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ABSTRACT 1 

Sea star wasting (SSW) disease describes a condition affecting asteroids that resulted in 2 

significant Northeastern Pacific population decline following a mass mortality event in 2013. 3 

The etiology of sea star wasting is unresolved. We hypothesize that asteroid wasting is a sequela 4 

of microbial organic matter remineralization near respiratory surfaces which leads to boundary 5 

layer oxygen diffusion limitation (BLODL). Wasting lesions were induced in Pisaster ochraceus 6 

by enrichment with a variety of organic matter (OM) sources. Microbial assemblages inhabiting 7 

tissues and at the asteroid-water interface bore signatures of copiotroph proliferation before 8 

wasting onset, concomitant with and followed by the proliferation of putatively facultative and 9 

strictly anaerobic taxa. Bacterial cell abundance increased dramatically prior to wasting onset in 10 

experimental incubations. Wasting susceptibility was significantly correlated with rugosity (a 11 

key determinant of boundary layer thickness) of animal surfaces. At a semi-continuously 12 

monitored field site (Langley Harbor), wasting predictably occurred at annual peak or decline in 13 

phytoplankton biomass. Finally, wasting individuals from 2013 – 2014 bore stable isotopic 14 

signatures reflecting anaerobic processes and altered C and N metabolisms. These convergent 15 

lines of evidence support our hypothesis that BLODL is associated with wasting both in 16 

contemporary SSW events and during the 2013-2014 SSW mass mortality event, potentially 17 

driven by phytoplankton-derived OM. The impacts of BLODL may be more pronounced under 18 

higher temperatures due to lower O2 solubility, in more rugose asteroid species due to restricted 19 

hydrodynamic flow, and in larger specimens due to their lower surface area to volume ratios 20 

which affects diffusive respiratory potential.  21 

 22 

Significance Statement: Sea star wasting disease affected multiple species of asteroids and has 23 

caused mass mortality in the Northeast Pacific Ocean since 2013. The underlying cause of 24 

wasting is unknown. We hypothesized that wasting may be due to respiratory deficit resulting 25 

from heterotrophic bacterial consumption of organic matter, resulting in oxygen depletion, near 26 

animal surfaces. Here, we provide convergent lines of evidence for this hypothesis, including 27 

shifts in microbial assemblage abundance and composition during wasting which suggest surface 28 

tissues experience sub-oxic conditions. Organic matter amendment results in asteroid wasting, 29 

and we provide elemental evidence for anaerobic conditions during mass mortality in 2013-2014. 30 
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Our results are entirely consistent with environmental correlates of wasting in prior studies, 31 

including thermal stress and upwelling.  32 

 33 

INTRODUCTION 34 

Sea star wasting (SSW) disease describes a suite of clinical signs in asteroids including loss of 35 

turgor, arm twisting, epidermal ulceration, limb autotomy, and death. The condition gained 36 

prominence in 2013 when it caused mass mortality of >20 asteroid species in the Northeastern 37 

Pacific (Hewson et al. 2014) with continuous observations since (Jaffe et al. 2019; Miner et al. 38 

2018). However, lesions compatible with SSW in various asteroid species have been reported 39 

since at least 1896 in the Eastern US (Mead 1898), and at many locations globally (reviewed in 40 

Hewson et al. 2019).  The cause of SSW is unresolved. Early reports that SSW was associated 41 

with a densovirus (Hewson et al. 2014) were refuted by subsequent investigation that failed to 42 

show a consistent association between the virus and presence of disease (Hewson et al. 2018), 43 

and recent description of persistent infection by a related densovirus in three species of grossly 44 

normal sea stars (Jackson et al. 2020) suggest this virus to be a component of normal 45 

microbiome. Furthermore, wasting is not consistently associated with any bacterial or microbial 46 

eukaryotic organism (Hewson et al. 2018). Environmental conditions, including elevated water 47 

temperatures (Eisenlord et al. 2016; Kohl et al. 2016), lower water temperatures and higher pCO2 48 

(Menge et al. 2016), and meteorological conditions (Hewson et al. 2018a) correspond with 49 

wasting at distinct locations. Recent modelling studies suggest repeated sea surface temperature 50 

anomalies may correlate with wasting (Aalto et al. 2020). Reports of SSW spread between 51 

adjacent geographic locations, through public aquarium intakes, and challenge experiments with 52 

tissue homogenates suggested a transmissible etiology (Bucci et al. 2017; Hewson et al. 2014). 53 

However, there is a lack of mechanistic understanding how SSW is generated in affected 54 

individuals.  55 

Here we provide convergent evidence that asteroid wasting is a consequence of boundary layer 56 

oxygen diffusion limitation (BLODL). First, microbiome changes during wasting progression 57 

suggest that heterotrophic (copiotrophic) microorganisms proliferate before wasting, followed by 58 

growth of taxa with facultative or strictly anaerobic metabolism, indicating depletion of 59 

dissolved O2 near animal surfaces and within tissues. We demonstrate that wasting can result 60 
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from suboxic water column conditions, and that wasting lesions are induced by amendment with 61 

organic matter. Next, we illustrate that wasting susceptibility is related to between-species 62 

variation in rugosity (and subsequent impacts on boundary layer height), which ultimately relates 63 

to gas flux potential. Finally, we demonstrate that wasting asteroids from the 2013-2014 mass 64 

mortality event bore stable isotopic signatures that reflect anaerobic microbial processes and 65 

altered C and N metabolisms compared to their asymptomatic sympatric counterparts. 66 

 67 

MATERIALS AND METHODS: 68 

For detailed experimental protocols and statistical analyses performed please refer to the 69 

Supplemental Information. Study of microbiome shifts during wasting progression in the absence 70 

of external stimuli directed an experiment to examine the impact of suboxic conditions on SSW 71 

genesis. Hypotheses generated from these observations directed study of organic matter (OM) 72 

impacts on SSW. Following this, we examined asteroid rugosity as it relates to SSW 73 

susceptibility, and sought evidence linking biological oceanographic conditions to wasting 74 

through time series analysis at a field site. Finally, we examined stable isotopic signatures of 75 

anaerobic processes in samples collected from 2013-2014 to examine evidence for anaerobic 76 

conditions during mass mortality. 77 

Wasting progression in the absence of external stimuli: We examined longitudinal changes in 78 

Pisaster ochraceus microbiome composition during wasting progression in two studies to 79 

understand potentially pathogenic taxa. In both experiments, P. ochraceus were collected from 80 

sites near Santa Cruz, CA, in Summer 2018, and experiments performed at the Long Marine 81 

Laboratory at UC Santa Cruz in flow-through sea tables.  In the first experiment, we focused on 82 

microbial community changes in lesion margin tissues, while in the second experiment, we also 83 

examined microbial community changes in artificial scar abrasions to parse microbial taxa 84 

unique to SSW-affected tissues. In addition to animal mass and gross appearance, temperature, 85 

salinity and dissolved oxygen (DO) were measured using both HOBO loggers (Onset) or a 86 

handheld probe (YSI-3000). 87 

Impact of suboxic conditions on wasting in Asterias forbesi: We examined the impacts of 88 

reduced oxygen conditions on Asterias forbesi wasting in the context of microbiome 89 
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composition. Asteroid specimens (n = 24 specimens) were transported to the Department of 90 

Microbiology at Cornell University. There, asteroids were divided into two recirculating 91 

aquarium systems. One system was continuously sparged with N2, resulting in a ~39% decrease 92 

in DO, while the second maintained saturated DO conditions throughout the experiment. 93 

Specimens were monitored daily for SSW lesions. Samples for microbial community analyses 94 

were collected by body wall biopsy punch (i.e. surface and tissue bound microorganisms) and by 95 

surface swab (i.e. surface bound microorganisms).  96 

Impact of OM enrichment on sea star wasting: We examined the impact of variable-source OM 97 

enrichment on asteroid wasting to test whether enrichment caused bacterial abundance and 98 

microbial composition shifts consistent with the boundary layer oxygen diffusion limitation 99 

(BLODL) hypothesis. Pisaster ochraceus (n = 20 specimens) were obtained from the jetty at 100 

Bodega Bay in Summer 2019, and experiments were performed in flow-through large volume 101 

sea tables at the Bodega Bay Marine Laboratory. Asteroids were subject to daily doses of 4 102 

organic matter sources: particulate OM (POM; > 10 µm) of a dense Dunaliela tertiolecta culture; 103 

POM (>10 µm) concentrated from aquarium inflow water; and Peptone. Bacterial abundance in 104 

aquarium water and in samples retrieved from specimen surfaces was examined by SYBR Gold 105 

epifluorescence microscopy (Noble and Fuhrman 1998; Porter and Feig 1980; Shibata et al. 106 

2006). Samples of lesion margin tissue, body wall and surface swabs were collected consistently 107 

with suboxic experiments detailed earlier.  108 

Additional experimental challenges of Pisaster ochraceus: Additional experiments to 109 

determine the impacts of desiccation, aquarium water replenishment rate (i.e. flow rate), and 110 

challenge with wasted asteroid tissue homogenates were performed in Summer 2018 at the Long 111 

Marine Laboratory at UC Santa Cruz. Experiments were performed in flow-through sea tables 112 

receiving influent coastal water. State parameters (temperature, salinity and DO) were 113 

continuously measured by HOBO Spot (Onset) loggers.  114 

Microbial assemblage analyses: Microbial assemblages inhabiting body wall samples (i.e. 115 

biopsy punch; wasting in the absence of external stimuli), lesion margins (i.e epidermal scrapes; 116 

wasting in the absence of external stimuli), and at the animal/water interface (i.e. swabs; suboxic 117 

and OM enrichment experiments) were examined by 16S rRNA amplicon sequencing (Caporaso 118 

et al. 2011). Viral assemblages were examined from the August 2018 study of wasting 119 
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progression in the absence of external stimuli by viral metagenomics (Thurber et al. 2009) 120 

targeting RNA viruses. 121 

Bacterial cultivation and growth rates: We sought to determine the growth characteristics of 122 

asteroid-associated bacteria on organic matter substrates. We isolated three cultures of bacteria, 123 

representing common orders retrieved during microbial assemblage analyses, on media 124 

containing filtered asteroid tissue homogenates as nutritional source, and examined their growth 125 

dynamics on dissolved OM (DOM) from a Dunaliela tertiolecta culture, filtered (< 0.7 µm) 126 

asteroid tissue homogenates, peptone and glucose at ambient and elevated temperatures.  127 

Association of wasting susceptibility with rugosity and surface area to volume ratio:  The 128 

relative rugosity between wasting-affected and less wasting-affected asteroid species was 129 

examined by imaging approaches. Whole specimens of 11 asteroid species were collected at 3 130 

locations, preserved in 10% neutral buffered formalin, and transported to the College of 131 

Veterinary Medicine at Cornell University where they were subject to large animal computed 132 

tomography. This analysis provided the total surface area and volume of specimens to a 133 

resolution of 400 µm. We also performed micro-computed tomography of ray sections on a 134 

subset of these specimens, which provided resolution to 20 µm. The rugosity, surface area, 135 

surface area:volume and calculated potential diffusion rates  were compared with wasting 136 

susceptibility and speed during aquarium studies. 137 

Asteroid specimen respiration: The respiration rates of individual asteroids was measured upon 138 

experiment initiation for Asterias forbesi and Pisaster ochraceus (as described above), and for 139 

additional field-collected asteroid species at the Bodega Marine Laboratory. DO depletion was 140 

measured in water-tight chambers from which bubbles were eliminated, and recirculated using 141 

submersible DC motors. DO depletion rate for each specimen was standardized by specimen 142 

mass. 143 

Time series analyses of wasting intensity and chlorophyll a at Whidbey Island:  To understand 144 

the relationship between ambient primary producer biomass (chlorophyll a), physico-chemical 145 

parameters (temperature, salinity, DO), and occurrence of wasting, we examined data obtained 146 

from the Penn Cove Shellfish data buoy and compared this to observations of wasting frequency 147 

at Coupeville Wharf and Langley Harbor as reported previously (Hewson et al. 2018) from 148 

August 2014 to June 2019. We compared the mean time of wasting occurrence over the 5 year 149 
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period with mean oceanographic parameters for the period, and also compared the 3 month 150 

window before wasting onset with non-wasting months.  151 

Stable isotopic signatures in historical wasting asteroid specimens: The natural abundance of 152 
15N and 13C was determined in 71 individual starfish specimens, including 50 individuals 153 

representing paired asymptomatic/wasting affected species at distinct sites and sampling times 154 

which were collected as part of prior work during wasting mass mortality (2013-2014).  155 

 156 

RESULTS AND DISCUSSION 157 

Shifts in heterotrophic bacterial and archaeal communities during wasting progression 158 

reflect oxygen depletion in boundary layers 159 

We observed changes in microbial communities during wasting in the absence of external stimuli 160 

and in perturbation experiments that reflect progressive depletion of oxygen at and near the 161 

animal/water interface. Time-course analyses of microbiome variation during wasting 162 

progression were examined by 16S rRNA amplicon sequencing (Caporaso et al. 2011) 163 

(Supplemental Information; SI). The relative abundance of taxa within asteroid-associated 164 

microbiomes varied with sample type. Body wall (i.e. using a biopsy punch) and epidermis of 165 

lesion margin (i.e. scrape on margin) assemblages were dominated by orders Spirochaetales and 166 

Cytophagales, while assemblages immediately above and on surfaces (collected by swabs), bore 167 

a large proportion of orders associated with organic rich environments, e.g., Alteromonadales, 168 

Flavobacteriales, Rhizobiales, and Rhodobacterales (see Supplemental Information; SI). We 169 

observed a progressive increase in copiotrophic orders preceding wasting, including 170 

Campylobacterales, Flavobacteriales and Vibrionales (Fig. 1A). This occurred concomitant with 171 

an increase in Nitrosopumilus and obligate anaerobes (Deltaproteobacteria) relative to a large 172 

clade of typically fast-growing phyla (Alpha-and Gammaproteobacteria) immediately prior to 173 

lesion genesis (Fig. 1B-D). Following lesion genesis, we observed a further increase in 174 

copiotrophs in body wall and epidermal samples, and a proliferation in microaerophiles 175 

(Arcobacter spp.), facultative anaerobes (Moritella spp.) and obligate anaerobic families 176 

(Clostridia, Fusobacteria and Bacteroidia) at time of death (Fig. 1A). Collectively, these 177 
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observations reflect an increasingly anaerobic environment at the epidermal boundary layer 178 

which is established prior to wasting onset.  179 

Several studies have observed the proliferation of copiotrophic taxa longitudinally during 180 

wasting, including genera within the families Flavobacteriaceae, Rhodobacteriacaea (Lloyd and 181 

Pespeni 2018), Actinobacteria, and genera in the orders Altermonadales (Nuñez-Pons et al. 182 

2018), Vibrionales and Oceanospiralles (Høj et al. 2018). These taxonomic groups are amongst 183 

the most active constituents of bacterioplankton and major players in marine organic matter 184 

(OM) degradation, some of which have facultative anaerobic metabolisms (Buchan et al. 2014; 185 

Choi et al. 2010; Pinhassi et al. 2004; Pohlner et al. 2019; Thiele et al. 2017). While it is 186 

tempting to ascribe pathogenicity traits to groups that are enriched on disease-affected tissues 187 

(based on members of the same family or genus causing pathology), or infer their role in 188 

community dysbiosis (i.e. the microbial boundary effect), this is not possible in the absence of 189 

demonstrated pathogenicity or strain-level assignment (Hewson 2019). Previous study 190 

comparing wasting and asymptomatic asteroid-associated community gene transcription noted 191 

the increase in transcripts from Propionibacterium, Lachnospiraceae and Methanosarcina, 192 

which are strict anaerobes, as well as Stigmatella and Staphylococcus, which are facultative 193 

anaerobes, as a proportion of total transcripts (Gudenkauf and Hewson 2015).  194 

Taken together, these data suggest that the proliferation of copiotrophic taxa near wasting 195 

asteroid surfaces may lead to suboxic conditions at the animal-water interface. All aquatic 196 

surfaces are coated with a thin film of water (i.e. diffusive boundary layer) that impedes gas and 197 

solute exchange, and, provided aerobic respiration is sufficiently high, suboxic conditions can 198 

form on a surface despite oxygen saturated water circulating above (Jørgensen and Revsbech 199 

1985).  This may result in the proliferation of facultative and obligate anaerobes until asteroid 200 

death, and also explains why we observed both an increase in both strict aerobes and strict 201 

anaerobes concomitantly.  Stimulation of bacteria and subsequent O2 diffusion limitation is well 202 

described in mammalian respiratory systems as well, and is especially pronounced in cystic 203 

fibrosis patients. Heterotrophic bacteria inhabiting mammalian lungs thrive on mucins and 204 

generate biofilms which further restrict O2 diffusion into tissues. O2 consumption by biofilms 205 

and by neutrophils may result in hypoxia and reduced diffusion of O2 across alveolar tissues (Wu 206 

et al. 2018). This in turn leads to the proliferation of anaerobes, which are present in clinically 207 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 4, 2020. ; https://doi.org/10.1101/2020.07.31.231365doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231365
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 
 

normal lungs (reviewed in (Guilloux et al. 2018) and elevated in diseased lungs (Denner et al. 208 

2016; Spence et al. 2020; Wang et al. 2019). This phenomenon is also observed in fish gills 209 

(Legrand et al. 2018; Meyer et al. 2019) which are inhabited by copiotrophic and potentially 210 

facultatively anaerobic taxa (Reverter et al. 2017; Rosado et al. 2019).  211 

We found no consistent association between any virus and wasting between specimens, despite 212 

increased richness of viruses late in the wasting progression, possibly due to generalized 213 

hypoxia-induced replication (SI).  Moreover, our observations support earlier observation that 214 

the Sea Star associated Densovirus (SSaDV; ICTV: Asteroid ambidensovirus 1) is not associated 215 

with wasting in any asteroid (Hewson et al. 2018a). 216 

Asteroid wasting is induced by suboxic conditions 217 

Our data demonstrate that SSW is induced by suboxic water column conditions. We incubated A. 218 

forbesi in suboxic water and observed patterns of wasting progression, boundary layer bacterial 219 

abundance and microbial assemblage β-diversity. Dissolved oxygen (DO) concentrations were 220 

controlled in an aquarium setting by continuous sparging with N2, which were on average 39% 221 

lower than untreated control incubations (SI). All individuals remained asymptomatic in control 222 

incubations over the 13 day experiment, while 75% of individuals in hypoxic conditions 223 

developed lesions (mean time to lesion genesis = 9.58 ± 0.89 d). Development of lesions over 224 

time was strongly related to treatment (p = 0.006, log-rank test, df=12).  Bacterial abundance on 225 

animal surfaces (which we define as abundance in surface samples) corrected for aquarium water 226 

values increased in both control and suboxic treatments over the first 6d of incubation, but by 227 

day 13, abundance of bacteria in suboxic treatments was significantly lower (p<0.001, Student’s 228 

t-test, df=12) on suboxic treated individuals than in control individuals (Fig. 2). Asterias forbesi 229 

treated with suboxic waters demonstrated consistent shifts in microbial communities with 230 

treatment (SI). However, no single bacterial taxonomic organization strongly differentiated 231 

normoxic from suboxic conditions. 232 

Wasting induction in Asterias forbesi by suboxic conditions is also consistent with our 233 

observation that wasting in Pisaster ochraceus was inversely correlated to mean flow rate in 234 

aquarium studies (i.e. longer residence time of water; SI). While we did not measure DO 235 

concentrations in flow-rate experiments, lower flow rates into aquaria likely led to faster O2 236 

depletion and the accumulation of toxic exudates (notably NH3 [Propp et al. 1983] and S- 237 
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[Vistisen and Vismann 1997]), and establishment of more extensive boundary layer conditions than 238 

those individuals incubated in faster flow rates (Fonseca and Kenworthy 1987). The mechanism 239 

by which asteroids are particularly sensitive to ambient O2 concentrations is not well constrained 240 

by empirical studies, especially as it relates to SSW. Asteroids mostly rely on passive respiration 241 

(c.f. ventilation) and gas diffusion across outer membranes to meet respiratory demand, a point 242 

illustrated by mass mortality events of benthic invertebrates, including asteroids, correlated to 243 

low O2 conditions (reviewed in Diaz and Rosenberg 1995; Levin 2003; Levin et al. 2009). 244 

Together, these data point to significant influence of O2 conditions on asteroid wasting. While 245 

water column hypoxia events were not observed in concert with SSW in 2013 and beyond, 246 

spatially localized hypoxia may occur near surfaces experiencing limited hydrodynamic flow 247 

(Gregg et al. 2013).   248 

Organic matter amendment stimulates boundary layer microorganisms and causes rapid 249 

wasting 250 

We sought to examine the impact of elevated heterotrophic bacterial respiration on animal 251 

surfaces through challenge with various sources of organic matter (OM) which we hypothesized 252 

would fuel microbial remineralization. We performed laboratory experiments in which P. 253 

ochraceus was amended with peptone, Dunaliella tertiolecta-derived particulate OM (POM), 254 

and coastal seawater POM and examined their impacts on SSW progression and boundary layer 255 

bacterial abundance and composition. The addition of organic substrates (peptone and Dunaliella 256 

tertiolecta-derived POM) induced significantly faster lesion genesis than control incubations 257 

(p=0.012 for peptone and p=0.04 for Dunaliella-POM, Student’s t-test, df=5), but lesion genesis 258 

time was not significantly different for the addition of coastal-POM (Fig. 3). Collective treatment 259 

temporal pattern of lesion genesis was only significantly different from controls with amendment 260 

with peptone (p = 0.0154, log-rank test, df=5) and Dunaliella-POM (p=0.0339, log-rank test, 261 

df=5). Variation in dissolved O2 in incubations varied over the course of the experiment from 9.6 262 

– 10.2 mg L-1 and were never under-saturated. Temperature varied from 12 – 14oC, but variation 263 

did not correspond with wasting in any treatment.  264 

Bacterial abundance on asteroid surfaces was variable after enrichment with organic substrates. 265 

Individuals that did not waste over the course of the experiment maintained abundances of 0.7 – 266 

2.6 x 106 cells mL-1, which was enriched 53 to 1743% above bacterioplankton abundances in 267 
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incubation treatments (Fig. 4). All three OM additions elevated bacterial abundances relative to 268 

their initial values in the first 48h of the incubation. Between 48 and 96 h, dynamics of surface-269 

inhabiting bacteria varied between treatments. Both Dunaliella-POM and peptone, despite initial 270 

surges in bacterial abundance, strongly decreased before 96 h, while coastal DOM remained 271 

higher than initial values throughout the experiments. The decrease in bacterial abundance after 272 

initial increase may be evidence of heterotrophic remineralization-fueled O2 deficit over time on 273 

wasting asteroids, similar to the effect observed in our experiments with Asterias forbesi 274 

incubated in hypoxic water (Fig. 2). Facultative and strict anaerobes generally experience slow 275 

growth rates compared to aerobic taxa because it is less energetically efficient to grow on 276 

reduced electron acceptors. While standing stock of aquatic bacteria may be higher in anaerobic 277 

conditions than in aerobic conditions, population growth rates are typically lower (Cole and Pace 278 

1995).   279 

The boundary layer microbiota of P. ochraceus changed over time in all treatments (Figs. 1B-G; 280 

SI), but the most prominent changes were distinguished by the copiotrophic orders 281 

Flavobacteriales and Rhodobacterales, which increased uniformly in both organic matter 282 

amended and untreated individuals, indicating that captivity alone induced changes in 283 

microbiome composition (Fig. 5). Since bacterial abundance increased dramatically in the first 284 

phase of enrichment, we posit that wasting is induced by copiotroph proliferation on animal 285 

surfaces.  Heterotrophic bacteria in marine environments remineralize OM that originates from 286 

autochthonous and allochthonous sources (Amon and Benner 1996; Benner et al. 1992; Ducklow 287 

1983). Among the myriad of OM sources in seawater, phytoplankton-derived OM are highly 288 

labile (Ochiai et al. 1980; Ogawa and Tanoue 2003; Thornton 2014). On regional scales, excess 289 

phytoplankton-fueled bacterial respiration, caused by eutrophication and enrichment from 290 

terrestrial sources and upwelling zones may result in ‘dead zones’ (e.g. Mississippi River Plume, 291 

Peruvian upwelling zone, Benguela current; reviewed in Diaz and Rosenberg 2008) and may be 292 

exacerbated by seasonal temperature changes (Murphy et al. 2011) and restricted bathymetry 293 

(Diaz 2001). However, water column hypoxia has never been observed at sites where asteroids 294 

experienced SSW mass mortality. Indeed, many wasting asteroids occurred in well-circulated 295 

and intertidal environments (Hewson et al. 2014). We posit that OM amendment stimulates 296 

bacterial abundance immediately adjacent to asteroid respiratory surfaces (i.e. within boundary 297 
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layers) leading to suboxic microzones and ultimately limiting gas diffusion potential  (Gregg et 298 

al. 2013). 299 

Rapid mineralization of dissolved OM by bacteria near asteroids has been noted previously in 300 

studies of epidermal amino acid uptake by Asterias rubrens, which ultimately led to decreased 301 

animal weight (Siebers 1979), and may be responsible for very low ambient DOM 302 

concentrations adjacent to asteroids (Siebers 2015). To illustrate the potential for asteroid surface 303 

bacteria to rapidly grow on OM, we isolated 3 cultures on solid media containing tissue 304 

homogenates as the sole nutritional source, and examined growth characteristics at two 305 

temperatures against variable C sources (algal-derived dissolved (i.e. 0.7 µm-filtered) OM, 306 

purified asteroid tissue homogenate, peptone and glucose; SI). The three cultures included taxa 307 

that belonged to orders that were well-represented in amplicon libraries, including a 308 

Rhodobacteria (Alphaproteobacteria), and two Altermonadales. Bacteria grew faster, with 309 

shorter lag times on peptone in all comparisons and on glucose in most comparisons. While there 310 

was considerable lag time in the growth of two cultures (SS1 and SS12) on Dunaliella tertiolecta 311 

and asteroid tissue DOM, which may be due to lower lability of these substrates, the lag time and 312 

growth rates of SS6 (most similar to Glaciecola sp.; Altermonadales) was much lower than 313 

controls, suggesting rapid assimilation of compounds from these sources. Glaciecola mesophila 314 

was initially isolated from a marine invertebrate (ascidian) and degrades complex carbohydrates 315 

produced by algae (Romanenko et al. 2003). These results demonstrate that bacteria inhabiting 316 

asteroid surfaces are capable of rapid uptake and regeneration of various organic compounds, 317 

including those we hypothesize may lead to hypoxia on animal surfaces. Our observation that 318 

lesion genesis time was best explained by initial bacterial abundance in suboxia-experiments and 319 

by overall change in bacterial abundance in the first 3 days of incubation in Pisaster ochraceus 320 

further indicates a key role of heterotrophic bacteria in wasting.  321 

Bacterial stimulation and enhanced wasting in asteroids is paralleled by the DDAM (dissolved 322 

organic carbon, disease, algae, microorganism) positive feedback loop in tropical corals (Barott 323 

and Rohwer 2012; Dinsdale et al. 2008). Coral disease is associated with OM enrichment (David 324 

et al. 2006; Smith et al. 2006), some of which originates from sympatric primary producers 325 

(Haas et al. 2010; Haas et al. 2011), which in turn are more labile than OM released from the 326 

corals themselves (Haas et al. 2016; Nakajima et al. 2018) and results in both elevated bacterial 327 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 4, 2020. ; https://doi.org/10.1101/2020.07.31.231365doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231365
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

abundance on coral surfaces (Dinsdale and Rohwer 2011; Haas et al. 2016), and enhanced 328 

remineralization rates (Haas et al. 2016). Bacteria at the coral-water interface have higher 329 

energetic demands than those in plankton (Roach et al. 2017), and are highly adapted to organic 330 

carbon availability in their local environment (Kelly et al. 2014).  The spatial scale on which 331 

bacteria react to OM is primarily at water-surface interfaces (Brocke et al. 2015). Hypotheses for 332 

the mechanism of coral mortality caused by heterotrophic bacteria include disruption in the 333 

balance between corals and their associated microbiota (David et al. 2006), introduction of 334 

pathogens that have reservoirs on macroalgae (Nugues et al. 2004), or dysbiosis resulting in 335 

invasion by opportunistic pathogens (Barott and Rohwer 2012). In black band disease (BBD), 336 

DOC released from primary production causes micro-zones of hypoxia which result in 337 

production of toxic sulfides, which in turn result in opening of niches for cyanobacteria (Sato et 338 

al. 2017). In asteroid wasting, the proliferation of heterotrophic bacteria and wasting disease may 339 

be due to any of these effects.  It is also interesting to note that some viral genotypes (e.g. 340 

Herpesvirus-like sequences) may be present in higher copy number in diseased coral tissues 341 

(Thurber et al. 2008), which is similar to our observation of viruses in asteroids during wasting 342 

progression (SI). 343 

Culture work and experimental challenge with asteroid tissue homogenates in this study (SI), and 344 

reported previously (Bucci et al. 2017; Hewson et al. 2014), suggest that wasting may also be 345 

associated with decomposition of nearby asteroid individuals via assimilation of tissue-derived 346 

compounds and subsequent BLODL. We previously isolated heterotrophic bacteria using sea star 347 

tissue homogenates as nutritional source (Hewson et al. 2018a). These bacteria include well-348 

known copiotrophic genera, including those also isolated on sea star tissue homogenate-bearing 349 

media in this study (SI). Enrichment of near-benthic OM pools by wasting-affected individuals 350 

may have resulted in the apparent density dependence of wasting observed in 2014 in some 351 

populations (Hewson et al. 2014). Indeed, challenge with tissue homogenates by direct injection 352 

into coelomic cavities likely enriches within-and near animal organic matter pools, which in turn 353 

may stimulate heterotrophic remineralization. Hence, challenge experiments, such as those 354 

performed previously (Bucci et al. 2017; Hewson et al. 2014) and in this study, may be a 355 

consequence of BLODL induced by organic matter availability (and possibly protein-bearing 356 

material). The apparent transmissibility of SSW in field sites is based on observations of density 357 

dependence at some sites, along with geographic spread between adjacent sites and through 358 
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public aquaria intake pipes (Hewson et al. 2014). These observations may be inaccurately 359 

ascribed to transmissible pathogenic microorganisms, since they may also be explained by 360 

enrichment of surrounding habitats and through intake pipes of organic matter pools from 361 

decaying individuals.  362 

Wasting is related to species rugosity, individual size, and respiratory demand 363 

Inter- and intra-species susceptibility to asteroid wasting is extensively recorded in previous 364 

study, including a significant and positive relationship between individual size and wasting 365 

(Hewson et al. 2014), and shifts in size structure after wasting from larger to smaller individuals 366 

of Pisaster ochraceus, which was believed to be due to recruitment of juveniles (Bates et al. 367 

2009; Eisenlord et al. 2016; Kay et al. 2019; Menge et al. 2016). Wasting in 2013-2014 affected 368 

> 20 species of asteroid (Hewson et al. 2014), however the magnitude of SSW impact varied 369 

between species. Comparison of community structure before and after wasting suggests inter-370 

species variability in wasting mortality. Asteriid taxa (Pycnopodia helianthoides, Pisaster spp., 371 

and Evasterias troschelii) experienced considerable declines in the Salish Sea (Montecino-372 

Latorre et al. 2016; Schultz et al. 2016) and Southeast Alaska (Konar et al. 2019), while 373 

Dermasterias imbricata maintained or increased in abundance after mass mortality (Eckert et al. 374 

1999; Konar et al. 2019; Montecino-Latorre et al. 2016; Schultz et al. 2016). In the Channel 375 

Islands, SSW disproportionately affected Asteriid taxa relative to D. imbricata and Patiria 376 

miniata (Eckert et al. 1999). Inter-species differences in wasting intensity have been noted in 377 

citizen science data accumulated by MARINe (Miner et al. 2018).  The potential causes of inter-378 

and within-species wasting susceptibility remain poorly constrained.  379 

We hypothesized that wasting susceptibility may relate to both inter-species variation in rugosity 380 

(i.e. degree of corrugation), which dictates diffusive boundary layer thickness, and intra-species 381 

surface area-to-volume ratio, which determines total gas flux potential, which are ultimately 382 

reflected in patterns of population change since 2013 (Eckert et al. 1999; Montecino-Latorre et 383 

al. 2016). Mean and turbulent flow structure around aquatic animals and plants relates to the 384 

mean height, density and shape of structures as they compare to flat surfaces (Brodersen et al. 385 

2015; Koch 1994; Nepf 2011). Asteroid surfaces bear numerous spines and processes, including 386 

papulae, spines, paxillae and pedicellaria. These structures impart rugosity and thus generate 387 

diffusive boundary layers proportional to their relative height under both mean and turbulent 388 
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flow. For example, the boundary layer height above the urchin Evechinus chloroticus. can be 4-5 389 

mm under low (1.5 cm s-1) flow conditions, which was approximately 2 – 6 X greater than 390 

sympatric macroalgae (Hurd et al. 2011).  We also speculate that more extensive boundary layers 391 

may result in greater entrapment of settled OM from overlying waters. Direct measurement of 392 

oxygen concentration in boundary layers as they relate to bacterial remineralization are 393 

precluded by the sensitivity of instruments (e.g. microelectrodes) to physical damage in non-394 

immobilized specimens.  395 

To explore the relationship between species rugosity and wasting susceptibility, we examined 396 

specimens of similar size (n = 26 individual specimens) representing wasting-affected (n=3) and 397 

less/not affected species (n = 5) using whole-animal computed tomography (SI).  The mean 398 

rugosity (defined as 3D:2D surface area) was significantly (p = 0.015, Student’s t-test, df = 14) 399 

lower in less affected species than more affected species (Fig. 6). Surface area:volume, 400 

individual specimen mass, and overall surface area were not significantly different between 401 

categories among similarly-sized animals. Because analysis of large animal specimens is limited 402 

to a resolution of 400 µm (which is potentially larger than fine-scale features, e.g. papulae on 403 

echinoderm surfaces), we performed further analysis on rays of a subset (n = 16) of individuals 404 

using micro-computed tomography, which has a resolution of 20 µm (SI). The rugosity of 405 

wasting-affected taxa was significantly (p = 0.0002, Student’s t-test, df = 4) greater than less-406 

wasting affected species (Fig. 6). Our observation that more rugose species were more affected 407 

by wasting supports the idea that these individuals may be more susceptible because of their 408 

greater extent (physical distance) of diffusive boundary layers on respiratory surfaces.  409 

Much of the intra-species wasting susceptibility may also be explained by inherent variation in 410 

diffusive flux potential. We observed a significant and positive relationship between wasting 411 

lesion genesis rate and animal mass. Larger individuals have a much lower surface area:volume 412 

ratio, where surface area is related to gas flux potential. Under near-surface hypoxic conditions, 413 

or when diffusion is impeded by extensive boundary layers, larger individuals are more strongly 414 

affected than smaller individuals. We also posit that these observations are the result of more 415 

extensive boundary layer height above larger specimens. It is also important to note that ossicle 416 

density varies between species (Blowes et al. 2017), and those taxa with lower densities (e.g. 417 

Pycnopodia helianthoides) were more affected than those with higher densities (e.g. Pisaster 418 
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ochraceus). Species with lower ossicle densities may be differentially susceptible to wasting 419 

since their structure may be broken down faster by microbial decomposition or apoptotic 420 

processes. 421 

Wasting risk susceptibility may furthermore result from differential diffusive flux potential 422 

compared to respiratory demand.  We measured the respiration rate (i.e. oxygen demand) of 423 

individuals at the start of each experiment, as well as in individuals of several species that were 424 

both affected by wasting and those that were less or not affected by wasting that were not a part 425 

of experiments to explore whether susceptibility was related to oxygen demand.  Mass-426 

normalized measured respiration rates of asteroids were greatest for Asterias forbesi, and least 427 

for Dermasterias imbricata and Patiria miniata (SI).  Both Pisaster ochraceus and Asterias 428 

forbesi respiration rates were considerably more than for other specimens. Measured respiration 429 

rates for entire animals was compared to theoretical maximum diffusion rates into coelomic 430 

fluids (hereafter abbreviated RR:TD). RR:TD was greatest in Asterias forbesi and Pisaster 431 

ochraceus (which were both >1 in most specimens) and least in Patiria miniata and 432 

Dermasterias imbricata (which were always < 0.1). The observed RR:TD corresponds with 433 

wasting susceptibility. Perturbation of O2 availability in animal surface boundary layers may 434 

skew diffusive flux by elongating diffusive path length or reducing differences in O2 between 435 

tissues and surrounding seawater. Hence, specimens with a higher RR:TD may be more affected 436 

by the condition than those with lower RR:TD. We cannot account for variable permeability of 437 

outer epidermis between individuals (not measured), and assume that all surface area of asteroids 438 

is involved in respiration (which may be over-estimated, since presumably some component of 439 

this area comprises mineral structures). Some asteroid species inhabiting typically suboxic 440 

environments employ morphological and behavioral strategies to meet O2 demand, including 441 

nidamental cavities (Johansen and Petersen 1971; Nance 1981), cribiform organs (Shick et al. 442 

1981), epiproctoral cones (Shick 1976), active ventilation of burrows and decreased size of 443 

internal organs (Mironov et al. 2016). However, it is unlikely asteroids typically occurring in 444 

normoxic intertidal or subtidal conditions have the ability to morphologically adapt to hypoxic 445 

conditions.  446 

Wasting in a field population follows variation in primary production 447 
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BLODL-induced wasting in the field may be fueled by several potential allochthonous and 448 

autochthonous sources of OM. We hypothesize there are two primary sources fueling BLODL: 449 

OM from primary production (phytoplankton and macroalgae), and OM from decaying asteroids. 450 

Most asteroid wasting is reported in late fall or summer, with fewer reports during other times of 451 

the year (Bates et al. 2009; Eckert et al. 1999; Eisenlord et al. 2016; Harvell et al. 2019; Hewson 452 

et al. 2018a; Hewson et al. 2019; Menge et al. 2016; Miner et al. 2018; Montecino-Latorre et al. 453 

2016). We propose that wasting is associated with peak or post-peak declines in phytoplankton 454 

production in overlying waters, which subsequently results in peak dissolved OM availability. 455 

The mean time of wasting mass mortality observed at Langley and Coupeville, Whidbey Island, 456 

fell at or within 1 month after the mean annual maximum of chlorophyll a, minimum DO 457 

concentration, maximum temperature, and minimum rainfall (Fig. 7). Multiple linear regression 458 

(stepwise, backwards selection criteria) revealed a significant model (R2=0.866; p=0.001) where 459 

temperature (p = 0.006), chlorophyll a (p = 0.027) and salinity (p = 0.044) explained most 460 

variation in wasting mass mortality, while forward selection (R2=0.774; p=0.0002) revealed that 461 

monthly variation in wasting was significantly explained by DO alone. Mass mortality was 462 

significantly related (one-way ANOVA, p<0.0001) to elevated chlorophyll in the previous 3 463 

months relative to non-mass mortality months, to elevated salinity, and reduced rainfall (SI).  464 

Phytoplankton in the Puget Sound demonstrate variability in peak productivity by location. In 465 

our analysis, chlorophyll a concentration peaked in the central Puget Sound in August, whereas 466 

in other locations peak phytoplankton blooms occur in winter and spring (Horner et al. 2005). In 467 

the northern Strait of Georgia, chlorophyll a peaks in April (i.e. Spring Bloom) with secondary 468 

fall blooms in late October (Suchy et al. 2019). Phytoplankton blooms and their decay results in 469 

hypoxia in Puget Sound waters (Barnes and Collias 1958), where bottom water DO 470 

concentrations have decreased for the past decade (Khangaonkar et al. 2018).   471 

The coherence of wasting with primary production in the Salish Sea raises the question of why 472 

wasting mass mortality in the northeast Pacific occurred in the 12 month period following June 473 

2013, especially when asteroids normally persist at sites experiencing very high phytoplankton 474 

biomass and only experienced wasting in 2014 (e.g. Cape Perpetua, OR; (Leslie et al. 2005). 475 

Suchy et al. (2019) observed a prolonged (10 month) period of decreased water column 476 

stratification, concomitant with strong predominately southerly winds in fall 2013 and spring 477 

2014 in the northern Strait of Georgia. Remotely sensed chlorophyll a in the region was also 478 
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higher in the northern and central Strait of Georgia in late 2013 compared to previous 8 years 479 

and was marked by a significant increase in mid-2013 (Suchy et al. 2019). Mean precipitation 480 

was anomalously lower in mid-summer compared to 1981-2010 means, but then increased 481 

dramatically in late September 2013, prior to wasting onset in October (17). Phytoplankton 482 

abundance in late 2013 was higher than the 1981-2010 average, where peak biomass occurred in 483 

late August (later than previous years) (Moore et al. 2014). Ammonia (NH3) concentration was 484 

lowest at the Seattle Aquarium intake in 2013 compared to previous and subsequent years, 485 

presumably a reflection of depletion by phytoplankton uptake (Olsen et al. 2017).  Elsewhere, 486 

there is evidence that wasting in 2013 – 2014 was tied to elevated primary production. The high 487 

pCO2 but low temperature-wasting positive relationship noted in Oregon indicates that upwelling 488 

may have stimulated primary production at this location (Menge et al. 2016). The CALCoFi 489 

program observed  highest coastal upwelling on record in 2013 in central California during 490 

wasting onset (Leising et al. 2014). These observations suggest that primary production intensity 491 

and timing in 2013-2014 departed from inter-annual variation in prior years, and has followed 492 

seasonal patterns since 2014. The breaking of drought conditions in late 2014 in some locations 493 

(Hewson et al. 2014) may also have contributed to SSW by delivering enhanced terrestrial OM 494 

to coastal regions. The discontinuous latitudinal emergence of wasting in 2013-2014 and 495 

regional apparent longshore sequence of SSW occurrence is consistent with regional and basin-496 

scale patterns of organic matter availability. Nearshore primary production is driven by both 497 

groundwater discharge and terrestrial runoff, which positively correlates with previous-year 498 

rainfall in coastal regions, as well as regional upwelling (Santoro et al. 2010). The spatial scale 499 

of phytoplankton blooms sustained solely by terrestrial runoff and groundwater discharge ranges 500 

from 880-3600 km2 in the Southern California Bight (Santoro et al. 2010). Assuming these 501 

blooms are constrained within 10 km of shore, the areal extent of phytoplankton-derived organic 502 

matter inputs is well within the reported longshore spread of SSW (Hewson et al., 2014). 503 

Upwelling, on the other hand, may affect wider coastal productivity patterns. In 2013, strong 504 

upwelling was recorded between 36oN and 48oN (i.e. 1,332 km). Thus, the apparent density-505 

dependent local occurrence, and regional spatio-temporal occurrence of SSW is consistent with 506 

spatial variation in decaying asteroid and primary production organic matter. It is interesting to 507 

note that mass mortality in Heliaster kubiniji in the Gulf of California occurred during a  508 

prolonged period of heavy rainfall and elevated temperatures prior to El Niño (Dungan et al. 509 
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1982). Such rainfall may have caused elevated terrestrial discharge, which in turn may have 510 

fueled primary production.  511 

 512 

Wasted asteroids in 2013-2017 bore stable isotopic signatures of anaerobic processes 513 

Because wasting has no pathognomic signs and has been reported for over a century (reviewed in 514 

Hewson et al., 2018), an obvious question is whether BLODL was related to asteroid mass 515 

mortality observed from 2013. While retrospective analyses of O2 status of asteroids during this 516 

event is not possible, hypoxic conditions impart elemental signatures in tissues of preserved 517 

specimens. We examined the natural abundance of stable isotopes comparing wasting-affected 518 

and grossly normal individuals at the same location and time, in 2013 and 2014. Wasting 519 

asteroids (including Pisaster ochraceus, Pycnopodia helianthoides, and Evasterias troschelii), 520 

had generally higher δ15N in their tissues than asymptomatic tissues at the same site within-521 

species (ns) except for Leptasterias sp., which had significantly lower δ15N in wasting tissues 522 

than in asymptomatic individuals (Fig. 8). On average between species, δ15N was enriched by 3.9 523 

± 3.3 % (7.0 ± 2.8 % excluding Leptasterias sp.) in wasted compared to asymptomatic stars. 524 

Ellipse analysis, which can be used to infer isotopic niches or metabolic differences between 525 

populations (Jackson et al. 2011) suggested that in all paired site-species comparisons wasted 526 

stars have altered C and N metabolisms compared to asymptomatic individuals (SI).  The 527 

elemental composition of asteroids, like all animals, largely reflects nutritional source, who 528 

obtain anabolic material from consumed prey. Furthermore, asteroids may take up DOM directly 529 

from the water column and use these materials for soft body parts, like tube feet (Ferguson 530 

1967a; Ferguson 1967b). The half-life of isotopic signatures in tissues relates to tissue turnover 531 

and is most stable in ectotherms (Vander Zanden et al. 2015). Dissimilatory anaerobic nitrogen 532 

cycling processes, such as denitrification, shift the balance between 15N and 14N (i.e. selecting 533 

against 15N), resulting in higher δ15N (ratio of tissue 15N to atmospheric 15N) in environments. 534 

Thus, we restricted our analysis of tissue δ15N to fast-growing, regenerative tube feet which will 535 

therefore reflect the most recent environmental conditions prior to collection. Translocation of 536 

consumed elements to growing tissues is accomplished through continual flux from digestive 537 

glands to these tissues through coelomic fluid (Ferguson 1964). Internal tissues of asteroids are 538 

inhabited by a suite of bacteria and archaea (Jackson et al. 2018) including abundant spirochaetes 539 
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(Holland and Nealson 1978; Kelly et al. 1995; Kelly and McKenzie 1995; Nakagawa et al. 540 

2017). Hence, asteroid tube feet tissues, which are distal from digestive glands, may be 541 

influenced by heterotrophic microbial activities which enrich for 15N over 14N. Our finding of 542 

higher δ15N in most wasted asteroids supports the hypothesis that wasting is associated with 543 

enhanced anaerobic dissimilatory respiration of nitrogen species, perhaps during translocation of 544 

materials between organs or tissues within asteroids, (Ferguson 1964) or during uptake of 545 

enriched 15N in DOM pools surrounding affected asteroids (Ferguson 1967a; Ferguson 1967b).  546 

To the best of our knowledge, there has only been one previous report on the effects of hypoxia 547 

on stable isotopic composition in animal tissues. Oysters affected by hypoxic water conditions 548 

demonstrated δ15N enrichment, which they propose was due to hypoxia-induced starvation 549 

responses resulting in recycling of internal tissues (Patterson and Carmichael 2018). Asteroids 550 

likewise have similar autophagous responses to starvation, prioritizing somatic maintenance over 551 

reproduction (Aquinas and Nimitz 1976; Harrold and Pearse 1980). Under typical food 552 

availability, reproductive and digestive tissues demonstrate inverse relationships in overall size 553 

relating to spawning and feeding time in most asteroid species. However, the ratio between 554 

reproductive and digestive tissues in Leptasterias spp. is synchronous over time in females (but 555 

not so in males), which is different from other starfish species (Menge 1975). We speculate that 556 

the lower δ15N observed in wasting Leptasterias spp., an opposite trend to other species, may 557 

relate to timing of autophagous transfer of materials within individuals and timing of predicted 558 

hypoxia (which peaks in late summer) relative to autophagy within animals. It is also possible 559 

that asymptomatic and wasting affected specimens were different species of Leptasterias sp. 560 

since they form a cryptic species complex (Melroy et al. 2017), which may affect comparison 561 

between disease states.  562 

Further evidence for BLODL association with wasting 563 

Wasting imparts transcriptional and population genetic changes in asteroids and surviving 564 

populations, respectively. In studies comparing gene expression between wasting and 565 

asymptomatic individuals, the relative transcription of high affinity cytochrome c oxidase (ccb3;  566 

(Preisig et al. 1996) was higher in symptomatic individuals (Gudenkauf and Hewson 2015). 567 

Furthermore, cytochrome P450 2J6, which plays a dual role in both oxidation and detoxification 568 

of H2S (Tobler et al. 2014), was expressed in at least two studies of wasting asteroids (Fuess et 569 
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al. 2015; Gudenkauf and Hewson 2015). Surviving juvenile recruits are genetically distinct to 570 

asteroids before 2013 (Schiebelhut et al. 2018). Loci selected for in surviving populations 571 

correspond to those heightened in experiments with elevated temperature (Ruiz-Ramos et al. 572 

2020). In particular, Ruiz-Ramos et al (2020) found a synchronous decrease in expression of 573 

ND5 (NADH dehydrogenase 5) among field-wasting specimens and those subject to temperature 574 

challenge in aquaria, and corresponding mutation in ND5 in surviving populations. Extracellular 575 

hypoxia causes downregulation of NADH dehydrogenase in vertebrate cells (Piruat and López-576 

Barneo 2005), and variation in mt ND5 genes is related to hypoxia sensitivity in humans 577 

(Sharma et al. 2019). Elevated temperatures may reduce overall O2 concentrations in seawater 578 

and cause faster microbial growth rates. Our asteroid associated bacterial culture experiments 579 

illustrate faster growth rates and shorter lag times in OM uptake under warmer conditions. 580 

Hence, previous observations of enhanced temperature corresponding to wasting (Eisenlord et al. 581 

2016; Harvell et al. 2019; Kohl et al. 2016; Miner et al. 2018; Montecino-Latorre et al. 2016) and 582 

with periodic temperature excursion frequency (Aalto et al. 2020) are consistent with the 583 

BLODL model proposed in our work.    584 

Conclusion 585 

Here we present evidence to support our hypothesis that wasting is a sequela of BLODL. We 586 

provide evidence that this condition may relate to bacterial abundance/compositional shifts on 587 

asteroid respiratory surfaces, and that this likely results from enrichment with OM. In natural 588 

conditions, this corresponds with seasonal patterns of water column productivity, and in 589 

controlled experiments we demonstrate that algal-derived OM stimulates wasting and OM 590 

release from animal tissues. We also provide evidence for this effect as occurring in specimens 591 

from the 2013 – 2014 mass mortality event. Our results suggest that wasting via this mechanism 592 

may be exacerbated under warmer ocean conditions, or conditions in which labile OM from 593 

terrestrial sources (which may include anthropogenic nutrient pollution) may be present in 594 

coastal environments.  Holothurian wasting, bearing similarity to asteroid wasting in gross 595 

disease signs, was anecdotally reported in the Puget Sound and southeast Alaska beginning in 596 

2015 (Jackson et al. 2016). Most urchin diseases are associated with diverse bacteria capable of 597 

anaerobic metabolism (reviewed in Hewson 2019). Hence, BLODL may help explain the 598 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 4, 2020. ; https://doi.org/10.1101/2020.07.31.231365doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231365
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 
 

variation in etiologies observed between echinoderms and between other invertebrate groups, 599 

especially those that rely on diffusion for respiratory activities.   600 
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Fig. 1: Differential abundance of bacterial taxa from body wall samples (A; P. ochraceus June 

2018) and surface swabs (B-F; P. ochraceus August 2019). (A) Boxplots were derived using 

PhyloFactor (Washburne et al. 2017), which uses a generalized linear model to regress the 

isometric log-ratio (ILR balance) between opposing clades (contrasted by an edge) on a 

phylogenetic tree. This was done iteratively, with each iteration, or factor, maximizing the F 

statistic from regression. Shown taxa represent either a single factor or combination of factors 

(when, for example, multiple factors identified different sOTUs with the same taxonomic 

classification). Labels represent either the highest taxonomic resolution or the highest 

classification shared by all sOTUs of a given clade. T0 = experiment commencement, TI = lesion 

genesis, TF = time of death. (B-D) Balance contrast of early (before lesion genesis) samples 

compared to late (immediately prior to lesion genesis) samples. Samples were transformed using 

the Phylogenetic Isometric Log-Ratio (PhILR; Silverman et al. 2017) transform, which uses a 

phylogenetic tree (B) to convert an sOTU table into a new matrix of coordinates derived from the 

ILR of clades that descend from a common node. We used a sparse logistic regression with an l1 

penalty of λ=0.15 (Silverman et al. 2017) to analyze the ILR at each node, and included a select 

number of ‘balances’ with positive coefficients (C-D). (C) is the balance of Nitrosopumilus 

(colored blue in (B), comprises the thin sliver on the right side of the tree) relative to the rest of 

the dataset (also shown in blue in (B)). A positive shift indicates an increase in Nitrosopumilus 

relative to its denominator. (D) is the balance between a clade of Alpha/Gammaproteobacteria 

(large, red clade in (B)) and Deltaproteobacteria (Bdellovibrionales and Desulfobacterales; small, 

red clade in (B)). A negative shift indicates that the denominator, Deltaproteobacteria, is 

increasing relative to Alpha/Gammaproteobacteria. (E) and (F) were derived from a PhyloFactor 

object and show the ILR balance of Flavobacteriales (E) and Rhodobacterales (F) relative to all 

other sOTUs. Time 0 = experiment commencement. All subsequent times show the day the 

sample was taken. Organic amendment is given above boxplots.  
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Fig. 2: Bacterial abundance in surface layer above Asterias forbesi during hypoxic and control 

treatments (n = 12 each). The abundance was corrected for aquarium water bacterial abundance 

and measured by SYBR Gold epilfluorescence microscopy.  
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Fig 3: Proportion of asymptomatic P. ochraceus (n = 5 each treatment) incubated in flow-

through conditions at the Bodega Marine Lab in response to organic matter enrichments 

(Peptone, Dunaliella tertiolecta culture POM, and coastal POM collected from the inflow at the 

Bodega Marine Laboratory in August 2019. Dissolved O2 and temperature were measured in 

flow-through sea tables bearing each OM treatment.  
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Fig 4: Abundance of bacteria in proximity to P. ochraceus surfaces (top) and percentage change 

from initial (below) during first 10 days of experiment in response to organic matter enrichment 

(n = 5 for each treatment) as assessed by SYBR Gold staining and epifluorescence microscopy. 

Non-wasted stars, regardless of treatment, are indicated in red, while the mean of stars that 

wasted in Peptone, Dunaliella tertiolecta POM, and Coastal POM are indicated separately.  
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Fig 5: Relative abundance of bacterial orders derived from P. ochraceus epidermal swabs. 

Specimens were enriched with the indicated organic material and sampled until lesion genesis. 

Time 0 represents initial sampling and each subsequent time indicates the respective day. n 

values reflect the number of healthy specimens at each given timepoint. 
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Fig. 6: Rugosity of similarly-sized animals between wasting-affected and less wasting affected 

species as determined by whole animal computed tomography (top) and of an asteroid ray by 

micro-computed tomography (bottom). a, b denote significant difference at p < 0.001. 
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Fig 7: Correspondence between mean time of wasting mass mortality (indicated by solid orange 

line (SE range indicated by lighter orange bar) compared with physico-chemical parameters (top) 

and chlorophyll a concentration (bottom) at Penn Cove, Whidbey Island. Temp = temperature; 

DO = dissolved oxygen; Sal = salinity.  
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Fig. 8: Comparison of asymptomatic and wasting δ15N values between species. ONP = Starfish 
point, Olympic national park and SC = Davenport, Santa Cruz, CA.  
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