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Abstract

Mass mortality events provide valuable insight into biological extremes and also ecological interactions more generally. The
sea star wasting epidemic that began in 2013 catalyzed study of the microbiome, genetics, population dynamics, and com-
munity ecology of several high-profile species inhabiting the northeastern Pacific but exposed a dearth of information on the
diversity, distributions, and impacts of sea star wasting for many lesser-known sea stars and a need for integration across
scales. Here, we combine datasets from single-site to coast-wide studies, across time lines from weeks to decades, for
65 species. We evaluated the impacts of abiotic characteristics hypothetically associated with sea star wasting (sea surface
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temperature, pelagic primary productivity, upwelling wind forcing, wave exposure, freshwater runoff) and species character-
istics (depth distribution, developmental mode, diet, habitat, reproductive period). We find that the 2010s sea star wasting out-
break clearly affected a little over a dozen species, primarily intertidal and shallow subtidal taxa, causing instantaneous wast-
ing prevalence rates of 5%-80%. Despite the collapse of some populations within weeks, environmental and species variation
protracted the outbreak, which lasted 2-3 years from onset until declining to chronic background rates of 2% sea star wasting
prevalence. Recruitment began immediately in many species, and in general, sea star assemblages trended toward recovery;
however, recovery was heterogeneous, and a marine heatwave in 2019 raised concerns of a second decline. The abiotic stress-
ors most associated with the 2010s sea star wasting outbreak were elevated sea surface temperature and low wave exposure,
as well as freshwater discharge in the north. However, detailed data speaking directly to the biological, ecological, and envi-
ronmental cause(s) and consequences of the sea star wasting outbreak remain limited in scope, unavoidably retrospective, and
perhaps always indeterminate. Redressing this shortfall for the future will require a broad spectrum of monitoring studies not
less than the taxonomically broad cross-scale framework we have modeled in this synthesis.

Introduction 2016; Menge et al., 2016) and genotype (Schiebelhut et al,
A decade after one of the largest marine mass mortalities 2018). Most recently, dysoxia-induced dysbiosis was sug-
on record, we are still at a loss as to the cause(s) and mech- gested as a proximate cause for SSW, with origins in excess
anism(s) that manifested in the sea star wasting (SSW) organic matter liberated through increased primary pro-

epidemic of the early to mid-2010s. This mass-mortality ~ ductivity or mortality (Aquino et al, 2021). These attributes
event captured public and research attention because of  of the 2010s outbreak often resemble hypothesized causes
its broad community impacts (e.g., McPherson et al., 2021), and dynamics of previous SSW outbreaks, which also impli-
its inferred taxonomic breadth (Hewson et al, 2014), and its cated one or more factors possibly interacting. For example,
severity for some taxa. Notably, it led to International Bates et al. (2009) found that SSW associated with increased
Union for Conservation of Nature listing of the sunflower ~ temperature and was exacerbated by shelter; lesions were
sea star, Pycnopodia helianthoides, as critically endangered ~ enriched with a ciliate and bacteria (Bates et al, 2009).
(Gravem et al., 2021). In addition to extirpating P. helian- Dungan et al. (1982) likewise considered elevated tempera-
thoides from half of its range (Harvell et al., 2019; Gravem  ture of primary importance but also noted extreme low sa-
et al.,2021; Hamilton et al., 2021), SSW decimated Pisaster ~ linities due to heavy rains as potential causes for SSW that
ochraceus (Miner et al., 2018), decreased the abundances devastated intertidal and shallow subtidal (intertidal/shal-
of Leptasterias (Jaffe et al., 2019), and was reported to have low subtidal) sea star populations in the Gulf of California.
affected “atleast 20” species (Hewson et al., 2014) that span They considered similar die-offs in geographically and ocean-

much of the asteroid tree of life (Schiebelhut et al., 2022b). ographically distinct regions to indicate a common cause,
This was not the first SSW outbreak (e.g., Dungan et al, ruling out most kinds of localized disturbance as potential
1982; Eckert et al., 2000) but is widely acknowledged to explanations (Dungan et al., 1982).
have been the most severe on record (Harvell et al., 2019; The increasing number of SSW events has not been
Hewson et al., 2019). The broad geographic and phylo- matched by increased understanding; rather, it has empha-
genetic reach of SSW tended to focus attention toward the sized persistent questions and gaps in knowledge. For ex-
large scale of the catastrophe and on studies of the most ample: Is temperature the primary determinant? Does it
affected species to determine causes and consequences. interact with other factors? Is a pathogen involved? If yes,
Yet the severity and timing of mass mortalities were spatially ~ what is it (Dungan et al., 1982; Hewson et al., 2018)? In-
and taxonomically heterogeneous (Menge et al, 2016; formation about SSW events is fragmented as a result of
Montecino-Latorre et al., 2016; Konar et al., 2019), leading mismatches in the scales of events and measurements, the
to a kaleidoscope of results and a shifting mosaic of data greater ease of sampling some taxa over others, the challenges
that has confounded clear associations between causes of sampling in geographically and/or technologically remote
and effects of SSW and abiotic and biotic variation. locations, and the inevitable time and procedural constraints
The hypothesized cause(s) of the 2010s SSW outbreak  of in-person fieldwork. Consequently, baseline conditions,
are diverse. The outbreak has been associated with, in chro- new incidences of the disease, the earliest stages of propaga-
nological order of publication, a viral pathogen (Hewson  tion, and its severity are rarely documented. This problem
et al., 2014; Fuess et al., 2015; Bucci et al., 2017), warmer of piecemeal information when a geographically and taxo-
temperature (Eisenlord et al., 2016; Kohl et al., 2016; Harvell nomically integrative picture is needed is not new (Orr
et al., 2019), cooler temperature (Menge et al., 2016), possi- et al., 2020) and requires that we look beyond the immedi-
bly reduced precipitation (Hewson et al, 2018), and/or in- ate event to find broader understanding (Huey and Grant,
teractions thereof. The occurrence of SSW appears to have 2020). This includes asking what SSW can reveal about the
been mediated by oceanographic conditions (Aalto et al, ecology and environment of sea stars generally and the way

2020) and modulated by individual size (Eisenlord et al, we study them, in addition to better understanding sea stars’
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dynamics in the specific context of SSW outbreaks. Our
goal here is to synthesize information from a diversity of
sources, only some of which were collected in the immedi-
ate context of SSW, that describe ecological and environ-
mental dynamics for many taxa spanning a range of spatial
and temporal scales. Our objectives are to better delimit the
spatial, taxonomic, and temporal influence of—and thereby
better focus information on the environmental factors
(agnostic of whether a pathogen was involved) possibly
contributing to—SSW. The key stage in this process is to
first expand analyses to consider a suite of mostly lesser-
known species.

Materials and Methods

Broadscale analyses

Our goal was to summarize data for environmental vari-
ables and for each sea star species annually into half-
degree latitudinal cells (aka “cell”; Fig. 1a [generated using
the oce v1.4-0 (Kelley and Richards, 2021) and sf v0.9-7
(Pebesma, 2018) packages in R (R Core Team, 2020)]) or
their approximate equivalent (i.e., ~55-70 km; Supplemen-
tary Document 1 [Supplementary Documents 1-8 are avail-
able online]) where the coast does not run predominantly
north-south.

Environment

We considered five abiotic attributes that previously have
been highlighted as possibly associated with SSW: temper-
ature, pelagic primary productivity, upwelling, wave expo-
sure, and precipitation. The indices we used to represent
these attributes, and how they were calculated, are as follows.

Temperature. We calculated a monthly sea surface tem-
perature (SST) anomaly from monthly mean satellite data
averaged over half-degree alongshore distances. The orig-
inal 5-km-resolution data were downloaded from the “SST
and SST Anomaly, NOAA Global Coral Bleaching Monitor-
ing, 5km, V.3.1, Monthly, 1985-Present” dataset at National
Oceanic and Atmospheric Administration Environmental
Research Division Data Access Program (NOAA ERDDAP;
https://coastwatch.pfeg.noaa.gov/erddap/griddap/NOAA
_DHW_monthly.html), using the “griddap” function to re-
quest specific coordinate pairs from the SST gridded dataset
(Supplementary Document 2). Anomalies were calculated
for each cell and each of the 120 months from 2011 to 2020
by subtracting a long-term monthly average value for that
cell (calculated over years 2003-2020) from the observed
monthly mean temperature.

Pelagic primary productivity. We calculated a monthly
mean sea surface chlorophyll a (Chl a) anomaly as an in-
dex of phytoplankton productivity within ~4 km of shore;
Chl a satellite data were downloaded from the “Chlorophyll-
a, Aqua MODIS, NPP, L3SMI, Global, 4km, Science Qual-
ity, 2003-present (Monthly Composite)” dataset at NOAA
ERDDAP (https://coastwatch.pfeg.noaa.gov/erddap/griddap
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/erdMH1chlamday.html). The half-degree monthly anoma-
lies were then calculated as described for SST.

Upwelling. We indexed the intensity of upwelling by us-
ing the Bakun upwelling index (BUI), which quantifies the
regional shelf-scale strength of wind forcing; BUI datasets
provide 6-hourly data at 15 stations, at 3° latitude intervals,
along the US west coast. These were downloaded from
NOAA ERDDAP (see Supplementary Document Table S2),
monthly averaged and linearly interpolated to obtain values
at 1° latitude resolution. The monthly anomaly was then
calculated as described for SST and Chl a.

Wave exposure. Wave data collected every minute were
downloaded from NOAA’s National Data Buoy Center for
10 outercoast sites between 32.5° N and 58° N (Supple-
mentary Document 2). For each site, wave height data
were averaged hourly and then again daily (i.e., a mean-
of-means) to enable identification of the 75th percentile
of the daily wave heights as an index of monthly exposure
to large waves in each region. Although local-scale vari-
ability is not captured, seasonal and interannual differences
are well represented and these offshore sites index sig-
nificant alongshore distances (similar in scale to other
1° indices).

Freshwater runoff. As an index for freshwater influences
in the coastal ocean, we used river flow rates for 18 se-
lected coastal drainages between Alaska and southern Cal-
ifornia (note we excluded large drainage systems that are
not representative of variability in near-coast precipitation
or near-coast salinity effects, e.g., Columbia River). While
flow rates varied markedly between rivers, each provided
an index identifying times of high or low runoftf as repre-
sentative for proximate rivers and creeks. These data were
downloaded from the US Geological Survey National Wa-
ter Information System (see Supplementary Document 2).
Flow data were averaged monthly and normalized by di-
viding each monthly observation by the long-term monthly
average for that site (calculated from data spanning 2003-
2020).

Biology

We censused 18 teams surveying sea stars in the north-
eastern Pacific, of which six contributed datasets: MexCal
(Beas-Luna et al., 2020), Center for Alaskan Coastal Stud-
ies (K. Gavenus), Ocean Wise, the Multi-Agency Rocky
Intertidal Network (MARINe, 2015; Miner et al., 2018),
National Marine Fisheries Service (NMFS; Keller et al.,
2017), and Gulf Watch Alaska (Dean and Bodkin, 2011;
Dean et al., 2014; Konar et al., 2019; USGS, 2022). Datasets
spanned from southern Baja California to the northern
Gulf of Alaska and from the intertidal zone to 1430-m
depth, and they included up to four basic data types: oc-
currence, abundance, SSW prevalence, and number of
recruits. Because different datasets used different methods
(e.g., trawls providing catch-per-unit-effort [CPUE],
transects providing densities, and counts in permanent plots;
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Figure 1. Study design for sea star surveys and complementary large-scale spatial and temporal environmental variation, 2011-2020. (a) Map showing the
extent and resolution of sea star survey data compiled for this study. The red crosshairs show consecutive boundaries of latitudinal cells used to aggregate
data; they are numbered consecutively and labeled periodically from south to northwest along the outer coast. Divisions of inshore waters around San
Francisco (SFB), Puget Sound and Vancouver Island (sSS, southern Salish Sea; HC, Hood Canal; ¢SS, central Salish Sea; JdF, Strait of Juan de Fuca;
nSS, northern Salish Sea; neVI, northeastern Vancouver Island), and southeastern Alaska (SEAK; sSEAK, southern; cSEAK, central; nSEAK, northern)
are bounded by boxes. The map is an azimuthal equidistant projection. Sea surface temperature (SST) monthly anomaly (b) and SST monthly climatology
(c) for 2003-2020. Chlorophyll a (Chl a) monthly anomaly (d) and Chl a monthly climatology (e) for 2003-2020; white cells indicate missing data due
primarily to absence of daylight at high latitudes during northern hemisphere winter. Bakun upwelling index (BUI) monthly anomaly (f) and BUI monthly
climatology (g) for 2003-2020. Asterisks indicate the divisions of inshore waters around San Francisco, Puget Sound and Vancouver Island, and south-
eastern Alaska, whereas other sites indicate outer coastal regions. Place names are provided to match sea star and environmental datasets, for which num-
bering systems differ in resolution.
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see detailed methods in Supplementary Document 3) and in-
cluded different numbers of sites and intensities of sampling,
we used the following procedure for data harmonization.

Species’ occurrence. If a species was documented in any
of the seven datasets, at any latitudinal point in the study
area (Fig. 1), in a given year, the species was coded as pres-
ent. A “pre-SSW” (“pre-2013”) reference point was limited
to considering data from 2000 to 2012, to avoid inclusion of
very rare species, which were only historically (pre-2000)
present in the study area. Species were coded as absent only
if there was an effort to sample them in one or more surveys
and they were not found; if no effort was documented to
sample a species, it was coded as “No Data” for that year.

Species’ abundance. Considering each dataset separately,
we standardized each species x cell value by rescaling the
annual abundances as proportions of the maximum abun-
dance observed for that species in that time series; the highest
recorded annual abundance for each species was therefore
plotted as 1 and the lowest abundance a fraction thereof,
with the minimum possible being 0 when species were ab-
sent. Time series with an observation in only one year were
excluded, because that value could not be standardized rel-
ative to any other measurement and so would inevitably
be 1. Pre-2013 data were calculated as an average of data be-
tween 2006 and 2012. For any species x cell combinations
that were represented in more than one dataset, we then cal-
culated the mean relative abundance for each cell x year.
Because some new sites added in 2017 or more recently dis-
proportionately had zero abundances, we calculated the
mean relative abundance both including and excluding ze-
ros to assess the possibility that zeros were driving observed
patterns.

Severity of SSW. A subset of intertidal datasets assessed
either (a) presence/absence of wasting disease or (b) percent
prevalence, that is, proportion of observed sea stars that
were symptomatic. To report trends by species, (a) SSW oc-
currence data were summed and (b) prevalence data were
averaged, across all datasets and latitudinal cells for each
species annually. To report trends by latitude, (a) SSW oc-
currence data were summed and (b) prevalence data were
averaged, across all datasets and all species for each latitudi-
nal cell annually.

Recruitment. Two datasets provided estimates of the
number of recruits. For intertidal Pisaster ochraceus (Brandt,
1835) and Evasterias troschelii (Stimpson, 1862), individuals
<30 mm radius were considered recently recruited in the
preceding year (Miner et al., 2018), though other studies
have used smaller cutoffs for identifying the past year’s re-
cruits; for example, Menge et al. (2016) used <50 mm diam-
eter. For subtidal surveys, individuals with radius <50 mm
were considered recent recruits. These choices trade off be-
ing overly inclusive versus overly exclusive of actual recruits.

For display, these data were then organized primarily
by latitude or by species’ depth distributions, the order be-
ing based on the median depth of species occurrences in
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the included datasets. From the four basic datasets, we aimed
to infer three additional attributes.

Number of species affected (i.e., those that were extir-
pated, declined dramatically in abundance, and/or had
high frequencies of symptoms of wasting). Records for in-
tertidal surveys commonly include observations of SSW.
By contrast, SSW has not been recorded as part of NMES
trawl surveys. As such, we analyzed species’ abundance
trends through time to determine which of these species
declined during the high wasting period 2013-2015 in Cal-
ifornia, Oregon, and Washington and to categorize those
impacted into degrees of severity. We plotted the mean and
95% confidence interval (CI) for each species that had
>0.01 mean CPUE for the period 2006-2012 (data collected
2003-2005 were not reliably identified to species) and cal-
culated the mean CPUE for each year 2013-2018. Species
were then categorized as (1) decreasing if the post-2012 an-
nual means fell below the 2006-2012 lower 95% CI for two
or more consecutive years starting between 2013 and 2015,
(2) increasing if the post-2012 annual means rose above the
2006-2012 upper 95% CI for three consecutive or four non-
consecutive years starting between 2013 and 2015, or (3) no
change if the species’ abundance trend did not fit either of
the two preceding categories.

Timing of onset of the SSW outbreak. We examined for
unusual declines in species’ abundances and elevated or
peak levels of SSW to delimit the start of the SSW outbreak.

Timing of the end of the SSW outbreak. We examined
for increases in affected species’ abundances, increases in
recruitment, and declines in the prevalence of symptomatic
sea stars to delimit the end of the SSW outbreak.

Small-scale analyses

Time line of SSW progression. Intertidal P. ochraceus were
surveyed every 2 weeks at 10 sites across the San Juan Is-
lands, Washington, in 2014 (May-August; San Juan, Orcas,
and Lopez Islands). There were 1-4 (mean = 2.4; median =
3) fixed plots per site, ranging in size from 3.3 to 102 m in
length (mean = 31 m; median = 23 m), depending on ac-
cessibility and topography of the area, and roughly 3 m in
vertical height (from the waterline at low tide to the high
intertidal). At each observation site and day, surface water
temperature was recorded using a handheld YSI meter
(model 85; Yellow Springs, OH), and every sea star within
a fixed plot was counted and observed for signs of wasting
disease. Sites were grouped into those with surface water
temperatures above versus below 15 °C at time of sampling.
We estimated time to 50% mortality (LTs5,) for each site by
linear interpolation between the immediately preceding
and following measurements and compared the two tem-
perature groups using a two-tailed ¢ test. In the same time
frame, subtidal surveys were performed at seven sites with-
out temperature data. Subtidal belt transects (20 m x 4 m)
were sampled with a minimum 20-m separation between
transects; the number of subtidal transects per site varied
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with site and sea conditions (1-4 transects per dive; mean =
2.1; median = 2; distances between the start and end points
of dives, according to boat-based GPS, ranged from 38 to
120 m). The mean number of sea stars per transect of each
focal species on that day was calculated per site surveyed.

Additionally, qualitative observation data were collected
on a weekly basis in fall 2014 (October to mid-December) as
part of a subtidal ecology class at Hopkins Marine Station in
Pacific Grove, Monterey, California. At least 16 transects
(30 m x 2 m) were completed each sample day at depths
of between 8 and 11 m, sampled by two student divers (with
half checked by instructors snorkeling [P. Raimondi, M.
Carr]). Observations of sea star presence and health were
recorded for all species encountered by divers each week,
which allowed for documentation of when signs of SSW
first emerged within each species and when species were
no longer present.

SSW-associated mortality and wave exposure. Pisaster
ochraceus mortality at sites in north-central California
was estimated by quantifying the difference in the densi-
ties between 2012-2013 (pre-SSW) and 2014-2015 (after
major mortality) (Schiebelhut et al., 2018). Densities were
estimated using GPS-tracked 2-m-wide walking transects
in each of two areas within a site, often separated by about
100 m on either side of a cove or headland. The percent
change in density between time points was reported. Sites
spanned three counties: Mendocino (Moat Creek, Iversen
Point, Serenisea), Sonoma (Del Mar Landing, Sculpture
Point, Fisk Mill Cove, Philips Gulch, Windermere Point,
Twin Coves, Bodega Head), and Marin (McClures Beach,
Lifeboat House, Palomarin, Duxbury Reef).

Mean significant wave height data at the 15-m isobath
were obtained from the Monitoring and Prediction Sys-
tem (MOPs) model provided by the Coastal Data Infor-
mation Program (O’Reilly et al, 2016). Each of the two ar-
eas of a site corresponded to a single MOPs model site,
except for Bodega Head, at which the two areas surveyed
corresponded to different MOPs model sites and were
therefore reported separately. These data are likely overes-
timates of shoreline wave height, because shoreline survey
sites are often sheltered by offshore rock outcrops and
headlands, but should be broadly representative of shore-
line conditions, barring any modification by small-scale
coastal topography. Because these survey sites were bro-
ken into two distinct areas, differences in wave exposure
were qualitatively assessed between the two areas, using
predominant wave direction, expected refraction and shel-
tering, and 10 years of personal observations working at
the sites. Sites were split into two categories: (1) those com-
posed of two areas with different wave exposure, that is,
“more” and “less,” and (2) those for which the area that re-
ceived greater wave exposure could not be confidently de-
termined, in which cases the north side of each site was
arbitrarily denoted as “area 1” and the south side “area 2.”
For each of the groups separately, a one-tailed paired ¢ test
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was conducted between each of the areas within a site
to assess whether they differed significantly in terms of
mortality.

Environment-species integration
A subset of species for which we have estimates of SSW
impact was used to explore the relationship between a suite
of organismal traits and wasting. Collection of trait data
is described in detail in Schiebelhut et al. (2022b). Briefly,
traits used here include categorically coded traits (develop-
mental mode, diet, and habitat) and continuous traits (min-
imum depth of occurrence, maximum depth of occurrence,
and median month of peak reproductive period). The SSW
impact was coded according to the culmination of analyses
herein—population size nadir in 2013, direct observation of
SSW, likelihood of an extended period of decreased popu-
lation size post-2013—and its intersection with prior esti-
mates of severity by MARINe (2018). We recognized four
categories of impact: 3 = high (multiple lines of evidence
of high impact), 2 = medium (multiple lines of evidence
of medium effect or some lines indicating high and others
low effect), 1 = low (one or more lines of evidence of low
effect), and 0 = no evidence of substantial impact. Several
species were included for which we did not have SSW im-
pact estimates, so we could explore whether we might ex-
pect them to have wasting impacts based on their traits.
We conducted a principal component analysis (PCA)
with function “PCA” from FactoMineR (Lé et al., 2008)
to assess the strength of the relationship between six var-
iables: developmental mode = (benthic lecithotroph [i.e.,
brooding]), (pelagic lecithotroph), (pelagic planktotroph),
or (mixed benthic and pelagic lecithotroph); depth of
deepest occurrence; depth of shallowest occurrence; habi-
tat = (rock), (soft sediments), (rock, gravel, pebbles, cob-
bles), or (rocks and soft sediments); reproductive season =
median month of peak reproductive period; and diet. Prin-
cipal axes were generated to explain the maximal amount of
variance in the data. The PCA algorithm generates principal
components (axes) where the data show the maximum
amount of variance (Legendre and Legendre, 2012). The
PCA outputs a two-dimensional ordination plot that visu-
alizes the relationships between predictor variables. Miss-
ing data and data normalization were addressed using the
“pca.mvreplace” function of mdatools R package (Kucher-
yavskiy, 2020). A scree plot test was used to identify the two
significant axes in the PCA, and the PCA was visualized
using the R functions “fviz_eig” and “fviz_pca_var” of the
factoextra R package, respectively (Kassambara and Mundt,
2020).

Results
Broadscale analyses

Environment. The SST (Fig. 1b, ¢) exhibits typical trends
across latitudes and seasons. Distinct spatial features that
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overlay the latitudinal trend in seasonal climatology (Fig. 1c)
include warmer water in bays (e.g., San Francisco Bay,
cell 31) and gulfs (e.g., Southern California Bight, cells 18-
23) in summer and cooler waters associated with upwelling
maxima at headlands (e.g., Cape Arago, Cape Mendocino,
cells 35, 42). Seasonal trends shift from British Columbia
and Alaska, where the coolest months are February/March/
April, to strong-upwelling regions like Oregon and north/
central California, where the coolest months are April/May/
June. The warmest months are generally August toward the
north and September toward the south. Latitude-dependent
interannual cooling and warming overlay these seasonal
patterns (Fig. 1b). Although 2011 and 2012 exhibited cool
anomalies in general, distinct brief warm anomalies of >2 °C
occurred off Baja California in September-October 2012
and off Oregon and Washington in September 2013. These
were followed by a few years of widespread and persistent
positive anomalies (2014-2016) associated with the Pacific
“warm blob” and developing El Niflo conditions, most no-
table in winter (September/October-February/March 2014
and 2015) and at lower latitudes from Baja California to
Washington. The strongest warm anomalies in Alaska oc-
curred in the summer of 2016. While cooler conditions
prevailed throughout the study region in 2017 and 2018,
warm anomalies returned in 2019, particularly in Alaska
and also in fall in Oregon and Washington. Within bays,
anomalies were often inconsistent with open coastal wa-
ters; for example, San Francisco Bay exhibited marked pos-
itive anomalies 2017-2020, while open waters in central
California were mostly cooler than average.

Surface Chl a concentration exhibits a seasonal cycle,
peaking in late spring or early summer at most latitudes
(Fig. 1e). More persistent Chl a levels are observed in bays
downstream of upwelling centers, for example, just north
of Bahia Magdalena (cells 2-3), Guerrero Negro (9-11),
Southern California Bight (21-23), Gulf of Farallones
(29-32), just north of Cape Mendocino (38-39), and just
north of Cape Arago (42-43). More persistently high Chl
a also occurs in the Salish Sea and other inland waters off
British Columbia and southeast Alaska. The Chl a anom-
alies are at smaller local scales than SST (Fig. 1d). The only
persistent anomaly is off British Columbia and Washing-
ton in early 2015.

Upwelling winds are most intense off north-central
California, where they persist year-round with a peak in
April-June (Fig. 1g). Off Baja California and southern Cal-
ifornia, upwelling winds are weaker and peak earlier. North
of Cape Mendocino in northern California, the upwelling
season alternates with a winter downwelling season, and
off Alaska, wind in the summer months is neither upwelling
nor downwelling favorable. Positive anomalies (stronger
than usual upwelling winds) occurred off Baja California
during 2011 and 2012, off California in summer 2012 and
spring 2013, and in the 2013-2014 winter from San Francisco
north to Alaska (Fig. 1f). By contrast, the winters of 2015-
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2016 and 2016-2017 are marked by strong downwelling
(negative anomalies) from Oregon to Alaska and by weaker
upwelling off northern/central California.

Wave height exhibits strong seasonality (i.e., bigger
waves in winter) and a strong correlation with latitude
(i.e., bigger waves at higher latitudes [when considering
outercoast sites]; Fig. 2a). Overall, winters at the start of
2013-2015 exhibited lower wave heights than other win-
ters, and the largest wave heights were observed in the
2015-2016 winter throughout the northeastern Pacific study
region.

River discharge, a proxy for freshwater exposure and al-
lochthonous materials of terrestrial origin, shows consider-
able variation, with dry and wet years in quick succession.
Considerable local variation is indicated by variation among
watersheds in a given state, but peak discharge events are
concurrent from northern California to Washington (e.g.,
peaks in late 2013 and late 2016 into 2017; Fig. 2b). Peak
freshwater runoff in Alaska in 2014 and 2015 coincided
with dry or normal years to the south, whereas 2017 was
awet year in Oregon and California but a dry year in Alaska.
In general, drier-than-usual conditions were observed in
California at the time of the SSW outbreak in 2013-2014.
However, wetter-than-usual conditions were observed in
Alaska at the time of the inferred SSW outbreak in 2015-
2016.

Biology. The patterns of abundance of sea stars in the
northeastern Pacific intertidal and subtidal zones vary
greatly by species and through time (Fig. 3). Minimal
and maximal abundances occur in at least one species in
every time period considered, that is, pre-2013 and annu-
ally since (Fig. 3a). Considering all 65 species and all years
for which we had data, maxima predominate in pre-2013
(17 species), while minima predominate in 2013 (26 spe-
cies) and 2019 (36 species; Fig. 3c). Minima were slightly
more intense in intertidal/shallow subtidal species (9 of
12 species; 75%) than in deeper-water species (19 of 52;
37%) in 2013. While mean relative abundance increased
consistently from 2013 to 2018, the mean annual relative
abundance remained lower in all post-2012 years than in
pre-2013. While this could be a function of comparing
12 years pre-2013 with only 8 years post-2012, the long-
term average in both periods would be expected to be the
same if population sizes overall were stable or fluctuated
randomly around a mean, and this clearly did not occur.
Moreover, mean relative abundance appears to have de-
clined a second time in 2019.

For species for which only presence and/or absence data
exist, species showed great variability in temporal patterns
of occurrence (Fig. 3b). While overall, species were fre-
quently absent in one or more years post-2012, there may
be little information in contrasting a presence during the years
pre-2013 with an absence in one or more years post-
2012, particularly for small and cryptic species in the genera
Henricia and Leptasterias.
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Figure 2. Large-scale spatial and temporal variation in wave exposure and freshwater influence for 2011-2020. (a) Wave height variation at stations from
southern California to southeastern Alaska, showing greater wave exposure at outercoast buoys and more marked seasonality in more northerly regions.

(b) Relative river discharge for drainages grouped by state to show regional concurrence and variation in precipitation and freshwater influence. The hor-
izontal line at y = 1 represents the long-term average; note that the greater amplitude in relative discharge indicates greater episodic variation in more

southerly regions, although absolute volumes are less.

Data on the prevalence of SSW are available for 12 in-
tertidal/shallow subtidal species, mostly beginning in 2014.
The greatest taxonomic and latitudinal breadths of SSW
occur in 2014, though with a notable secondary peak in
2016 in the northernmost cells and species (Fig. 4). The
prevalence of wasting declined substantially within 1-
2 years after the peak in most species, though SSW-like
symptoms have remained present at low prevalence rates
in most species and latitudes.

Data on recruitment are available for only eight taxa
(Fig. 5). For half of these, we infer that recruitment has
been nonzero in all surveyed years post-2013. Data for
2013 were available only for Pisaster ochraceus and were
also nonzero. Information on latitudinal patterns in re-
cruitment are informed primarily by data on P. ochraceus
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recruitment, which intensified in 2015. Recruitment south
of Point Conception (southern California) has been nota-
bly weak to absent and waned in recent years but re-
mained strong in northern California and Oregon. Farther
north, recruitment appears to have occurred in most years,
but not in high numbers.

Small-scale analyses

Time line of SSW progression. Three analyses of SSW in
the wild, one intertidal and two subtidal, emphasize the ra-
pidity with which SSW can cause substantial population
declines once symptoms first emerge. The 2014 intertidal
study of P. ochraceus in the San Juan Islands, Washington,
showed that populations can proceed from almost 100%
asymptomatic individuals to over 80% symptomatic
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Figure 3. Abundance and presence/absence dynamics of northeastern Pacific sea stars from 2000 to 2020. (a) Relative abundance of 51 regularly encoun-
tered asteroid species through time. The heatmap is standardized to emphasize the intraspecific dynamics of each species, rather than the relative abun-
dances of different species, by dividing all annual abundances of a species by that species’ maximum abundance. The maximum observed abundance of
any species is therefore 1.00 (dark blue); if two or more datasets were available for a species, abundances were averaged after standardization, in which case
the maximum abundance may be <1.00. Thus, some taxa may be far more abundant than others, which is represented by the three numbers at the end of

each row: sample size (the number of positive surveys [green, intertidal transects; blue, trawls]), proportion (of transects that were nonzero or of trawl
years in which the 25th percentile was greater than zero), and abundance (median for transects, median of the annual medians for trawls). Dark gray

cells indicate no data (ND) for that species in that year; the majority of missing data are for species surveyed only by the National Marine Fisheries Service,

which did not conduct surveys in 2020 because of COVID-19 restrictions. Species with data in 2020 were present in intertidal surveys. (b) Occurrence of
species for which abundance data were not available. In both (a) and (b) taxa are ordered by relative rank of their depth distribution, from the shallowest
(top) to the deepest (bottom), based first on whether they occur intertidally, then second on the median depth of species occurrence, and third alphabet-

ically. Note that in this figure redder colors represent low abundance, that is, ostensibly “worse” years for sea stars. (c) Frequency of minimal and maximal
abundances of 65 sea star species through time, that is, the 51 species in (a) plus 14 others recovered less regularly. Dotted lines connecting the datum for
2019 indicate an effect coincident with a marine heatwave but possibly exacerbated by undersampling of rare species due to a reduced number of trawls.

(d) Mean relative abundance of northeastern Pacific sea stars (+95% confidence intervals [CIs]) had a nadir in 2013 and may have ratcheted down further
in 2019. Dotted lines connecting the datum for 2019 indicate an effect possibly exacerbated by undersampling of rare species due to a reduced number of

trawls.

individuals within 3 weeks, irrespective of water tempera-
ture, though cooler temperature is associated with later onset
(mean + SD LT, = 67 + 10.0 vs. 45 £ 7.8 days; P =
0.009) and a slight lengthening of the duration (Fig. 6a).
Likewise, a multispecies study off Pacific Grove, Califor-
nia, showed that wasting may be equally rapid in subtidal
populations, although the rate of extirpation of sea stars
from a locality is dependent upon species (Fig. 6b), a pat-
tern also apparent in subtidal populations in the San Juan
Islands (Fig. 6¢). These multispecies studies showed dif-
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ferences in response times associated with different local
environmental conditions and taxa and illustrate how the
impacts of SSW become temporally drawn out when as-
sessed at the community level.

SSW-associated mortality and wave exposure. Pisaster
ochraceus at central California sites with low wave height
(e.g., <0.7 m) experienced high (>80%) mortality; how-
ever, at sites with greater wave exposure, there was high
variability in mortality (Fig. 7a). Within-site comparisons
of areas with either different or undifferentiable qualitative
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Figure 4. Sea star wasting (SSW) impact by taxon and by latitude.
(a) Prevalence of symptomatic individuals in taxa for which data were col-
lected. The top panel shows the prevalence across five species for which
only presence/absence of SSW was recorded; these are primarily data from
Alaska. The bottom panel shows the prevalence within each of 12 species
for which percent prevalence was quantified. The species are organized by
mean latitude of cells in which measurements were taken for that species,
with more northerly distributed taxa toward the top of the panel and more
southerly distributed taxa toward the bottom. All taxa are shallow-water
taxa; SSW was not recorded for deeper-water taxa in the National Marine
Fisheries Service trawl surveys. (b) Community-level SSW prevalence, in
about half-degree cells, ordered by latitude from northwest (top) to south
(bottom); cell numbers to the left of the panel show the latitudinal cells;
two-digit numbers correspond to outercoast sites; and three-digit cells in-
dicate inshore divisions around San Francisco, Puget Sound and Vancou-
ver Island, and southeastern Alaska. Numbers to the right of the panel
show the number of species for which data were included in each latitu-
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wave exposures showed increased mortality with decreased
wave exposure (f = —3.85,df = 5, P = 0.0060; Fig. 7b) and
no significant difference in mortality between similarly ex-
posed areas (t = —0.73, df = 3, P = 0.2596; Fig. 7¢).

Environment-species integration

The first three principal components (PCs) explain 77.7% of
variation (axis 1: 37.5%; axis 2: 24.8%; axis 3: 15.4%) in the
distributional, habitat, and dietary characteristics of north-
eastern Pacific sea stars (Fig. 8). The PCA did not clearly dif-
ferentiate sea stars that exhibited low-, intermediate-, or
high-severity SSW, indicating that there was no clear rela-
tionship between wasting and any single characteristic or
suite of characteristics included. The close grouping of con-
generic species (e.g., Asterias spp., Pisaster spp.), for exam-
ple, indicates ecological similarity, though inferred SSW im-
pacts were sometimes quite different. However, the first axis
illustrates a tendency for species exhibiting high and some
mortality to occur farther to the left (i.e., shallower) than
the remaining ones. Thus, minimum and maximum depth
and early reproductive season were the strongest contribu-
tors to the first principal component (PC1). Notably, one of
the two species in this analysis that experienced no sub-
stantial SSW impact, Rathbunaster californicus, is a deeper-
water species and is segregated strongly along this axis from
its sister taxon, Pycnopodia helianthoides, which is found in
shallower water and was among the most negatively affected
by SSW. The other species in this analysis that experienced
no substantial SSW impact, Ceramaster patagonicus, is also
a deeper-water species that segregates with species with
low severity of SSW (Fig. 8) toward the right of PCI. For
species with unknown SSW impact, positioning in the PCA
would implicate Asterias forbesi, Asterias rubens, Heliaster
kubiniji, and Henricia pumila as being medium to highly
susceptible to SSW, while Leptychaster pacificus would have
relatively low susceptibility to SSW. The presentation and
mechanisms of these spatially and temporally distinct
events, which have all been referred to as “SSW” in the lit-
erature, are of course debated as to whether they represent
the same phenomenon (Oulhen et al, 2022).

Discussion

Broadscale analyses

Biology. Our narrative analysis of 65 sea star species, across
geographic scales from single-site to coast-wide and tem-
poral scales from weeks to decades, shows that the first
signs of SSW appeared in 2013, were widespread by 2014,

dinal cell. Note that in this figure redder colors represent high disease
prevalence, that is, ostensibly “worse” years for sea stars. In both panels,
dark gray cells indicate no data. Genus abbreviations are as follows: A.,
Asterias; D., Dermasterias; E., Evasterias; P., Pisaster; Pa., Patiria; Py.,
Pycnopodia; S., Solaster. ND, no data.
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Figure 5. Sea star recruitment by taxon and by latitude. (a) Number of
recruits per 200 m” for the subset of species for which data were collected,
organized by taxon. All taxa are intertidal/shallow subtidal; sea star wast-
ing (SSW) was not recorded for deeper taxa. The species are organized by
mean latitude of cells in which measurements were taken; that is, more
northerly distributed taxa are toward the top of the graph, and more south-
erly taxa are toward the bottom. (b) The same data reorganized by latitu-
dinal cell, with two-digit numbers to the left of the panel corresponding to
outercoast sites and three-digit cells indicating inshore divisions around San
Francisco, Puget Sound and Vancouver Island, and southeastern Alaska.
Numbers immediately to the right of the panel show the number of species
contributing data to that cell. Mostly there is one species per cell, that is,
Pisaster ochraceus (cells 20-50, 51) or Evasterias troschelii (cells 169, 86),
or two species (i.e., P. ochraceus and E. troschelii; cells 147, 148, 152, 69), with
surveys of other species contributing to a small number of cells (149 = E.
troschelii, Henricia, Leptasterias, Pisaster brevispinus, P. ochraceus, Pycnopodia
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and continued to expand northward in 2015 and 2016
(Menge et al., 2016; Miner et al., 2018; Konar et al., 2019).
These dynamics are implied in dramatic declines in abun-
dance across many species—nadirs were measured in 26 spe-
cies in 2013—though the first direct quantitative estimates
of the incidence of SSW are from 2014, when a suite of stud-
ies began assessing the proportion of sea stars displaying
symptoms. Sea star wasting impacted different species at
different times and in different places with varying intensi-
ties, and it has continued to be observed since, though at a
lower frequency.

The novelty and impact of our analysis is sixfold. One,
it points to an effect concentrated in intertidal/shallow
subtidal communities. Considering species for which there
are pre-2013, 2013, and 2014 data, abundance minima in
2013 prevail in 75% of intertidal/shallow subtidal species
(9 of 12) but are half as frequent (19 of 52; 37%) in deeper-
water species. Because intertidal and subtidal populations
of a given species show somewhat similar dynamics de-
spite differences in methods, locations, and timing of sur-
veys (Supplementary Document 4), the difference in SSW
impacts between intertidal/shallow subtidal and deeper
subtidal communities is best interpreted as being a conse-
quence of different species composition or different distri-
bution (habitat or depth) of those communities and their
attributes.

Two, our analyses reveal that deepwater communities
also experienced a nadir in 2013. The absence of a direct as-
sessment of SSW means that we cannot know whether
deepwater species were affected by SSW or whether declines
in abundance were indirect consequences of (tele)connec-
tions between surface oceanographic events and deepwater,
but it does indicate that dynamics of deepwater species
and communities are in part tied to surface events, perhaps
through allochthonous inputs of dead or living matter. The
NMES trawl data also show that some deepwater species
have lowest abundances at other times, likely for other rea-
sons, so these allochthonous processes can be influential but
are unlikely to be omnipotent. One of the most intriguing
patterns in the data, however, is an apparent second dra-
matic decline in abundances of multiple species in 2019.
This drop coincides with the resurgence of a “warm blob”
(Cornwall, 2019; Suryan et al., 2021) but is not marked by
increased prevalence of SSW. The observation is challeng-
ing to interpret due to there being fewer trawls in 2019,

helianthoides; 85 = Dermasterias imbricata, E. troschelii, Henricia, Or-
thasterias koehleri, P. ochraceus, P. helianthoides). Note that because sur-
veys occupy a tiny fraction of each cell and habitat is heterogeneously dis-
tributed, these numbers should not be extrapolated to estimate total counts.
Note also that in this figure redder colors represent higher numbers of re-
cruits, that is, ostensibly “better” years for sea stars. In both panels, dark gray
cells indicate no data. Genus abbreviations are as follows: D., Dermasterias;
E., Evasterias; O., Orthasterias; P., Pisaster; Py., Pycnopodia. ND, no data.



A Decade of Death and Other Dynamics

Biol. Bull. 2023, 244: 143-163

(a) 100

80

60

Sites
>15
Celsius

Percent Healthy

X X

40

Sites
<15
Celsius

20

IR R X RN

20 40 60

Days (from 15 May 2014)

80 100

Species Wk1 | Wk2 [ Wk3 | Wk4 | WK5 | Wk6 | Wk7 [ Wk8 |J2014

Pycnopodia

Orthasterias

P. brevispinus

P. giganteus

Patiria

[Healthy [ wasting []Absent

20 ® Evasterias troschelii

® Leptasterias hexactis

18 © Orthasterias koehleri
Pisaster brevispinus

16 ® Pisaster ochraceus

@ Pycnopodia helianthoides

14 ® Solaster dawsoni

12

10

Mean number of stars per transect

40 60 80

Days (from 01 May 2014)

100 120

Figure 6. Three fine-scale perspectives on the rates of onset and progres-
sion of sea star wasting (SSW) in the wild. (a) Pisaster ochraceus in the
intertidal zone of the San Juan Islands, Washington, in 2014, with fixed
plots (mean = 2.4 [median = 3] per site, of mean length 31 m [median =
23 m]) in different locations shown by different lines and segregated by color:
red, sites with sea surface temperature >15 °C; blue, sites with sea surface
temperature <15 °C. (b) Subtidal sites at Monterey, California, between Oc-
tober and December 2014. The asterisk indicates that Pisaster giganteus was
exceptionally rare during this period, leading to very small sample size.
(c) Sea star community data, by species, from belt transects (mean = 2.1;
median = 2 per site) in the subtidal zone of the San Juan islands, excluding
Henricia, which showed little SSW response at the time.

which could lead to fewer observations of rare species;
however, the drop also occurs in some common species
and is robust to calculating population dynamics in several
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different ways (Supplementary Document 5), suggesting
that it was a real phenomenon.

Three, our datasets give a quantitative estimate of the
taxonomic extent of SSW. Considering the most direct ev-
idence—observation of wasting—10 species that occur in
the intertidal zone exhibited SSW symptoms (Fig. 4a). Con-
sidering additional indirect evidence, we may infer that
up to 19 additional species with subtidal populations that
showed reduced populations in 2013 relative to 2012 and
2014 may have been impacted during the mid-2010s out-
break (Fig. 3). Of these, only five—Cryptopeltaster lepido-
notus, Pisaster brevispinus (also intertidal), Pseudarchaster
alascensis, Pycnopodia helianthoides (also intertidal), and
Zoroaster evermanni—showed the persistently reduced
abundances (Supplementary Document 6) typical of species
in intertidal surveys known to have experienced substantial
mortality from SSW. The 14-29 unique species thus impli-
cated include all five “high mortality,” 5-6 of 8 “some mor-
tality,” and up to 2 of 10 “likely affected, mortality level not
well documented” species listed by MARINe (2018). Though
there may be some ascertainment bias introduced by com-
paring across datasets that overlap only partially, there
appears to be clear and consistent evidence of substantial
SSW outbreak-related impacts in a little over one dozen
species, whereas impacts in other taxa may be indistin-
guishable from background levels of wasting or other causes
of mortality.

Four, we have improved estimates of the prevalence of
SSW in affected species during the outbreak and how it
varied among species and through time. For example, P.
brevispinus and Pisaster ochraceus suffered higher preva-
lence (maximum = 35%, 19%, respectively) and Dermas-
terias imbricata lower prevalence (maximum = 5%). The
highest prevalences (100% in Solaster dawsoni), however,
were recorded in 2015-2016 as SSW was surging in more
northerly studies. Even though the S. dawsoni estimate is
from a relatively small sample size, it suggests that the most
intense mortalities in southern species may have passed un-
measured due to a dearth of studies in 2013. This interpre-
tation is supported by data on P. helianthoides, for which
the maximum prevalence reported here is only 5%-10%
(peaking in 2016 with Alaskan datasets), though it is widely
reported to have suffered the greatest losses and to have
been extirpated from California and Oregon. We also are
able to make a rough approximation of background levels
of SSW-like symptoms, which is present chronically during
nonoutbreak periods (Eckert et al., 2000). Considering all
species that exhibited SSW in one or more years (Fig. 4a),
and excluding the single highest observed annual preva-
lence for each species (i.e., the most obvious outbreak years),
gives an upper estimate of the chronic mean prevalence
of SSW as 1.7%, which compares well with the estimate of
2% by Eckert et al. (2000).

Five, a majority (6 of 8) of studied intertidal/shallow
subtidal species recruited juveniles shortly after the acute
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Figure 7. Fine-scale relationships between wave exposure and mortality in
Pisaster ochraceus. (a) Mean significant wave height versus mean mortal-
ity by site. Site abbreviations are as follows: BHS, Bodega Head; CCM,
McClures Beach; DMS, Del Mar Landing; DRM, Duxbury Reef; FMS, Fisk
Mill Cove; IPM, Iversen Point; LHM, Lifeboat House; MCM, Moat Creek;
PGS, Philips Gulch; PMM, Palomarin; SSM, Serenisea; SPS, Sculpture
Point; TCS, Twin Coves; WPS, Windermere Point. (b) Comparisons of
within-site differences in wave exposure between each of the two areas; ar-
eas with lower wave exposure had higher mortality (P = 0.0060). (c) Com-
parisons of areas for which we could not confidently determine which area
received greater wave exposure (so we assigned the north side of each site
as area 1 and the south side as area 2); areas were not significantly different
(P = 0.2496). (d) An example of the differences in tubercle (white knobby
structure) densities in Pisaster ochraceus shown for the same area of disk.

outbreak, and while not captured by our data, observations
of juvenile D. imbricata were made by MARINe research-
ers in California and Washington (CMM, pers. comm.).
For atleast half of the species, recruitment immediately fol-
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lowed the die-off, and the number of recruits varied greatly
by species, year, and latitude. Yet based on the criteria used,
we infer that many of the studied species continued to
recruit in most subsequent years included in this study,
though recruitment success was spatially heterogeneous
(e.g., central vs. southern California) and in places has
waned through time. We extrapolate that other species also
recruited consistently because the overall relative abun-
dance of sea star communities increased post-2013. Better
understanding of the geographic and parental sources of
recruits, and species” ecologies more generally, is essential
for developing a conceptual framework for recovery rates
and for better predicting the resilience of sea star popula-
tions to future SSW outbreaks (Schiebelhut et al., 2018,
2022a).

Six, it is possible to estimate the duration of the epi-
demic at 2-3 years, based on when it started at particular
latitudes and inferred end dates based on the preceding in-
formation. Considering southern latitudes, for example,
diseased sea stars were first noted in central and southern
California by fall 2013 (Miner et al., 2018) and increased
rapidly—affecting first P. helianthoides then P. ochraceus
(19% prevalence) and later Patiria miniata (25% preva-
lence)—but by 2016 the prevalence of SSW among these
and other species in southerly communities had dropped
to ~2.5% overall (Fig. 4b, cells ca. 20-34). In areas where
the disease peaked later, for example, in Alaska in 2015-
2016, SSW prevalence again subsided to <2% by 2018
(Fig. 4b, cells ca. 69-86). Though individual species may
have experienced more short-lived effects, different spe-
cies’ tolerances led to persistence of symptoms at elevated
rates within and among communities for ~3 years. Fur-
thermore, the repercussions have lasted much longer. Al-
though recruitment began largely immediately for many
species and places (albeit heterogeneous and with notable
exceptions such as P. helianthoides in California), the over-
all mean relative abundance of sea star communities has re-
sponded only slowly. Of particular concern is the indication
that mass-mortality events may occur at shorter periodici-
ties than the duration of recovery, potentially ratcheting
populations toward extirpation, communities toward col-
lapse, and species toward extinction.

Environment. It is generally suspected that one or more
environmental factors contributed to the onset of, or exac-
erbated, the epidemic, whether or not an infectious path-
ogen is associated with SSW. The environmental factor(s)
may be acute (e.g., a marine heatwave event), chronic (e.g.,
a climate change trend), or both. They may act in concert
and/or sequentially. As such, environmental factors bear
examination as potential causes, facilitators, or stressors. If
associated with SSW, there should be an equally clear con-
temporaneous signal in the environmental data. In this
context, distinct patterns and strengths of anomalies in the
environmental variables we considered are notable candi-
dates for further exploration.
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Figure 8. Principal component analysis summarizing ecological similarity among sea star species, color-coded with the added context of species’ suscep-
tibility to sea star wasting (SSW) as estimated in this study. Each point in the plot represents a distinct species; their proximity indicates their relative

ecological similarity. Asterias forbesi and Asterias rubens are Atlantic species included for comparison. No data exist for SSW impacts on species in gray,

which are included here to explore whether predictions may be made about SSW susceptibility based on ecological characteristics. Note, however, that the

general term “sea star wasting” used globally for wasting events could indeed

have different, as yet unknown, causative agents. The vectors depict the

loadings of each variable on the two principal dimensions, with angles between vectors indicating their correlations; direction and length of vectors reflect
the direction and strength of the influence of the variables: developmental mode, maximum depth (depth of deepest occurrence), minimum depth (depth
of shallowest occurrence), habitat (substrate type), reproductive season (median month of peak reproductive period), diet (primary prey type or foodstuff).

The color of each vector indicates that variable’s coefficient of similarity (cos)

For example, Chl a concentration appears largely non-
anomalous spatially and temporally throughout the region
considered, although small-scale anomalies do occur, spe-
cifically in bays and inland waters that are highly variable
from month to month. By contrast, mean SST and BUI have
clear and strong anomalies that first appeared in 2013,
though their spatial and temporal development differ. The
SST 1-3-month warm anomaly begins in the south in early
to mid-2013 and expands northward through British Co-
lumbia by September 2013 before dissipating. It returns
much more expansively and persistently in 2014 and 2015,
again with the strongest anomalies progressing from south
to north, this time into Alaska over a period of 6-8 months.
This strong and widespread anomaly subsided by 2017 but
reprised in more limited form in 2019, concentrated on Or-
egon, Washington, and Alaska, associated with the return of
the “warm blob” (Cornwall, 2019; Suryan et al., 2021); on
the other hand, BUI tends to show a distinct spatial differ-
ence between southern/central California and northern
California, with strongest anomalies in the latter. The stron-
gest positive anomalies (strong upwelling) occurred in early
2013 and again in the 2013-2014 winter, extending from
central California to Alaska, and briefly reprised in Alaska
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in November 2014 and November 2015, but 2016 saw
anomalously low BUI across the entire northern region.
The remaining two variables we considered—wave height
and river discharge—are more variable and spatially more
patchy, making interpretation of broad patterns more
challenging. Nonetheless, wave energy appears to be con-
sistently low in the winters at the start of 2014 and 2015
as SSW emerged and spread and higher in winter 2015-
2016 as SSW dissipated. River discharges are spatially highly
variable but appear unusually and consistently low in Cali-
fornia (particularly southern California) through 2013-
2014 (except for one month in late 2013), though this signal
weakens as one moves into northern California and more
so even farther northward, with 2015-2016 tending to be
higher than average discharge in Alaska.

What may we infer about cause and effect, then, from
environmental data? The biological patterns predominantly
show (i) onset and most intense mortality in 2013 in inter-
tidal/shallow subtidal species, (ii) still high rates of preva-
lence of SSW in 2014 from California to Washington and
in 2015-2016 in Alaska, and (iii) subsidence 2-3 years
post-outbreak. Of the environmental factors considered,
the most consistent match is with elevated SST, which has



M. N Dawson et al.

Biol. Bull. 2023, 244: 143-163

corresponding spatial and temporal patterns. The warm
anomaly in 2013—coming atop seasonal warming and a
half-century trend of global change (Rasmussen et al., 2020;
Frankson et al., 2022)—may have influenced SSW directly,
though the strongest SST anomalies may lag SSW, suggest-
ing that onset and persistence could involve different or in-
directly associated mechanisms possibly in novel combina-
tions. Chlorophyll a seems to neither be consistent enough
nor have sufficiently strong temporal or spatial anomalies
closely associated with SSW, and BUI appears to have too
strong a spatial divide—and too strong a spatial synchrony
in the northern region—to be consistently related with SSW
coastwide and through time. By contrast, wave exposure
and river discharge are intriguing because extremes of each
occur in both California and Alaska in years with elevated
SSW, although the extremes differ: being low in 2013-
2014 in California and high in 2015-2016 in Alaska. Yet it
is possible to imagine these outliers working in complemen-
tary ways near the surface. For example, low river discharge
and wave height may have facilitated near-surface heating
and temperature stratification, leading to highly unusual
surface conditions in 2013-2014 in the south. By contrast,
increased river discharge in the north may have caused in-
creased freshwater stress at the surface in 2015-2016. Both
would be consistent with a more substantial impact on in-
tertidal/shallow subtidal than deeper-water species. More-
over, freshwater runoff and wave exposure are already
known to shape sea star communities (Konar et al., 2019)
and to have been linked with SSW-associated mortality or
survivorship (Dungan et al., 1982; Bates et al., 2009; Konar
et al., 2019).

While environmental effects remain unclear, an epide-
miological perspective suggests that there are likely multi-
ple ways in which environmental conditions could influ-
ence disease transmission and pathogenicity in sea stars.
Spatial and temporal heterogeneity in currents, potential
pathogens, abiotic environments, and hosts yield complex
interactions among potential factors. Thus, the environ-
mental stress that enables an outbreak may not be consis-
tent across the domain, and the environmental influence
may be multiphased: for example, (i) dispersion of high
levels of pathogen into the region and (ii) environmental
stress that allows an outbreak of disease that results in ob-
served mortality. Factors may feedback on themselves (e.g.,
pathogen evolution), and environmental stress may also be
important in persistence of the disease and its impacts.

Small-scale analyses

Establishing a link between the broadscale abiotic and bi-
otic patterns requires additional steps, including smaller-
scale analyses that can couple factors more closely both
spatially and temporally and experiments that can measure
responses to specific manipulations. Experiments gain in
precision what they lose in complexity and scope, so here
we strike a middle ground by employing several small-scale
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analyses as convenient intermediates that further explore
relationships between temperature and wasting, subtidal-
intertidal dynamics in conspecifics, the time line of SSW
progression, and association between wave exposure and
SSw.

Time line of SSW progression in intertidal and subtidal sea
stars in relation to temperature. High-temporal-resolution
studies confirmed that the onset of SSW could be rapid
and the fatality rate high but variable among species. An
association between elevated SST and increased risk from
SSW is indicated by high temporal resolution monitoring
in the Salish Sea, Washington (Fig. 6a), which showed that
the decline in intertidal asteroid population health was
more rapidly apparent at sites exhibiting warm tempera-
ture anomalies (e.g., Eisenlord et al., 2016). The fortnightly
surveys showed that population decline and local extir-
pation happened on the timescale of weeks, rather than
months, indicating that many events could be missed if
not regularly monitored. Similarly rapid declines were ob-
served between subsequent spring tide series from early
August to late September in Kachemak Bay, Alaska (KAG,
pers. obs.). High-frequency subtidal data from the central
California coast (Fig. 6b) show similarly rapid declines of in-
dividual species but also reveal how variation in the onset
and progression of SSW across dominant species—presum-
ably indicating interactions between species’ traits, envi-
ronment, and other factors driving this disease (Schiebelhut
et al., 2022b)—ultimately protract the epizootic epidemic
(Fig. 6b, ¢).

Wave exposure (or shelter) and SSW. Microenvironment
may also exacerbate or draw out population and commu-
nity responses. During intensive surveys in north-central Cal-
ifornia, an absence of sites with both low wave height and
low SSW suggested that lower wave intensity (and thus
low turbulence and/or small-scale flow) may have contrib-
uted to increased P. ochraceus mortality (Fig. 7a). Paired
analyses contrasting more versus less wave-exposed areas
within sites controlled for some site-specific heterogeneity
and emphasized a possible relationship between wave expo-
sure and vulnerability to SSW (Fig. 7b, ¢). Although a spe-
cific mechanism is unclear, limited flow could lead to the es-
tablishment of a microenvironment (e.g., Fifer ef al., 2021)
that promotes the development of a dysoxia-driven micro-
bial dysbiosis on submillimeter scales on the sea star sur-
face, limiting gas exchange needed for effective respiration
at the animal-sea interface and resulting in wasting (Aquino
et al, 2021; see also Pespeni and Lloyd, 2023). Pisaster
ochraceus is known to respond phenotypically to different
wave exposures by elongating their shape and increasing
the density of tubercles (the hard knobby ossicles protrud-
ing from their epidermis; Fig. 7d) with greater wave inten-
sities (Hayne and Palmer, 2013). It remains to be explored
whether P. ochraceus ecotypes associated with wave-
exposed shores (i.e., high density of external hard parts [tu-
bercles]) fared better than ecotypes possessing a greater
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surface area of softer external parts. We have anecdotally
observed that P. ochraceus specimens in central California
were more challenging to remove from rocks after the wast-
ing outbreak relative to before (MND, LMS, pers. comm.
[though others have not remarked on this]), consistent with
a hypothesis that those in more wave-exposed areas sur-
vived disproportionately (Fig. 7). These observations war-
rant further investigation into hypotheses about the roles
of microenvironment and ecotypic variation in modulating
SSW and will benefit from better characterization of micro-
environments (Bell and Denny, 1994; Helmuth and Denny,
2003; Hata, 2015) as well as the leveraging of whole-genome
sequencing and gene ontologies to distinguish between im-
mune, temperature, and oxygen stress responses.

Integration: biology and environment across scales
The apparent alignment between small- and large-scale
studies associating increased temperature and decreased wave
exposure (or increased stratification and related effects,
possibly also mediated by freshwater input) with an in-
creased risk of SSW are intriguing. These factors are among
or related to those known to shape sea star species” distri-
butions (depth, temperature, salinity, and habitat; Hemery
et al.,, 2016) and communities (tidewater glacial presence,
fetch, and tidal range; Konar et al., 2019). They are among
a handful of abiotic characteristics that have been previously
associated with SSW (sea surface temperature, productivity,
upwelling, wave energy, freshwater discharge; Eisenlord
et al., 2016; Kohl et al., 2016; Menge et al., 2016; Hewson
et al., 2018; Harvell et al., 2019), and our narrative explo-
ration emphasizes the subset highlighted here as having
the most credible associations with SSW. This is also con-
sistent with recent results that indicate that including SST
in models of SSW yields more realistic dynamics (Aalto
et al., 2020) and with temperature being a hypothesized
major factor controlling the onset and severity of disease
outbreaks in both marine and terrestrial environments
(Harvell et al., 2002; Boyett et al., 2007; Bruno et al., 2007;
Kilpatrick et al., 2008; Burge ef al., 2014; Giraldo-Ospina
et al., 2020). The relative roles of chronic and acute heating
remain underexplored.

Moreover, while the factors shaping species distribu-
tions and communities vary across depths, variations in the
major risk factors of temperature, wave exposure and/or
stratification, and freshwater input are concentrated on taxa
occurring in the shallowest habitats that already experience
the greatest extremes and expose organisms to stress (Petes
et al., 2008; Fly et al., 2012; Monaco et al, 2015). Thus,
shallow-water species—such as Asterias spp. and Heliaster
kubiniji, notably—are particularly at risk, as implicated in
PCA analyses (Fig. 8) and consistent with one of the most
substantial prior reports of SSW and translocation experi-
ments in the Gulf of California (Dungan et al., 1982).

Many genera of sea stars inhabit shallow waters, and
likewise the group of species that exhibited SSW is poly-
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phyletic (Schiebelhut et al., 2022b). Perhaps consequently,
there are few life-history or other ecological characteristics
that associate with SSW (Fig. 8). In some cases, such as
Pisaster, it may be difficult to tease shared ecological and
life-history effects apart from a phylogenetic signal. How-
ever, depth distribution (or partial correlates thereof, e.g., re-
productive season; Fig. 8) appears implicated as a key trait by
the contrast between Pycnopodia, a heavily affected shallow-
water species, and Rathbunaster, its apparently unaffected
deeper-water sister taxon. Given that SSW appears mediated
via the water (DelSesto, 2015; Kohl et al., 2016) and risk of
developing symptoms (“infection”) was positively associated
with geographic proximity (Moritsch, 2018), oceanographic
mechanisms—for example, unidirectional flow from deep
to shallow waters via upwelling—may protect deeper-water
species from SSW outbreaks in shallower-water taxa. This
in turn suggests that apparent decreases in deepwater spe-
cies abundances in 2013 and 2019 are indirect rather than
direct connections to surface events—unless the marked
downwelling in 2015-2017 could carry SSW deeper—
highlighting the need to understand more about the poten-
tial roles of oceanographic and environmental distances
(anomalies, critical points, and gradients) in the risk of
infection.

The role of oceanography and environment, and their
interaction with biology, also will be key to understanding
patterns of recovery, which differed greatly among species.
A simple prediction is that recovery should be related to
life-history attributes (Schiebelhut et al., 2022a). However,
the >5-year-long failure of the fecund, planktotrophic, long
pelagic larval-duration P. helianthoides to survive post-
settlement at sites in Washington or to recolonize previously
inhabited territory in Oregon and California is an enigma
that contrasts with the relatively rapid recovery of P.
ochraceus. But these are only two examples of the suite of
sea stars that were contributing to communities recovering
gradually since 2014, until interrupted in 2019 and so a pro-
cess that was still unfinished over 7 years after the 2013 out-
break of SSW.

Remaining Gaps in Understanding

and Avenues for Future Study

Our broad, integrative, spatial, and taxonomic analyses us-
ing historical data have clarified seven aspects of the mid-
2010s SSW outbreak: (1) it most clearly affected a little over
a dozen predominantly shallow-water species, with another
15 indicated to be susceptible; (2) prevalence was as high as
80% during the peak and 35% subsequently, depending on
species and location; despite (3) rapid population-level ef-
fects, (4) environmental and species variation protracted
the outbreak, which lasted 2-3 years from onset until (5) di-
minishing to chronic background rates of ~2%; (6) recruit-
ment began immediately in many species, though spatially
heterogeneous; and (7) elevated SST, decreased wave expo-
sure, and freshwater discharge in the north are the abiotic
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stressors most associated with SSW (of those considered).
These outcomes are agnostic of whether a pathogen is in-
volved. Our analyses also raised the specter of declines of
deeper-water species in 2013 and 2019. However, these
analyses also have emphasized that detailed data on the bi-
ological, ecological, and environmental cause(s) and conse-
quences of the mid-2010s SSW outbreak are limited in
scope and almost solely retrospective. New studies, con-
ducted since the epidemic subsided, can tell us directly only
about the current episode of chronic exposure, which may
be a complex of one or more causes and symptoms that
may differ from the mid-2010s outbreak itself. Though
analyses of additional historical data may further constrain
probable scenarios—for example, might there have been ef-
fects of pollution (including novel compounds) in fresh-
water runoff, nearshore primary productivity, aragonite
saturation and upwelling, or weather above the waterline—
existing data may always be somewhat indeterminate re-
garding the abiotic and/or biotic factors and interactions
that caused the outbreak in the northeastern Pacific, and the
implications for other regions are uncertain (Supplementary
Document 7). As a future with greater environmental means
and extremes continues to unfurl, we find ourselves largely
unable to predict risk or to establish preventative measures.
If the frequency of extreme events increases, it seems highly
likely that many species of sea stars may not possess the ca-
pacity to recover between events and therefore are at greater
risk of population decline, ratcheting down to extirpation, lo-
cally, regionally, and globally.

Designing monitoring networks to fill the key knowl-
edge gaps exposed by the mid-2010s outbreak, and appar-
ent 2019 decline, is essential. Data collection should at least
match the geographic and taxonomic spread of this study,
though being more spatially and temporally intensive
would be useful; monitoring needs to be quantitative and
include abiotic and biotic measurements, including obser-
vations of SSW. Community science surveys can help in-
crease the intensity of observations, especially using a stan-
dardized framework and building on scientific research
infrastructure to better address knowledge gaps (Supple-
mentary Document 7). To the extent that measurement
can be automated and synchronized on the finest scales
at multiple locations chosen for specific comparisons and
contrasts, we will gain greater insight complementing ex-
isting large-scale arrays. To the extent that measurements
can occur consistently during nonoutbreak conditions,
we can shed light on “normal” dynamics, which are the in-
dispensable context for abnormal (epidemic) dynamics.
Also, conceptual clarification will be needed to interpret
increasing data. For example: How does the frequency of
sampling interact with sea star growth rates to determine
criteria for identifying recruits? Does a half century of global
change shift baseline expectations of what constitutes an ex-
treme event? Does the sequencing of events bias assump-
tions of cause and effect? And how should we make predic-
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tions if emerging conditions have no prior analog? To the
extent that incoming data can be automatically analyzed
and appropriately modeled to provide managers with sim-
ple, reliable indices of population dynamics and disease risk,
we can facilitate more effective action.

A biogeographically cognizant ecoenvironmental study
will deliver answers to what now seem prophetic observa-
tions from the 1970s: that similar die-offs in distinct re-
gions indicate a common cause and rule out most kinds
of localized disturbance as potential explanations, that bi-
ases exist in data availability for different taxa, and that
there is a dearth of information on marine pathogens
(Dungan et al., 1982). Moreover, such a study will address
basic questions in biology, ecology, and community ecol-
ogy of sea stars, including the extent to which spatial syn-
chrony is driven by environmental change versus dispersal
or biotic interactions (Dallas et al., 2020). Addressing ques-
tions of gene flow, adaptation, and drift in metapopulations
will require a genomic framework (e.g., Carroll et al., 2020)
that will benefit from developments in genomic monitoring
(Cordier et al., 2021), the potential of which has already
been shown in enabling “genomic autopsy” of SSW (Ruiz-
Ramos et al.,, 2020). Until these steps are implemented
and we understand usual levels of background variation,
and until—and perhaps even beyond—the next outbreak,
we may unavoidably need to remain somewhat agnostic
about the unusual circumstances surrounding the mid-
2010s SSW outbreak and concerned about the future.
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