess air temperature variability
within sites, we examined one year of temperature data when an
additional logger was placed at the end of the +0.5m MLLW tran-
sect at two sites and an additional logger was placed at the start of
the transect at one mussel site. For hours of exposure to extreme
air temperatures, the largest difference between the start and end
of the rocky transect was 0.06 h (3.6 min) for warm air temperatures
and 0.03h (1.8 min) for cold air temperature (Figure S3). These dif-
ferences are small compared to the overall range of values (0-4.25h
cold air exposure, 0-3.5h of warm air exposure) and are unlikely to
be biologically relevant, so we considered these measurements of
the single 0.5m logger at other sites and across years representative
and included them in our analysis. However, maximum and minimum
air temperature varied by several degrees between the start and end
of the rocky transect and between the rocky site and mussel bed
site (Figure S3), so we did not include maximum and minimum air
temperature in our analysis.

2.2 | Seastars

Sea star species that consume mussels (Evasterias troschelii, Pisaster
ochraceus, and Pycnopodia helianthoides, Table S1 [Herrlinger, 1983;
Kay et al., 2019; Mauzey et al., 1968; O'Clair & Rice, 1985; Paul &
Feder, 1970; Sewell & Watson, 1993]) were counted annually at low
tide along transects in the low intertidal at rocky sites to estimate
their density (U.S. Geological Survey & National Park Service, 2022).
Individuals of all sizes were counted. Leptasterias spp. also consume
mussels but are not counted in the Gulf Watch Alaska long-term
monitoring program because of their cryptic behavior, although they
can be abundant at some sites (authors' personal observations). For
survey details see Konar et al. (2019) and Dean et al. (2014). Sea
star densities were calculated and are presented here as individu-
als per 200m™2. Pre- and post-SSW periods were defined for each

region based on when sea stars with SSW were first observed
(Konar et al., 2019). At KATM, SSW was only observed in individuals
off transect; however, there was a large decline in sea star density
after 2016 (Konar et al., 2019), so the pre-SSW period was defined
as 2006-2016 and post-SSW as 2017-2019.

2.3 | Mussels

Several different metrics of mussel abundance were used to as-
sess the response of mussels to changing sea star density with SSW
(Bodkin et al., 2016; Dean et al., 2014; U.S. Geological Survey, &
National Park Service, 2022; U.S. Geological Survey Alaska Science
Center & National Park Service Southwest Alaska Inventory and
Monitoring Network, 2022). Percent cover of mussels was estimated
at 0.5 and 1.5m above MLLW at rocky sites. Percent cover was ei-
ther estimated visually (KBAY) or by proportion of points occupied
by mussels (KATM, KEFJ, WPWS) within twelve 0.25m? quadrats
randomly placed along 50-m transects at each of the two tide
heights (Dean et al., 2014). Mussel densities, sizes, and bed width
were measured on 10 randomly placed transects or quadrats within
mussel bed sites. As data for these metrics were collected across the
whole vertical extent of mussel beds, they cover a wider elevation
range than mussel percent cover, which was limited to 0.5 and 1.5m
above MLLW. Mussels were collected and measured to the nearest
mm. At KBAY all mussels 22mm were collected from ten 0.0625m?
quadrats. At KATM, KEFJ, and WPWS mussels 220mm were col-
lected from ten variable sized quadrats (sized to contain at least 20
individuals) and 51-mm interior diameter cores (0.0021 m?) were col-
lected to count all mussels 22mm. To determine mussel bed width,
10 random transects were placed perpendicular to a fixed baseline
transect that bisected the mussel bed. Mussel bed width was meas-
ured at each of these points and averaged. The contiguous mussel
bed was defined by the absence of mussels below a strip 12 mm wide
by >1m long. For more details see Bodkin et al. (2016).

2.4 | Data analysis
To test for differences before and after SSW among regions, linear
mixed effect models were used for density of each sea star species
and each metric of mussel abundance in R (R Core Team, 2020) using
the Ime4 package (Bates et al., 2015). Box-Cox transformations were
used for each variable. Fixed factors included SSW (2 levels: pre-
SSW, post-SSW) and region (4 levels: KATM, KBAY, KEFJ, WPWS).
Site was included as a random factor. The model formula used was:
((x+0.1)"b)~SSW* Region + (1|Site), where x is the sea star species
or mussel metric and b refers to the Box-Cox transformation value.
PERMANOVA tests were used in the multivariate statistical
software package, PRIMER (v6, Plymouth Marine Laboratories,
Anderson et al., 2008) to test for the effects of temperature metrics
and sea star abundance on the multivariate mussel metric data, after
accounting for effects of region, site, and year. For all PERMANOVA
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tests, the multivariate mussel data were log(x+ 1) transformed to
reduce right skew and a Euclidian distance matrix was calculated,
9999 permutations were used, and we used Type | sum of squares.
We first tested for the effects of site, region, pre- and post-SSW, and
year: Mussels ~ Region + Site(Region)+SSW + Year, with region, site,
and year as random factors and SSW as a fixed factor.

Next, we tested for the effects of temperature on mussel met-
rics after accounting for the effects of region, site, SSW, and year.
Temperature data paired with mussel metrics spanned approxi-
matley the 12 months prior to mussel sampling. Since exposure
to warm and cold air temperature metrics were right-skewed, we
log(x + 1) transformed the data and used a Gower similarity matrix
to create a metric multidimensional scaling (mMDS) plot. We used
the two mMDS axes to reduce the six air temperature exposure
variables (cold air exposure in late winter, spring, and early winter,
warm air exposure in spring, summer, and fall). The first mMDS
axis (AirTempExposuremMDS1) represented a continuum from
exposure to cold air to warm air in spring, summer and fall, and
the second mMDS axis (AirTempExposuremMDS2) represented a
continuum from low to high exposure time to cold air in early and
late winter (Figure 2a). To reduce the ten water temperature met-
rics (mean water temperature and water temperature anomaly in

each of the five seasons), we used the two axes from a principal

marine ecology [ i 1

component analysis (PCA). The first PCA axis (WaterTempPCA1,
58.4% of variation) represented a continuum from low mean water
temperature and negative anomaly to warmer mean water tem-
perature and positive anomalies (Figure 2b). The second PCA axis
(WaterTempPCA2, 20.2% of variation) represented differences
in water temperature in summer among regions (Figure 2b). To
test for the effects of temperature on mussel metrics we used a
PERMANOVA with Mussels ~ Region + Site(Region) + SSW + Year
+ AirTempExposuremMDS1 + AirTempExposuremMDS2 + WaterT
empPCA1 +WaterTempPCA2. We also ran the PERMANOVA with
the water temperature PCA axes listed before the air temperature
mMDS axes.

Next, we tested for effects of sea stars on the mussel metrics
after accounting for the effects of region, site and year. We summed
the densities of the three sea star species for each site and year to
calculate total sea star density. We then converted the densities
of the three sea star species to proportions by standardizing by
the total number of stars. We used a PCA analysis to reduce the
three sea star proportion variables to two PCA axes, the first repre-
senting proportion of P. ochraceus and P. helianthoides (StarsPCA1,
47.8% of variation) and the second representing proportion of E.
troschelii (StarsPCA2, 35.2% of variation, Figure 2c). To test for the
effects of sea stars on mussel metrics we used a PERMANOVA
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FIGURE 2 Analyses used to reduce covariates for the PERMANOVA tests of mussel metrics. In each panel data points are color coded

by region (KATM = red, KBAY = pink, KEFJ = blue, WPWS = green). Vectors indicate the influence of each variable on the placement of data
points within the plot. (a) Metric-MDS plot of mean daily exposure to warm air (> 25°C), cold air (< -4°C) temperature metrics in each season
(1: late winter, 2: spring, 3: summer, 4: fall, 5: early winter). (b) PCA of water temperature metrics from each season. (c) PCA of proportions of
each of the three sea star species. Open symbols are pre-SSW and closed symbols are post-SSW
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with Mussels ~ Region + Site(Region)+SSW + Year + Total Stars +
StarsPCA1+ StarsPCA2.

3 | RESULTS

3.1 | Temperature trends across the northern Gulf
of Alaska

Starting in 2013-2014, the Gulf of Alaska was affected by a marine
heatwave and water temperature in all regions had positive anoma-
lies for an extended period (Figure 3). In KATM, water temperature
anomalies increased above zero in 2014 and persisted for all seasons
through 2016 (Figure 3). At KEFJ and WPWS, water temperature
anomalies increased above zero starting in spring 2014 and remained
positive through spring 2017 in KEFJ and late winter 2017 in WPWS
(Figure 3). KBAY differed from the other regions in that water tem-
perature anomalies increased above zero in fall 2014, and remained
positive through early winter 2016, except for fall and early winter
2015 (Figure 3). There were also positive water temperature anoma-
lies in 2019, with summer water temperature anomalies at KEFJ and
WPWS exceeding those observed during the 2014-2016 heatwave
(Figure 3). Mean water temperature was similar among regions but
tended to be higher at WPWS (8.5 + 3.4°C, mean of whole time series
across all sites + sd) and KEFJ (8.0 +3.0°C) than at KBAY (7.5 +2.6°C)
and KATM (7.3+3.1°C) (Figure S1). During years when there was
overlap in data across all regions, summer water temperature was
frequently >2.5°C higher at WPWS than at KBAY (Figure S1).

Mean hours of exposure to low (s -4°C) and high (=25°C) air
temperatures varied among regions and seasons (Figure 3). Mean
exposure to low air temperatures tended to be less during the PMH
(Figure 3). The highest mean exposure to high air temperature (1.9 h)
occurred in KEFJ in summer 2008. Mean exposure to high air tem-
perature was also high in KATM in summer 2006 and 2007. During
the PMH (2014-2016), mean exposure to high air temperature was
highest during the summers in KBAY where mean exposure was
1.2-1.3h (Figure 3). Mean exposure to high air temperature was low
throughout the time series at WPWS (Figure 3).

3.2 | Declinein sea stars with SSW

Before the onset of SSW, there were some differences in densi-
ties of Evasterias troschelii, Pisaster ochraceus, and Pycnopodia he-
lianthoides among regions (Tables 1, S4 and S5). While all species
occurred in all regions, the most abundant mussel-preying sea star
was E. troschelii at KATM and KBAY, P. ochraceus at KEFJ, and P. he-
lianthoides at WPWS. Although there was a significant decline post-
SSW of at least one species in each region, KEFJ and WPWS retained
more mussel-preying sea stars post-SSW than KATM and KBAY. At
KATM all three sea star species declined significantly by 87-96%
(Table 1). At KBAY there was a 100% decline in E. troschelii. Pisaster
ochraceus and P. helianthoides were so rare before SSW at the study

sites that even their absence post-SSW was not statistically signifi-
cant (Table 1). At KEFJ and WPWS, there was a significant decline, by
53% and 67% respectively, in mean density of P. helianthoides after
SSW (Table 1).

3.3 | Variation in mussel abundance and
relationships to temperature and sea stars

Differences in mussels pre-and post-SSW were mostly driven by
increases in percent cover. In univariate analyses, mussel percent
cover at 0.5m was significantly higher post-SSW at KATM, KBAY,
and KEFJ, but not WPWS, and mussel percent cover at 1.5m was
significantly higher post-SSW at all regions (Tables 1, Sé). Large mus-
sel density only significantly increased at KATM (Tables 1, S6). Total
mussel density was not significantly different pre- and post-SSW
in any region (Tables 1, S6). Mussel bed width only significantly in-
creased at KATM (Tables 1, S6). The multivariate cloud of mussel
metrics varied significantly among sites nested within regions, pre-
and post-SSW, and among years, but not among regions (Table 2,
Figure 4a). Vectors on the nMDS plot indicate the direction of influ-
ence of each mussel metric in the placement of datapoints on the
plot (Figure 4). Variation in large and total mussel density among
regions is reflected in the separation of points from left to right. Pre-
and post-SSW data points within each region range from the top to
the bottom of the plot, following the percent cover vectors, reflect-
ing that percent cover metrics varied pre- and post-SSW, particularly
at KATM (Figure 4a).

In general, there was not a significant effect of the temperature
metrics on mussel metrics after accounting for the effects of region,
site SSW, and year; however, the first mMDS axis for exposure to
extreme air temperature metrics (AirfempExpMDS1) was significant
under certain conditions (Tables 2, S7). AirTempExpMDS1 was only
significant in models where SSW was included and the water tem-
perature PCA axes were listed before air temperature mMDS axes
(Tables 2, S7). AirTempExpMDS1 represents a continuum from ex-
posure to cold air in spring to exposure to warm air in spring, sum-
mer, and fall (Figure 2a). KBAY had higher exposure to warm air in
spring, summer, and fall in many years compared to the other regions
(Figures 2a, 3). Exposure to warm air temperature in spring through
fall may explain some of the variation in mussel metrics between
KBAY and the other regions.

After accounting for the effects of region, site, SSW, and year,
there was a significant effect of total sea star density, but there
was no significant effect of the PCA axes based on sea star species
proportions (Table 2). The effect of total stars was small (sum of
squares 10.747) compared to that of site (514.080), year (71.319),
and SSW (51.761). The significance of total stars increased when
SSW was not included (sum of squares 12.160, Table S8). The model
with the lowest AIC included both SSW and total stars (Table S8).
The nMDS plot of mussel metrics with bubbles overlaid showing
total density of sea stars illustrates the effect of sea stars on mus-
sels (Figure 4b). Points with higher percent cover of mussels and
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higher mussel density are associated with lower sea star density,
indicating that higher sea star density has a negative effect on mus-
sel percent cover and density. In particular many of the high per-
cent cover points coincide with low or zero density of sea stars. The
upper region of the plot shows sites and years where there is low
percent cover but high large mussel density. These sites and years
usually had total star density <40/200 m?.

In most cases, increases in mussels lagged several years behind the
PMH and SSW (Figure 5). At KATM, percent cover of mussels at 1.5m,
density of large mussels, and bed width all began increasing during the
PMH and further increased in 2018, two years after the large decline
in sea stars in 2016. Percent cover at 0.5m did not increase as much
during the PMH but also increased sharply after SSW. At KBAY, mus-
sel metrics changed little during the PHM and mussel percent cover at
0.5m and 1.5m started increasing in 2018, two years after the onset
of SSW. At KEFJ, mussel percent cover at 0.5m increased sharply in
2014, followed by a decline, then began an increasing trend in 2017.
Percent cover at 1.5m increased in most years since the start of the
PMH in 2014. At WPWS, percent cover of mussels at 1.5m increased
during the PMH in 2014 and remained higher than the years before
the PMH through the rest of the time series.

4 | DISCUSSION

A strength of long-term monitoring is the ability to quantify
changes in natural systems after unexpected events. Here we
draw on the rich literature on rocky intertidal species interac-
tions to cautiously infer the mechanisms driving the changes we
observed in mussels over time. Generally, the two large-scale dis-
turbances (SSW and PMH) appear to have benefited mussels. High
water and air temperatures may have affected mussel competi-
tors and increased available space (Weitzman et al., 2021), then
the reduced predation pressure caused by SSW allowed mussels
to increase in density and persist. Although absolute mussel and
sea star abundances differed among regions before these distur-
bances, most regions showed similar patterns: sharp decline in sea
star abundance after the onset of SSW, and delayed increase in
mussels as shown by one or more mussel metrics, and most con-
sistently among regions by mussel percent cover. This study shows
how a foundation species that is also important in intertidal food
webs can respond to large-scale biological and physical distur-
bances and highlights the importance of long-term monitoring for

elucidating such patterns.
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TABLE 1 Mean (+SE) sea star densities and mussel metrics pre- and post-sea star wasting (SSW), percent change from pre- to post-SSW,
and p-values from the linear mixed effects models pre- and post-SSW comparisons for each region (Katmai National Park and Preserve
(KATM), Kachemak Bay (KBAY), Kenai Fjords National Park (KEFJ) and western Prince William Sound (WPWS)). For sample sizes see Table S1
in the Supporting Materials. Mussel percent cover was surveyed at 0.5m and 1.5m above mean lower low water at rocky sites and mussel

density and bed width was surveyed at nearby mussel beds

Sea stars (x 200m )

Mussel metrics

0.5m, % 1.5m, % >220mm 22mm Density Bed
E.troschelii  P.ochraceus  P.helianthoides = Cover Cover Density (x m™2) (xm™) Width (m)

KATM

Pre-SSW 14.9+3.0 54+1.5 5.5+1.0 2.7+0.7 10.0+1.6 1069 +158 9454 +1359 7.1+0.8

Post-SSW 1.6+1.3 0.2+0.2 0.7+0.7 19.7+4.4 31.2+5.9 2332+442 15,154 +2851 14.6+3.9

% Change -89% -96% -87% +86% +68% +54% +38% +51%
P-value <0.001 0.014 <0.001 <0.001 <0.001 0.003 0.216 0.008
KBAY

Pre-SSW 11.7+4.1 0.09+0.07 0.3+0.09 0.02+0.02 0.3+0.1 1068 +203 7042 +840 2.9+0.2

Post-SSW 0.05+0.05 0.0+0.0 0.0+0.0 57+2.6 8.4+3.7 1200+181 7082+933 6.7+1.5

% Change -100% -100% -100% +100% +96% +11% +0.6% +57%

p-value <0.001 1.000 0.755 0.002 0.001 1.000 1.000 0.231
KEFJ

Pre-SSW 1.7+13 28.7+5.3 10.0+1.6 6.9+14.3 15.5+3.2 2583+405 27,491+5343 14.5+19

Post-SSW 1.0+0.6 13.0+3.5 1.6+0.8 14.8+4.1 28.6+54 3528+906 21,038 +4929 129+19

% Change -41% -55% -84% +53% +46% +27% -23% -11%

p-value 0.995 0.480 <0.001 0.001 0.023 0.977 1.000 1.000
WPWS

Pre-SSW 1.2+0.2 0.4+0.2 23.1+5.9 53+1.6 7.6+2.2 329+60 3162+1001 6.0+0.4

Post-SSW 24+0.9 0.6+0.2 8.1+2.3 74+21 13.3+8.8 428 + 67 3296+931 59205

% Change +50% +33% -67% +28% +43% +23% +4% 2%

p-value 1.000 0.872 <0.001 0.951 0.002 0.952 0.885 1.000

p-values < 0.05 are in bold.

4.1 | Potential combined effects of the PMH and
SSW on mussels

The PMH, followed by reduced predation pressure from sea stars,
likely created favorable conditions for mussels to increase, with indi-
rect effects on mussels through effects on their competitors rather
than direct physiological effects on mussels themselves. Another
study using data from the Gulf Watch Alaska nearshore monitor-
ing program found that percent cover of Fucus distichus and other
macroalgae declined across the northern Gulf of Alaska after the
PMH in the mid and low intertidal (Weitzman et al., 2021). This cre-
ated open space, which was then colonized by barnacles and mus-
sels (Weitzman et al., 2021). Mussel recruitment has been largely
consistent across the northern Gulf of Alaska since 2005 (Bodkin
et al.,, 2018, this included the same sites as this study, excluding
KBAY), so settling mussels were available to take advantage of the
open space left by the decline in macroalgae and by prior declines
in mussel abundance. In rocky intertidal communities, bare space is
typically colonized by early successional species, including barnacles
and mussels, and mussels can maintain dominance until removed by
physical disturbance or predation (Farrell, 1991; Sousa, 1979, 1984;

Wootton, 1993). All the mussel beds surveyed in this study have
persisted since monitoring began (as early as 2008 for some sites).
Juvenile mussels may have grown at faster rates during the PMH, as
Mytilus spp. growth rate increases with water temperature (3-20°C
Almada-Villela et al., 1982; 17-24°C Lazo & Pita, 2012), allowing
them to occupy more space quickly. The reduced sea star densities
in the years following the PMH may have reduced post-recruitment
mortality from predation, allowing mussels to persist in the low
intertidal longer than they normally would have. It is possible that
these two large-scale events acted together to produce the large
observed increase in mussels.

Our study indicates that the outbreak of SSW may have led
to coherent changes in mussels, particularly percent cover in the
low and mid intertidal, despite regional and site-to-site variabil-
ity in community structure and site physical characteristics (Konar
et al.,, 2016; Weitzman et al., 2021). Although increases in mussel
percent cover, density, and mussel bed width were evident prior to
SSW at some locations, mussel metrics continued increasing post-
SSW and, in KATM and KBAY, reached the highest levels observed
in the time series. The regions we sampled varied by which mussel-
eating sea star species was the most numerically dominant prior
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TABLE 2 PERMANOVAs testing the

marine ccology |t VYT A

effects of region, site within region, Sources of variation df SS Pseudo-F p-value
pre- and post-SSW, year, temperature Testing effects of region, site, SSW, year
metrics, and sea stars on mussel metrics. Region 3 217.830 2.023 0.062
Significant values (p>0.05) are bolded. df, . .
degrees of freedom: SS, sum of square Site(Region) 15 514.080 8.699 <0.001
SSW 1 51.761 7.264 <0.001
Year 10 71.319 1.833 0.028
Residual 93 361.790
Total 122 1216.800
AIC =732.601
Testing effects of water temperature, air temperature exposure
Sources of variation df SS Pseudo-F p-value
Region 3 217.830 2.023 0.060
Site(Region) 15 514.081 8.949 <0.001
SSW 1 51.761 7.264 0.001
Year 10 71.319 1.888 0.023
WaterTempPCA1 1 3.313 0.877 0.441
WaterTempPCA2 1 3.668 0.971 0.393
AirTempExpMDS1 1 11.504 3.045 0.037
AirTempExpMDS2 1 7.050 1.866 0.123
Residual 89 336.260
Total 122 1216.800
AIC = 731.600
Testing effects of sea stars
Region 3 217.830 2.023 0.053
Site(Region) 15 514.080 8.731 <0.001
SSW 1 51.761 7.264 <0.001
Year 10 71.319 1.840 0.024
Total Stars 1 10.747 2.773 0.047
StarsPCA1 1 1.897 0.489 0.712
StarsPCA2 1 0.364 0.094 0.985
Residual 90 348.78
Total 122
AIC =734.096

to SSW but all regions had a dramatic decline in density of at least
one species and our analysis indicated that total mussel-eating sea
star density was more important than the identity of the species
present. KEFJ and WPWS retained more sea stars post-SSW than
KATM and KBAY, which may explain the relatively small change in
mussels at KEFJ and WPWS. In addition, mussels are more prom-
inent in the diet of sea otters at KEFJ and WPWS than at KATM
and KBAY (Coletti et al., 2016), which may have limited the response
of mussels metrics in these areas. The magnitude of the response
of mussels to the sea star decline also likely depended in part on
environmental factors affecting sea star abundance and predation
rates, mussel recruitment, growth and survival, and the presence
of other mussel predators such as sea otters, sea ducks, and pred-
atory snails. Sea star predation rates decrease with declining water
temperature (Sanford, 1999), so sea star predation pressure may be

lower in colder regions, like KBAY and KEFJ (Figures 3, S1). Although
individual sea star predation rates may have increased during the
PMH due to increased water temperature, overall sea star predation
pressure was likely low due to the reduction in sea star populations
by the SSW outbreak.

Differences in how the various mussel metrics responded (or did
not show a strong response) to the PMH and SSW may reflect eco-
logical differences between the low intertidal (mussel percent cover
at rocky sites) and higher elevation mussel beds (mussel density and
bed width). Mussel percent cover in the low and mid intertidal may
have had a greater capacity to increase in response to changes in
cover of their competitors after the PMH (Weitzman et al., 2021)
than in the mussel beds. Before SSW, sea stars may have had less
impact on mussels in the higher elevation mussel beds, so the loss
of sea stars may have had less impact there. Additionally, mussels
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FIGURE 4 Non-metric

(a) 2D stress: 0.1|| SSWSBlock
O PreKATM multidimensional scaling (nMDS) plot
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within the higher elevation mussel beds and at the upper limit of
the mussel bed may be more vulnerable to higher air temperatures
during the PMH than those in the low and mid intertidal, and this
source of stress may have limited the increase in the mussel density
and mussel bed width metrics. Differences in mussel percent cover
between the low (0.5m above MLLW) and mid (1.5m above MLLW)
tidal elevations could indicate different levels of sea star predation
pressure. Mussels tend to be more abundant at higher elevations be-
cause sea stars are limited to lower elevations due to their lower des-
iccation tolerance (Donahue et al., 2011). At KBAY, this effect was
muted as sea star density was relatively low prior to SSW and there

was little difference in mussel percent cover between elevations.

4.2 | Temperature effects on mussels

Although water and air temperature has direct effects on mussel
physiology (Zippay & Helmuth, 2012), we did not detect a strong
direct effect of water temperature, water temperature anomaly, or
mean exposure to extreme high or low air temperature on mussel
metrics. The lack of significant effect of these temperature metrics
on mussels could reflect (1) direct effects were masked by other

factors; (2) changes in temperature during the study period re-
mained within M. trossulus' tolerance window; or (3) the temperature
metrics we used do not accurately reflect the conditions mussels are
experiencing. Although water temperature was higher than normal
during the PMH, mean seasonal water temperature remained below
14°C. Lab experiments on M. trossulus stress responses to heat have
used treatment temperatures far above the seasonal mean tem-
peratures during the PMH at our study sites (21-32°C) (Lockwood
& Somero, 2011; Tomanek & Zuzow, 2010). A mass mortality event
of M. trossulus occurred in British Columbia in 2021 when low tides
coincided with high air temperatures and rock surfaces along the
shoreline exceeded 50°C (White et al., 2022). Throughout our study
period, exposure time to air temperatures 225°C was low and no
mass mortality events were observed at our study sites. Air temper-
ature near the substrate in the rocky intertidal is highly influenced by
aspect, topography, and shading (Harley, 2008), so air temperature
from HOBO loggers may not represent the exact conditions that in-
dividual mussels experience.

Marine heatwaves are expected to occur more frequently in the
future (IPCC, 2019) and extreme temperatures experienced during
heatwaves will likely become normal temperature conditions over

the current century (Walshetal.,2017). Increasing temperature will



TRAIGER ET AL.

KATM
06 08 10 12 14 16 18 20

KBAY

06 08 10 12 14 16 18 20

= WILEY 110f16

WPWS
06 08 10 12 14 16 18 20

marine ecology

KEFJ
06 08 10 12 14 16 18 20

T H | TT T
© 60 b ! 60
8 | : +4 |
S [ - 1
= 40 L % | 40
] [ I
5 20 [ i I 20
o |
0 L s 0
g 15000 : — I 15000
€ I [ 1
= I [ 1
« ~ 10000 | P ) | i 10000
5’ 't I Lo I
o % 5000 ' b b 5000
2 I [ (I
2 ' I 2] |
0 L Feeosatimms |
T H | I
40 | 1 40
£ Lo - I
3;2 C 30 L _ P 30
2 [ 1
= g 20 o B 20
v . - SESETIE SR
0 — L— 0
I T T T
—F— E. troschelii | : I
R 100 | —%— P. ochraceus | : [ 100
& £ P. helianthoides | o I
N o T : I 1
g & s0 (R I 1 : 50
0 x I : | V) ¢
T E:Tj TaT | A\ i
B A0 bapoipi T BT, Iz AR T AN SN e e i) IS el

06 08 10 12 14 16 18 20 06 08

Year Year

10 12 14 16 18 20

0

06 08 10 12 14 16 18 20
Year

06 08 10 12 14 16 18 20
Year

FIGURE 5 Time series of mussel percent cover, density of large mussels, mussel bed width, and sea star density in each region. Each
variable is the mean (+SD) of all sites within a region (n = 5 in most years). The vertical dashed line indicates the start of the Pacific marine
heatwave. The vertical dotted line indicates when sea star wasting appeared in the region

continue to have effects on sea stars that could affect the intertidal
food web, as sea star predation rates vary across a few degrees of
natural temperature variation (Sanford, 1999, 2002). Warming can
affect predator-prey interactions differently in different seasons.
For example, in mesocosm experiments, warm winter tempera-
tures increased sea star metabolic rates but sea stars did not in-
crease their feeding rates on mussels, in part because mussel body
condition declined (Melzner et al., 2020). Mussels' greater resis-
tance to high temperatures compared with some of their intertidal
algal space competitors (Weitzman et al., 2021), combined with
the benefits mussels may experience from increased temperature
during their larval and juvenile stages (Almada-Villela et al., 1982;
Rayssac et al., 2010) could enable them to maintain dominance
in the intertidal as long as temperatures remain within mussel's
tolerance windows. However, mussels are also susceptible to
ocean acidification. Acidified conditions can lead to lower mussel
recruitment and cover (Brown et al., 2016), decreased calcifica-
tion (Gazeau et al., 2007), production of weaker byssal threads
(O'Donnell et al., 2013), and decreased larval growth and develop-
ment (Kurihara, 2008). Glacial discharge increases the corrosivity
of CaCOy, in surface waters (Evans et al., 2014). Understanding the
direct physiological effects of environmental stressors, indirect
effects on species interactions, and effects of non-climatic events

such as SSW is needed to anticipate future trends in mussel popu-
lations (Zippay & Helmuth, 2012).

4.3 | Predation effects on mussels

An aspect of the SSW outbreak not considered here is change in sea
star population size structure, as sea star sizes were not measured.
Elsewhere outside of Alaska, the loss of large sea stars and subse-
quent recruitment during recovery led to a shift in the size structure
of the sea star populations to smaller mean size and biomass (Menge
et al., 2016; Moritsch & Raimondi, 2018). We have not observed
large recruitment events at our sites since the start of SSW, but
small individuals have been observed since 2019 at KATM, KEFJ, and
WPWS (e.g. P. helianthoides < 15 cm diameter, estimated size at five
years old [Gravem et al., 2021]). Although P. ochraceus populations
in much of Washington, Oregon, and California recovered in years
following the SSW outbreak, their biomass, and therefore predation
pressure, remained low (Moritsch & Raimondi, 2018). Pisaster ochra-
ceus consumption rate and preferred prey size of Mytilus trossulus in-
creases with sea star size (Gooding & Harley, 2015). While the small
sea stars could still be significant predators of small mussels, the
larger mussels may be safe from sea star predation for a few years
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until post-SSW sea star recruits grow larger (although other mussel
predators such as sea otters, sea ducks, and Nucella spp. snails are
still present in the ecosystem). This could result in the recovery of
predation pressure from sea stars lagging a few years behind the
recovery in sea star density (Moritsch & Raimondi, 2018).

Predation by sea otters can affect mussel abundance and there
is some recent evidence of sea otter diets shifting in response to
changes in mussel availability. Mytilus spp. are a common prey item
of sea otters throughout their range (Estes & Bodkin, 2002; Riedman
& Estes, 1990), although their frequency of occurrence in sea otter
diet can vary from miniscule (0.3% Calkins, 1978) to predominant
(58%, Coletti et al., 2016) in the Gulf of Alaska. Mussels are abun-
dant in spraint deposited during winter and spring in the Gulf of
Alaska when mussels are gravid, while they become less frequent
in direct observations of foraging sea otters usually obtained during
summer months (Doroff et al., 2012; Doroff & Bodkin, 1994). In
Glacier Bay, Alaska, sea otter diets became dominated by M. tros-
sulus in 2018 and 2019 as mussel abundance increased in both the
intertidal and subtidal (authors' personal observation). At our study
sites, mussels were present in spraint at 47% in WPWS and>80%
in KEFJ and KBAY with little evidence of temporal trends between
2006-2019 (U.S. Geological Survey Alaska Science Center, National
Park Service Southwest Alaska Inventory and Monitoring Network,
& University of Alaska Fairbanks, 2022). However, at KATM prior to
2014, mussels were the predominant prey in about 10% of spraints
compared to about 40% after 2014 (U.S. Geological Survey Alaska
Science Center, National Park Service Southwest Alaska Inventory
and Monitoring Network, & University of Alaska Fairbanks, 2022),
suggesting an increase in consumption concurrent with the increase
in mussel abundance we report here. These observations are con-
sistent with a trophic cascade following declining sea stars through
increased mussel abundance to increased mussel consumption by
sea otters at KATM, where mussel increases were most evident.

Other mussel predators besides the three sea star species stud-
ied here and sea otters can have strong effects on mussel popula-
tions and will likely benefit from increased mussel abundance. Up
to 81% of M. trossulus shells collected at a site in Kachemak Bay had
drill holes, indicating predation by the whelk Nucella lima (Carroll &
Highsmith, 1996). The small and cryptic sea stars, Leptasterias spp.,
can occur at high densities within mussel beds and can be abundant
in Alaska (Chenelot et al., 2006; Paine, 1976) and consume smaller-
sized prey, including mussels, than P. ochraceus (Menge, 1972).
Leptasterias hexactis was impacted by SSW in California (Gravem
& Morgan, 2017), but since Leptasterias spp. were not surveyed in
the Gulf Watch Alaska long-term monitoring program, it is unknown
how they were affected by SSW in Alaska. Throughout much of
the eastern Pacific, birds including surfbirds (Aphriza virgata), gulls
(Larus glaucescens, L. occidentalis), sea ducks such as Barrow's gold-
eneye (Bucephala islandica), and black oystercatchers (Haematopus
bachmani) can derive a significant portion of their diet from mussels
and affect mussel persistence (Marsh, 1986; Miller & Dowd, 2019;
Robinson et al., 2018). Black oystercatchers also feed mussels to
their chicks (O'Clair & O'Clair, 1998; Robinson et al., 2018) making

mussels an important resource across black oystercatcher life stages.
Sea ducks such as Barrow's goldeneyes consume primarily mussels
and spend much of the winter near mussel beds (Esler et al., 2019).
Surf scoters (Melanitta perspicillata) also consume large quantities
of mussels and will use rocky intertidal mussel beds for foraging as
mussels become depleted seasonally in other habitats, such as clam
beds (Kirk et al., 2007).

5 | CONCLUSIONS

Effects of the changing sea star abundance and heatwaves on the
nearshore ecosystem may differ globally depending on the dominant
mussel species. Mytilus trossulus is a preferred prey compared to
other Mytilus species it co-occurs with, including Mytilus edulis in the
north Atlantic (Khaitov et al., 2018) and Mytilus californianus in the
eastern Pacific (Menge et al., 1994). Mussel species that are better
protected from sea star predation than M. trossulus by their thicker
shells (Beaumont et al., 2008) and stronger defense responses
(Lowen et al., 2013) may not respond as dramatically to decreased
predation pressure from sea stars. From British Columbia to south-
ern California, where M. californianus dominates and M. trossulus is
typically only present at lower densities, M. californianus response
to declines in sea stars was mixed, with expansion at some sites and
no change in others (P. Raimondi, S. Gravem personal communica-
tion) and M. californianus cover decreased after the PMH (Miner
et al, 2021).

Rocky intertidal ecosystems are shaped by a complex array of
static (slope, substrate, etc.) and dynamic drivers (temperature, sa-
linity, predation, etc.; Konar et al., 2019, Kunze et al., 2021), which
can make understanding the causes of changes to abundance and
distribution of species over space and time difficult. Long-term mon-
itoring studies help to understand processes that affect rocky in-
tertidal ecosystems because they can capture “natural experiments”
such as the removal of sea stars over large spatial scales as seen
here and other disturbance events like storms, heatwaves, and cold
spells (Mieszkowska et al., 2021). The dynamics of foundational
species such as mussels are particularly important as they influence
community stability (Miner et al., 2021). As vital components of the
nearshore food web, continued monitoring of mussels along with
their predators, competitors, and environmental factors is needed
to inform ecosystem-based management of nearshore species.
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