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ABSTRACT 24 

Marine disease is an important driver of ecological processes that shape an ecosystem. In the 25 

seven years since sea star wasting disease (SSWD) was first observed to decimate Pacific sea 26 

star populations, ongoing research efforts have documented the disease’s effects on community 27 

structure. Whereas the majority of studies have focused on the ramifications of SSWD in the 28 

intertidal zone, my research examines its effects in the subtidal zone. Specifically, I studied the 29 

change in sea star density and macroinvertebrate diversity using benthic trawls in different 30 

subtidal depths of Port Madison, Puget Sound, before (1999-2013) and after (2014-2019) sea star 31 

wasting disease was observed in Washington state. Sea star density was calculated using each 32 

trawls’ two-dimensional area and sea star catch, while Shannon Diversity Index and the Pielou 33 

Evenness Index calculations measured diversity. My results indicate a significant decline in 34 

overall asteroid density from pre-outbreak to post-outbreak in the deep subtidal (50 & 70 35 

meters), while species evenness significantly declined from pre-outbreak to post-outbreak in the 36 

shallow subtidal (25 meters). Differences in sea star density warrant further study into species-37 

specific responses of sea stars to post-SSWD community structure in the subtidal zone. The 38 

majority of my results failed to demonstrate that SSWD has had a significant effect on 39 

macroinvertebrate diversity; future research is needed to determine how subtidal bivalve 40 

populations have responded to changes in sea star predation pressure with the advent of SSWD. 41 

The intrinsic relationship between ecological health and economic value of subtidal ecosystems 42 

makes the understanding of SSWD’s implications a priority.  43 
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INTRODUCTION 47 

Diseases influence ecosystems and the services they provide. Just as it is key to mitigate 48 

interpersonal transmission of infectious disease among humans, it is equally important to address 49 

the environmental conditions that make Earth more hospitable for infection to spread. The effects 50 

of climate change, such as increased surface temperatures and heavier rainfall, could promote 51 

disease abundance and propagation (Lafferty 2009; Hunter 2003). Algal blooms, stimulated by 52 

increased temperatures, cause a range of respiratory and dermal problems for humans, while 53 

waterborne diseases such as Vibrio cholerae infection can widely disperse during floods (Hunter 54 

2003; Huq et al. 2013). Climate change may not universally increase the frequency of infectious 55 

diseases; Lafferty (2009) proposes that shifts in thermal bands towards the poles will shift the 56 

range of vectors (and thus infectious disease) away from the equator towards more tolerable 57 

climates, rather than expanding those ranges. Nonetheless, concerning upward trends must 58 

continue to be evaluated, specifically when it comes to marine disease. A study that tracked 59 

mentions of marine disease in literature as a proxy for disease prevalence found that the burden 60 

of disease on various marine taxa such as corals, turtles, and molluscs increased significantly 61 

from 1970 to 2001 (Ward & Lafferty 2004). While the agents responsible for increased marine 62 

disease outbreaks are far from fully understood, the risk they pose to ecosystem health makes 63 

monitoring efforts imperative. 64 

The loss of a producer or consumer due to disease can result in a cascade of disruptions 65 

to community structure and trophic relationships, affecting species’ abundance and commercial 66 

fisheries who depend on a sustained harvest (Burge et al. 2014). More than a quarter of adult 67 

walleye pollock (Theragra chalcogramma), an economically important species of the Pacific 68 

Northwest, are estimated to be infected with the parasite Ichthyophonus (White et al. 2013). 69 
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Though no substantial decline has been observed by Bering Sea pollock fisheries, Ichthyophonus 70 

has low host specificity and is thought to be transmitted through feeding (White et al. 2013). 71 

Ichthyophonus has also been linked to mass mortality events of Atlantic herring species. 72 

Piscivorous predators of pollock and herring—such as cod (Gadus morhua) and haddock 73 

(Melanogrammus aeglefinus)—risk contracting the parasite, which could compromise multiple 74 

species of importance to the fisheries industry (Patterson 1996; Pitcher et al. 1996). Beyond its 75 

impacts on commercial actors, marine disease threatens ecosystem health. An epidemic of 76 

eelgrass wasting disease in the 1930s led to the loss of 90% of the original eelgrass (Zostera 77 

marina Linnaeus) population (Ralph & Short 2002). Spread by a slime mold pathogen 78 

(Labyrinthula spp.), the disease results in visible lesions on the eelgrass’ blades and eventually 79 

death (Vergeer & den Hartog 1994). The 1930s epizootic resulted in sediment loss, waste 80 

retention, and decreased carbon sequestration—not to mention economic harm to shellfish 81 

industries reliant on productive estuarine ecosystems (Groner et al. 2016).  82 

The 1930s eelgrass epidemic was characterized by an extensive spatial range, which is 83 

also true of a wasting disease currently affecting marine consumers: sea-star (asteroid) wasting 84 

disease (SSWD). The most recent outbreak in 2013, likely caused by a densovirus of the family 85 

Parvoviridae, affected asteroids along the Pacific coast from Baja California to Southern Alaska 86 

(Hewson et al. 2014). Symptoms of SSWD in asteroids include aversion to feeding, followed by 87 

the appearance of lesions, limb contortions, deteriorating tissues, and death (Kohl et al. 2016). 88 

The diet of asteroids includes bivalves (clams, cockles) and echinoderms (urchins, holothurians, 89 

other sea stars), and gastropods—different asteroid species tend to specialize in certain prey 90 

(Mauzey et al. 1968). Asteroids are keystone predators and exert strong top-down control of 91 

other species occupying the intertidal zone, such as mussels and sea urchins, who would 92 
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otherwise dominate space and overgraze macroalgal populations (Fuess et al. 2015; Paine 1974; 93 

Schultz et al. 2016). Research conducted in the Salish Sea confirmed the severity of losing 94 

keystone asteroid species to SSWD. In the year following the 2013 mass mortality event of 95 

asteroids in the Salish sea, significant kelp decline was paralleled by a quadrupling of green 96 

urchins (Strongylocentrotus droebachiensis) (Schultz et al. 2016). Furthermore, Schultz (2016) 97 

found that the decline of sunflower stars (Pycnopodia helianthoides)— one species of asteroid 98 

most susceptible to SSWD—was linked to a decrease in community heterogeneity. The wasting 99 

disease has also affected asteroid spatial patterns. Studies done on multiple asteroid species and 100 

SSWD-affected ecosystems have reported significant declines in asteroid density since the 2013 101 

outbreak (Menge et al. 2016; Montecino-Latorre et al. 2016; Schultz et al. 2016). Because the 102 

ecological disruption resulting from a SSWD can be felt long after its initial emergence, research 103 

teams continue to monitor the disease’s downstream effects in the areas most heavily targeted.  104 

Sea-star wasting disease has been documented in the Salish Sea, where a dozen of the 105 

most common species of asteroids are susceptible to SSWD (Montecino-Latorre et al. 2016). The 106 

Salish Sea is central to the shellfish aquaculture industry, and maintaining diverse, healthy 107 

ecosystems conducive to shellfish recruitment is paramount (Dewey 2016). Thus, it is of the 108 

utmost importance that the ramifications of SSWD are understood in the context of coastal 109 

ecology (Saurel et al. 2014). The objective of my study is to evaluate how SSWD has affected 110 

the spatial patterns and broader community structure of subtidal asteroids in Puget Sound. My 111 

first hypothesis proposes that a direct relationship exists between the overall asteroid population 112 

and asteroid density at each depth transect due to lower competition for resources (Rogers et al. 113 

2018). I predict that following the emergence of SSWD, the combination of disease-induced 114 

asteroid mortality and broader niche availability will result in lower asteroid density. My second 115 
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hypothesis posits that as a result of higher asteroid mortality due to SSWD, macroinvertebrate 116 

species diversity (excluding asteroids) will decrease in proportion with a decrease in top-down 117 

population control. Using benthic trawling, the study will provide insight into SSWD’s impact 118 

beyond the intertidal zone —few studies have looked at these impacts on subtidal asteroid 119 

species, and to the best of my knowledge, none have studied them at depths below twenty meters 120 

(Montecino-Latorre et al. 2016). My results will add to a growing body of knowledge on how 121 

sea-star wasting disease has influenced competition within the class of Asteroidea and subtidal 122 

communities as a whole.  123 

 124 

METHODS  125 

Invertebrate Sampling 126 

Over a twenty-year period from 1999 to 2019, a vessel equipped with a Southern 127 

California Coastal Waters Research Program (SCCWRP) otter trawl net was brought annually to 128 

Port Madison, a bay on the West side of Puget Sound, WA, for two days in mid-May (May 10-129 

18). The vessel performed benthic trawls using the SCCWRP otter trawl at four different depths: 130 

10, 25, 50 and 70 meters, whose locations are identified in Figure 1. Each year, five trawls took 131 

place at each depth corresponding to five discrete time periods: early morning (~ 6:00-8:00), 132 

morning (~ 10:00-12:00), afternoon (~ 15:00-17:00), evening (~ 20:00-22:00), and night (~ 1:00-133 

3:00). Each trawl sampled benthic habitat for around 5 minutes over a distance of 370 meters. 134 

The net had an opening 3.5 meters wide and 1.0 meters high, and the net’s mesh size was 35 mm 135 

to prevent any bias with regard to catch sizes. All macroinvertebrates caught were counted and 136 

recorded with their corresponding species name (Port Madison-Puget Sound Study.pdf 2020).  137 

 138 
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Calculation of Density and Diversity Measurements 139 

To estimate average asteroid density for each year, I first calculated the two-dimensional 140 

area of each trawl, resulting in total areas of around 1295 m2 for each trawl—trawl distance 141 

varied slightly from year to year. For each year, I divided the total number of asteroids found in 142 

one trawl tow (corresponding to a single depth and time period) by the trawl area (dependent on 143 

the trawl tow’s distance) to calculate a depth-specific density, and then averaged each density to 144 

come up with a single average asteroid density for that year. I repeated this method to calculate 145 

average asteroid density change over time at each depth, and then for each documented asteroid 146 

species. To measure how macroinvertebrate diversity changed over time, I calculated the 147 

Shannon Index and Pielou Evenness Index for each year’s documented invertebrates (excluding 148 

asteroids) and looked at how relative species diversity changed over the sampling period.  149 

 150 

Data Analysis 151 

First, I tested the significance of the difference in asteroid density before and after 2013, 152 

when SSWD emerged in Puget Sound. Separating the yearly density averages into pre-outbreak 153 

(1999-2013) and post-outbreak (2014-2019) groups, I performed a variance test on the groups’ 154 

mean variances, as well as a two-sided t-test on the pre-outbreak and post-outbreak average 155 

densities. After comparing annual density averages, I organized the pre-outbreak and post-156 

outbreak groups by depth (10, 25, 50 and 70 meters) as well as species. For each depth 157 

(including all asteroid species), I compared both groups’ mean variances and performed a two-158 

sided t-test on the pre- and post-outbreak densities. I repeated this for each asteroid species, 159 

comparing pre-outbreak and post-outbreak densities across depths. I used the same data analysis 160 

techniques to assess differences in macroinvertebrate diversity before and after the SSWD 161 
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outbreak, comparing Shannon Index values and Pielou Evenness Index values separately. I 162 

calculated these values across all depths, then in each depth category. The Shannon Diversity 163 

Index takes into account both species richness and relative abundance of each species, and higher 164 

index values indicated higher diversity (Hughes 1978). The Pielou Evenness Index accounts 165 

purely for how evenly individuals are distributed across species, yielding values from 0 166 

(monoculture) to 1 (complete evenness) (Pielou 1966).  167 

 168 

RESULTS 169 

Asteroid Density 170 

Average asteroid density (m2) across all depths was lower after the outbreak (i.e., 2014-171 

2019) than before it (1999-2013) (Figure 2). Variances in the means of the pre-outbreak and 172 

post-outbreak densities were unequal (p-value=0.0395). A subsequent two-sided t-test revealed 173 

that asteroid densities of the two groups (i.e., pre- and post-outbreak) were significantly different 174 

(p-value=0.000903). Two-sided t-tests performed for average densities in each depth category 175 

revealed a significant difference between the pre-outbreak and post-outbreak groups at 50 and 70 176 

meters (p-value=0.0417; p-value=0.00184, respectively). Variances were higher pre-outbreak 177 

than post-outbreak for both depths (p-value=0.00108 (50 meters); p-value=3.10e-05 (70 178 

meters)). At both 50 and 70 meters, asteroid density decreased between the pre- and post-179 

outbreak time periods (Figure 2). For depths of 10 and 25 meters, two-sided t-tests for the pre-180 

outbreak and post-outbreak groups revealed no significant difference (p-value=0.115; p-181 

value=0.866, respectively). There were 11 asteroid species recorded: Mediaster aequalis, 182 

Pycnopodia helianthoides, Crossaster papposus, Hippasteria spinosa, Luidia foliolata, Solaster 183 

stimpsoni, Solaster dawsoni, Pisaster brevispinus, Dermasterias imbricata, Amphipholis 184 
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pugetana, and Henricia spp.. Of these species, L. foliolata, P. helianthoides, S. stimpsoni, and M. 185 

aequalis significantly decreased post-outbreak, while A. pugetana significantly increased post-186 

outbreak (Figure 3). P-values for each species’ t-test can be found in Table 1.  187 

 188 

Macroinvertebrate Diversity 189 

The average Pielou Evenness Index value from 1999-2019 was 0.58, with a standard 190 

deviation of 0.11. Using a two-sided t-test, the Pielou Evenness Index values of sampled 191 

macroinvertebrates across all depths were not significantly different pre-outbreak and post-192 

outbreak (Table 2). A two-sided t-test on the pre-outbreak and post-outbreak groups of Shannon 193 

Index values did not yield a significant difference in the two groups across all depths, and the 194 

values were not significantly different in either group for any depth categories. Pielou Evenness 195 

Index values were significantly lower in the post-outbreak group at depths of 25 meters, and 196 

insignificant at 10, 50 and 70 meters (Figure 4). To reiterate, asteroids were not included in these 197 

calculations. 198 

 199 

DISCUSSION  200 

Port Madison’s subtidal community had a lower density of asteroids and a similar amount 201 

of macroinvertebrate diversity after the SSWD epizootic compared to before the epizootic. In 202 

general, asteroid density and macroinvertebrate diversity tended to fluctuate from year to year. 203 

While these results do not indicate a causative relationship between SSWD and the 204 

aforementioned community response, they add to an understanding of the environmental context 205 

in which asteroid populations succumbed to SSWD.  206 
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Following the 2013 outbreak, asteroids in the deep subtidal—which Britton-Simmons et 207 

al. (2009) has defined as depths > 20 meters, but for my purposes will be defined as > 25 208 

meters—were found in significantly lower densities (Figure 2). Asteroid densities in the shallow 209 

subtidal were not significantly different following the SSWD outbreak. It is unclear why a 210 

marked decrease in density was observed in the deep subtidal and not the shallow subtidal. 211 

Studies have found that Asterias spp. move into the low intertidal during summer and then return 212 

to deeper waters in autumn (Himmelman & Dutil 1991; Menge 1979). Given that samples were 213 

collected mid-May, it is possible that asteroids normally found in the shallow subtidal had 214 

moved up to the intertidal during each year’s sampling period while asteroids in the deep 215 

intertidal remained at the same depth year-round; however, this is only speculation. Further 216 

studies are necessary to determine the effect of seasonality on asteroid movement.  217 

There is another explanation for the lack of an asteroid density decline in the shallow 218 

subtidal as opposed to the deep subtidal. The feeding habits of subtidal asteroids indicate that 219 

instead of leading to lower density overall, decreased asteroid abundance could result in patches 220 

of high and low density—contrary to my initial prediction that asteroid density would decline 221 

due to the multidirectional dispersion of individuals. A study conducted in Eastern Canada found 222 

that asteroids tend to aggregate in areas where their preferred prey is concentrated (Himmelman 223 

& Dutil 1991). Additionally, areas of concentrated prey may shift if SSWD-induced spikes in 224 

urchins and mussels subside due to the recovery of their asteroid predators (Schultz et al. 2016; 225 

Kay et al. 2019; Moritsch & Raimondi 2018). While asteroid numbers may eventually increase 226 

to pre-SSWD levels, we may see less susceptible species in higher densities near high resource 227 

patches, and highly susceptible species forced into lower resource patches. It is possible that the 228 

shallow subtidal became more resource-rich throughout the sampling period and consistently 229 
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attracted asteroids. Clearly, there is a need for further studies to elucidate how SSWD has and 230 

continues to alter the spatial characteristics of asteroid populations.  231 

Possible explanations for a downward trend in overall asteroid density include SSWD’s 232 

impact on interspecies competition and prey abundance, in addition to direct disease-induced 233 

mortality. While anecdotal reports have indicated that the majority of common subtidal asteroid 234 

species in the Salish Sea are susceptible to SSWD, the disease’s impact on overall population 235 

abundance differs between species. Kay et al. (2019) Montecino-Latorre et al. (2016) found that 236 

Leptasterias hexactis and Mediaster spp. increased in density and Dermasterias imbricata 237 

increased in abundance following the 2013 outbreak. When considering overall asteroid density, 238 

the loss of ubiquitous asteroid species such as P. ochraceus and P. helianthoides due to disease 239 

can overshadow gains in density by rarer asteroid species, resulting in a net decrease in asteroid 240 

density. My results show that four ubiquitous asteroid species—L. foliolata, P. helianthoides, S. 241 

stimpsoni, and M. aequalis—decreased post-outbreak, while A. pugetana was the only species to 242 

increase post-outbreak. It certainly stands to reason that through competitive release, subtidal 243 

asteroid species facing lower SSWD-induced mortality may expand their ranges to include those 244 

of more susceptible asteroid species—a phenomenon observed with asteroid species in the 245 

intertidal (Kay et al. 2019). However, this experiment would require more asteroid sample 246 

replicates to deduce which particular species experience competitive release in the subtidal zone.  247 

My results concerning macroinvertebrate diversity also leave many questions 248 

unanswered. The only significant difference in index values between pre-outbreak and post-249 

outbreak was that of the Pielou Evenness Index at 25 meters (Figure 4). Research has found that 250 

decreased asteroid predation creates optimal conditions for echinoderms (besides asteroids) and 251 

bivalves to exert competitive exclusion on weaker competitors in the intertidal (Moritsch 2018; 252 
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Schultz et al. 2016). Mirroring the conditions of the 2013 SSWD outbreak, Paine (1966) found 253 

that the California mussel (Mytilus californianus) overtakes intertidal ecosystems in the absence 254 

of top down P. ochraceus predation. More recently, Moritsch (2018) found that the area of 255 

mussel beds in Central California increased by an average of 26.1% ± 17.2 (SD) from 2014 to 256 

2017 across intertidal sites known to have experienced varying levels of SSWD. Blue mussels 257 

(Mytilus galloprovincialis) are ubiquitous in the intertidal and subtidal zones of Puget Sound; 258 

given Mytilus spp. ability to dominate ecosystems, one would think Puget Sound’s SSWD 259 

outbreak would lead to some drop in macroinvertebrate diversity (Wonham 2004). The fact that 260 

the majority of my results do not show a change in diversity or evenness pre-outbreak and post-261 

outbreak is likely a sampling artifact. Of the 24,434 macroinvertebrates caught over the entire 262 

sampling period, only 95 were bivalves, and all 95 were caught in 2019. Due to the improbability 263 

of this discrepancy occurring naturally, I assume that bivalves caught in each trawl were not 264 

recorded before 2019. Another possibility is that using benthic trawls as a sampling method 265 

failed to accurately account for bivalve richness and abundance. Villalobos-Rojas et al. (2017) 266 

found that bottom trawls at depths from 100-300 meters yielded significantly lower bivalve 267 

richness than the documented bivalve richness of the sampling site. It is possible that the trawls 268 

done in Port Madison were not the most effective way to document bivalves. Solutions include 269 

(1) finding sampling sites with a higher pre-existing density of macroinvertebrates prone to 270 

competitive exclusion (such as urchins) and (2) sampling via SCUBA and quadrats to more 271 

effectively document invertebrate diversity on rocky substrates (MARINe 2014). 272 

This study could have benefitted from additional sampling and specificity. The deficit of 273 

asteroid samples was problematic—while some species-specific density patterns emerged, more 274 

replicates would have been useful to account for the differential responses of asteroid species to 275 
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SSWD infection. As certain ubiquitous asteroid species bounce back, the niches of those who do 276 

not (such as P. helianthoides) may be filled by rarer asteroid species (such as A. pugetana); 277 

previously the inferior competitors, the lower susceptibility of these less common species may 278 

allow them to become dominant. The changing relative abundance of asteroid species will affect 279 

subtidal communities as they are exposed to new predation pressures. If the newly dominant 280 

asteroid predators have overlapping prey preferences with the former dominant asteroid 281 

predators, this effect will be small. However, this is not necessarily the case, which is why 282 

invertebrate composition also plays a role in subtidal ecosystem management. Species-specific 283 

asteroid density and macroinvertebrate diversity should continue to be examined concurrently—284 

albeit, with a finer focus. Future research would be better served focusing on asteroid feeding 285 

aggregations, considering prey availability’s effect on asteroid distribution (Himmelman & Dutil 286 

1991). Consequently, prey diversity and evenness across substrate must be accounted for. 287 

Studies monitoring how prey niches are filled by a new composition of asteroid species will 288 

benefit from the context of existing prey diversity. Furthermore, hotspots of low diversity and 289 

high abundance of one prey type may predict where local asteroid populations will aggregate.  290 

Understanding spatial and prey dynamics of asteroids help us understand if and how 291 

changing environmental conditions will threaten asteroids; though, being that the ultimate 292 

environmental factors that contributed to SSWD are still unknown, research should focus on the 293 

disease’s immediate effects (its transmission) and its peripheral effects (change in community 294 

structure) in parallel (Menge et al. 2016).  Asteroids have great ecological importance in top-295 

down regulation of subtidal environments (Moritsch 2018). Intrinsic to that ecological 296 

importance are the economic benefits of stable bivalve populations, given the large part of the 297 

Pacific Northwest’s economy—$270 million as of 2015—devoted to shellfish aquaculture 298 
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(Barton et al. 2015). Efforts to monitor the health of our marine ecosystems allows us to 299 

sustainably utilize their resources, and the uncertain trajectory of marine diseases in the face of 300 

climate change threatens this goal. The better we understand the interdependency of an 301 

ecosystem, the better we can protect it for future generations.  302 
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Table 1. The following table shows the resulting p-values from each variance test and two-sided 434 

t-test comparing the pre- and post-outbreak densities of documented asteroid species across all 435 

depth categories. Variance test p-values above 0.05 indicate equal variances between the pre- 436 

and post-outbreak groups. Significant p-values are marked with an asterisk. 437 
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Table 2. The following table shows the resulting p-values from each variance test and two-sided 450 

t-test comparing the pre- and post-outbreak means of the Pielou Evenness Index, Shannon 451 

Diversity Index, and asteroid density. Variance test p-values above 0.05 indicate equal variances 452 

between the pre- and post-outbreak groups. Significant p-values are marked with an asterisk. 453 
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Figure Captions.  469 

 470 

Fig. 1. The magenta lines represent the standard trawl distances and locations used to collect 471 

benthic invertebrates each year at Port Madison. Each of the four trawls corresponds to a 472 

different depth. Reproduced with permission from FISH 312 Course Materials. 473 

 474 

Fig. 2. The above graph shows the change in average asteroid density (m2
 ) from 1999 to 2019 for 475 

each depth category. The red line demarcates 2013, the first year of the sea-star wasting disease 476 

outbreak in the Salish Sea. Colors of data points represent discrete depths: 10 meters (solid 477 

purple); 25 meters (dashed magenta); 50 meters (dashed red); 70 meters (dashed orange). 478 

 479 

Fig. 3. The above graph shows the change in asteroid density (m2 ) from 1999 to 2019 for 480 

asteroid species documented. The red line demarcates 2013, the first year of the sea-star wasting 481 

disease outbreak in the Salish Sea. Species are labeled in the top right-hand corner.  482 

 483 

Fig. 4. The above graph shows the change in evenness of macroinvertebrate samples at 25 meters 484 

from 1999 to 2019. The Pielou Evenness Index was calculated to measure how evenly 485 

macroinvertebrates (excluding asteroids) were distributed across species. The red line 486 

demarcates 2013, the first year of the sea-star wasting disease outbreak in the Salish Sea.  487 
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