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1.  INTRODUCTION

Sea star wasting disease (SSWD) describes an
abnormal condition affecting >20 species to varying
intensity, resulting in tissue damage and, in some
cases, mass mortality (Hewson et al. 2014, Menge et
al. 2016, Miner et al. 2018). SSWD is defined by gross
signs which include limb curling, loss of turgor, limb
autotomy, and epidermal/body wall lesions (through
which organs may protrude). Lesions form as a result
of inflammation (coelomocyte infiltration) around
ossicles and mutable collagenous tissues of the body
wall, which results in epidermal edema and ulcera-
tion (Work et al. 2021). While initially attributed to
the sea star associated densovirus (Asteroid ambi -

denso virus 1; Hewson et al. 2014), subsequent study
found densoviruses generally to be normal con-
stituents of asteroid viromes (Hewson et al. 2018,
Jackson et al. 2020a,b), and viruses became more
prominent in virome surveys comparing SSWD-
affected and grossly normal specimens (Hewson et
al. 2020). SSWD is associated with monotonic (Bates
et al. 2009, Eisenlord et al. 2016, Kohl et al. 2016) and
periodic (Aalto et al. 2020) elevated water tempera-
tures and, conversely, lower water temperatures
(Menge et al. 2016) at some sites. It is unclear
whether SSWD has a single etiology or is a constella-
tion of conditions with the same disease signs since
asteroids possess a limited repertoire of grossly ob -
served stress responses (Hewson et al. 2018, 2019).
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Recent work has identified the key role of micro -
organisms inhabiting the asteroid−water interface
following a model known as boundary layer oxygen
diffusion limitation (BLODL, Aquino et al. 2021;
Fig. 1). In this model, elevated dissolved organic
matter (DOM) may stimulate heterotrophic micro-
bial growth, reducing dissolved oxygen concentra-
tions ([O2]) within the thin layer of water that
adheres to asteroid surfaces (i.e. the boundary layer)
and likely resulting in a cascade of deleterious ef -

fects to host tissues. Aquino et al. (2021) provided
clues to 2 potential DOM sources: (1) phytoplank-
ton-derived DOM and (2) the presence of decaying
tissues presumably leaching DOM into surrounding
waters. However, there remain important questions
about whether the mass mortality in 2013−2014 was
related to this etiology, what environmental condi-
tions may have led to the abrupt mass mortality in
2013−2014 and not in years prior or since, and
whether BLODL may reflect in the population
genetics of surviving asteroids and their progeny. In
this opinion piece, I summarize knowledge on O2

sensitivity of asteroids in the context of BLODL, ex -
plore evidence for the primary productivity− BLODL
relationship during 2013−2014, and examine geno -
mic and genetic evidence for suboxic conditions af -
fecting asteroids. I conclude with recommendations
for future research.

2.  ASTEROID O2 SENSITIVITY

Aquino et al. (2021) provided evidence for anaer-
obic metabolism among microorganisms inhabiting
the asteroid diffusive boundary layer preceding the
onset or during wasting progression and observed
SSWD under experimentally depleted [O2]. Surface
seawater, especially in coastal zones, is typically
saturated with dissolved O2 due to atmospheric dif-
fusion and wave activity. Hence, most bacteria and
archaea in coastal plankton have aerobic metabo-
lisms (DeLong 1992, Suzuki et al. 2001, Gifford et
al. 2014). However, spatially localized de pleted [O2]
(i.e. ‘microzones’) may occur near surfaces experi-
encing limited hydrodynamic flow (Gregg et al.
2013). These microzones may be exacerbated by an
external supply of DOM. Within organic-matter-rich
particles in the water column e.g. zooplankton fecal
pellets and marine snow (Alldredge & Cohen 1987),
[O2] may fall to hypoxic levels within 50 μm of the
particle surface. On metazoan surfaces (for example,
scleractinian corals), [O2] may be depleted both at
the water−polyp interface, the coral−algal interface,
within digitate coral colonies, and at the entire reef
interface, especially at night (reviewed in Nelson &
Altieri 2019). Within intertidal habitats, turbulent
water motion may break down diffusive boundary
layers. Indeed, cilia on scleractinian coral surfaces
create vortices within diffusive boundary layers;
however, O2 depletion is greater in active cilia vs.
arrested cilia, presumably due to greater respiration
by ciliated cells (Pacherres et al. 2020). Microbial
biofilms are found in a variety of intertidal habitats
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Fig. 1. Conceptual diagram of hypothesized triggers for
boundary layer oxygen diffusion limitation (BLODL) under
(toppanel) typicalconditionsand(bottompanel)elevatedpro-
ductivity. Under typical conditions, primary production from
phytoplankton and macroalgae generate dissolved organic
matter (DOM), and some DOM originates from terrestrial
sources.Upwellingor terrestrial inputsmaystimulateprimary
productionwhich in turnelevatesDOMconcentrations.DOM
may also arise from macroalgal debris. In turn, this DOM is
remineralized by heterotrophic bacteria within the diffusive
boundary layer around asteroids, leading to suboxic stress in
tissues and lesion formation. Decaying sea stars may them-
selves release DOM, further fueling BLODL in nearby aster-
oids. Elevated water temperatures (e.g. in summer) may fur-
ther exacerbate BLODL due to stimulated remineralization

ratesbyheterotrophicbacteria
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where they resist periodic desiccation and light
stress (Decho 2000). The speed with which depleted
[O2] manifest within the boundary layer on aquatic
surfaces upon immersion has not been investigated.
Photosynthetic microbial mats, which are oxic 5 mm
from their surface in the light, experience hypoxia
(<20% O2 saturation) in this layer within 30 min of
being placed in the dark (Epping et al. 1999).
Hence, it is possible that periodic cycles of emersion
in O2-rich conditions and immersion and subsequent
development of depleted [O2] within diffusive
boundary layers may occur rapidly and persist for
the period of immersion. While direct measurements
of O2 saturation at the asteroid−water interface
have not been made, [O2] may deplete well away
from asteroid surfaces (see Fig. 1 for an example in
Pisaster ochraceus).

SSWD may be related to seasonal or episodic vari-
ation in primary production. At a field site in the
 Salish Sea, Aquino et al. (2021) reported correspon-
dence between patterns of chlorophyll a (chl a) de -
cline, frequent low [O2] events and overall de pleted
[O2], and SSWD. Phytoplankton excrete 2− 50% of
their photosynthetic yield daily as DOM (re  viewed in
Thornton 2014), which forms an important nutritional
source for bacterioplankton in the microbial loop
(Azam et al. 1983). Excess phytoplankton-fueled bac-
terial respiration, caused by eutro phi ca tion and en -
rich ment from terrestrial sources and within up -
welling zones, may result in ‘dead zones’ (e.g.
Mississippi River Plume, Peruvian upwelling zone,
Benguela current; reviewed in Diaz & Rosenberg
2008). These, in turn, may be exacerbated by sea-
sonal temperature changes (Murphy et al. 2011) and
re stricted bathymetry (Diaz 2001). Under typical
oceanographic conditions, DOM supply does not re -
sult in depleted [O2] in bulk seawater since atmos-
pheric diffusion exceeds respiration. However, sub-
oxic microzones may occur within ag gregates
(Shanks & Reeder 1993) and within colonial cyano-
bacterial colonies (Roe et al. 2012) in saturated water
column [O2]. Hence, measurements of [O2] in the
water column may not adequately address the spatial
scales on which organisms respire through passive
diffusion, since these likely occur within μm to mm
above animal surfaces (Fig. 2; Gregg et al. 2013).

The mechanisms by which asteroids are particu-
larly sensitive to ambient dissolved O2 are not well
constrained by empirical studies. Water column
hypoxia events were not observed in concert with
SSWD in 2013 and beyond. Asteroids mostly rely on
passive respiration (cf. ventilation) and gas diffusion
across outer membranes to meet respiratory demand,

a point illustrated by mass mortality events of benthic
invertebrates, including asteroids, correlated with
low [O2] (reviewed in Diaz & Rosenberg 1995, Levin
2003, Levin et al. 2009). Hypoxia impairs immune
responses to wounds in Asterias rubrens, increasing
coelomocyte counts in coelomic fluid and inhibiting
the translocation of apoptosis-protecting heat shock
protein 70 from coelomocyte cytoplasm to nucleus
(Holm et al. 2008). Differentiation of coelomocytes
from the coelomic epithelium is also affected by Mn2+

released in anaerobic environments (Oweson et al.
2010). Hence, there is likely a direct impact of
depleted [O2] on the ability of asteroids to control
infiltrates and opportunistic pathogens or prevent
apoptosis triggered by damage or other environmen-
tal stimuli.

3.  BLODL AND THE 2013−2014 MASS
 MORTALITY

The coherence of SSWD with primary production
in the Salish Sea (Aquino et al. 2021) raises the
question of why SSWD mass mortality in the north-
east Pacific occurred in the 12 mo period following
June 2013, especially when asteroids normally per-
sist at sites experiencing very high phytoplankton
biomass. Suchy et al. (2019) observed a prolonged
(10 mo) period of decreased water column stratifi-
cation concomitant with strong predominately
southerly winds in Autumn 2013 and Spring 2014
in the northern Strait of Georgia. Chl a concentra-
tions in the region were also higher in late 2013
compared to the previous 8 yr (Suchy et al. 2019)
and the 1981−2010 average (Moore et al. 2014) and
was marked by a significant peak in late August
(later than previous years; Moore et al. 2014).
Mean monthly precipitation was anomalously lower
in mid-summer compared to 2005−  2012 means,
with no rainfall in July, but then increased dramati-
cally (~200% of annual mean) in late September
2013 prior to the SSWD onset in October (Hewson
et al. 2018). The summer drought affecting the Sal-
ish Sea region in Summer 2013 and its abrupt end
in the fall may have delivered significant DOM and
other nutrients into coastal waters, which may have
in turn stimulated BLODL both directly and through
stimulated primary production.

The discontinuous latitudinal emergence of
SSWD in 2013−2014 and regional apparent long-
shore se quence of SSWD occurrence (Hewson et al.
2014) is consistent with phytoplankton bloom ex -
tent. The spatial scale of phytoplankton blooms
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sustained solely by terrestrial runoff and ground-
water discharge ranges from 880−3600 km2 in the
Southern California Bight (Santoro et al. 2010). As -
suming these blooms are constrained within 10 km
of shore, the areal extent of phytoplankton-derived
DOM in puts is well within the reported longshore
spread of SSWD (Hewson et al. 2014). Upwelling,
on the other hand, may affect wider coastal pro-
ductivity patterns. In 2013, strong upwelling was
recorded between 36° and 48° N (i.e. 1332 km)
(Leising 2014), which corresponds with the SSWD-
affected geographic range. Consultation of Pacific
Fisheries Environmental Laboratory upwelling in -
dices (Columbia River DART 2021) revealed that
cumulative upwelling at the time of wasting de -
parted the 2007−2016 mean at affected sites
(Fig. 3). Since coastal upwelling brings inorganic

nutrients from deep waters to euphotic waters, ele-
vated upwelling may lead to enhanced primary
productivity and, consequently, enhanced DOM re -
lease. Additionally, upwelling may fuel harmful
algal blooms (e.g. those producing toxins) which
may cause additional stress to asteroids. For exam-
ple, mass mortality of echinoderms (asteroids and
echinoids) along a 100 km stretch of coastline near
Bodega Bay, California, was attributed to an algal
toxin (Jurgens et al. 2015).

Another potential source of DOM fueling BLODL is
macroalgal detritus (Krumhansl & Scheibling 2012)
and exudates (Abdullah & Fredriksen 2004). Macro-
algae experience seasonal increases in biomass dur-
ing spring and fall due to elevated temperature and
elevated nutrient conditions, but may also experi-
ence nutrient limitation in summer (Brown et al.
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Fig. 2. Example of O2 depletion near the surface of Pisaster ochraceus. (A,B) Oxygen was measured using microelectrodes, which
are fragile and easily damaged by animal movement. (C) The vertical profiles of dissolved O2 were measured at 0 h (left), 6 h
(middle), and 10 h (right) in 2 specimens and in the water column away from specimens. One specimen was enriched with 10 μM
glucose for comparison. The bottom of each vertical profile is within ~1000 μm of the specimen surface. These profiles illustrate
that O2 depletion can occur within μm to mm of asteroid surfaces, albeit the depletion of dissolved oxygen concentration with 

glucose enrichment (~2%) likely underestimates values in the field since the specimen was in a shallow dish at the time
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1997). Laminaria hyperborea has a pronounced sea-
sonal productivity cycle in the North Atlantic Ocean,
including an active growing season from February
through May during which previous year lamina are
shed, followed by a non-growing season until
November (Kain 1979). Exudation of DOM is great-
est during L. hyperborea’s non-growing season
(Abdullah & Fredriksen 2004). SSWD peaked during
the presumed period of greatest DOM exudation in
the Northeast Pacific. Both macroalgal detritus
(Robinson et al. 1982) and exuded DOM (Zhang &
Wang 2017) are highly labile and rapidly assimilated
by bacteria and so may have contributed to BLODL.
While there have been no studies of seasonal exuda-
tion or detrital release in the regions affected by
SSWD, the seasonal variation of SSWD and coher-
ence with DOM production and detrital breakdown
(Krumhansl & Scheibling 2012) warrants further
investigation.

4.  EVIDENCE OF BLODL FROM THE GENETIC
MAKEUP OF  SURVIVING POPULATIONS AND

THEIR  TRANSCRIPTIONAL  PROFILES

Selection for individuals that maintain fitness under
amplified DOM availability may be reflected in ge-
netic changes in survivors and progeny. In a meta-
transcriptomic study comparing gene expression be-
tween SSWD- affected and grossly normal individuals,
the relative transcription of high affinity cytochrome c
oxidase (ccb3) was higher in SSWD-affected than
grossly normal specimens (Gudenkauf & Hewson
2015). Transcription of ccb3 is highly re sponsive to
anoxic conditions in Pseudomonas aeruginosa (Ka wa -
 kami et al. 2010) and plays a key role in biofilm forma-
tion under anoxic stress (Hama da et al. 2014). Cyto -
chrome P450 2J6, which plays a dual role in both
oxidation and detoxification of H2S (Tobler et al.
2014), was expressed in at least 2 studies of SSWD-
 affected asteroids (Fuess et al. 2015, Guden kauf &
Hewson 2015). Hence, transcriptional signals in both
asteroids and their microbiomes suggest depleted
[O2] conditions within tissues at the time of mass mor-
tality (Gudenkauf & Hewson 2015) and during chal-
lenge experiments (Fuess et al. 2015).

Surviving juvenile recruits are genetically distinct
from asteroids before 2013 (Schiebelhut et al.
2018). Loci selected for in surviving populations
correspond to those heightened in experiments
with elevated temperature (Ruiz-Ramos et al. 2020).
In particular, Ruiz-Ramos et al. (2020) found a syn-
chronous decrease in expression of NADH dehydro -
genase 5 (ND5) among field SSWD-affected speci-
mens and those subjected to temperature challenge
in aquaria and corresponding mutation in ND5 in
surviving populations. Extracellular hypoxia causes
downregulation of NADH dehydrogenase in verte-
brate cells (Piruat & López-Barneo 2005), and vari-
ation in mitochondrial ND5 genes is related to
hypoxia sensitivity in humans (Sharma et al. 2019).
These results may suggest that asteroids affected
by wasting and their progeny have some indication
of response to de pleted [O2], and future work is re -
commended to examine the transcriptional impacts
of low [O2] to determine whether differentially ex -
pressed genes match those under selection since
the 2013−2014 mass mortality. Attention in future
work should focus on mitochondrial respiratory
gene transcription patterns in control specimens,
since many of the genetic changes and ex pressed
genes noted in this section may also reflect hypoxic
conditions imparted by inhibition of cellular respi-
ration (cf. extracellular hypoxia).

235

–8000

–4000

0

4000

8000

–4 –3 –2 –1 0 1 2

–10000
–8000
–6000
–4000
–2000

0
2000
4000

–4 –3 –2 –1 0 1 2
48°N 125°W

42°N 125°W

36°N 122°W

Month

C
um

ul
at

iv
e 

up
w

el
lin

g 
(m

3  s
–1

 1
00

 m
–1
)

Time of wasting Mean 2007–2016 Year prior to wasting

0

10000

20000

30000

40000

–4 –3 –2 –1 0 1 2

Fig. 3. Comparison of cumulative upwelling indices prior to
wasting (Months −4 to −1), at the time of wasting (Month 0),
and after wasting onset (Months 1 and 2) compared to the
2007−2016 mean and the year prior to wasting at 3 latitudes.
Error bars: ±SE. The 3 locations are (top) west of La Push,
Washington; (middle) west of the Oregon/California Border;
and (bottom) west of San Luis Obispo, California. Data on
sea star wasting onset (Month 0) at each site determined
from Hewson et al. (2014). Upwelling indices accessed at 

Columbia River DART (2021)



Mar Ecol Prog Ser 668: 231–237, 2021

5.  FUTURE RESEARCH RECOMMENDATIONS

There is clearly still much to be learned about the
etiology of SSWD. Histopathologic and gross com-
parisons between asteroids that develop wasting
signs in experimental challenge and those that expe-
rience hypoxia in the field may help elucidate the
role of O2 in wasting etiology. Direct measurements
of both [O2] at the animal−water interface and over
time as well as the bacterial activity within this layer
will aid in understanding whether microbial activity
results in significant depletion of [O2]. A useful
approach to measure near-animal [O2] using color
radiometric planar optode imaging was presented by
Larsen et al. (2011). Direct measurement of bacterial
production in surface layers through e.g. radioiso-
topic approaches (Fuhrman & Azam 1982, Kirchman
et al. 1985) may aid in understanding heterotrophic
growth rates. Finally, since bacterial proliferation on
animal surfaces may be accompanied by the produc-
tion of secreted enzymes that irritate animal surfaces,
it is recommended that future work examine the
secretome (de O Santos et al. 2011) of bacteria inhab-
iting the animal−water interface.
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