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Disease emergence occurs within the context of ecological communities, and

disease driven declines in host populations can lead to complex direct and

indirect ecological effects. Varying effects of a single disease among multiple

susceptible hosts could benefit relatively resistant species. Beginning in 2013,

an outbreak of sea star wasting disease (SSWD) led to population declines of

many sea star species along the west coast of North America. Through field

surveys and laboratory experiments, we investigated how and why the rela-

tive abundances of two co-occurring sea star species, Evasterias troschelii and

Pisaster ochraceus, shifted during the ongoing wasting epidemic in Burrard

Inlet, British Columbia, Canada. We hypothesized that Evasterias is compe-

titively inferior to Pisaster but more resistant to SSWD. Thus, we predicted

that SSWD-induced declines of Pisaster could mitigate the negative effects

of SSWD on Evasterias, as the latter would experience competitive release.

We document shifts in sea star abundance from 2008–2017: Pisaster abun-

dance and mean size declined during the outbreak, while Evasterias
abundance increased from relatively rare to numerically dominant within

the intertidal. When exposed to symptomatic sea stars, Pisaster and Evasterias
both showed signs of SSWD, but transmission and susceptibility was lower

in Evasterias. Despite diet overlap documented in our field surveys, Evasterias
was not outcompeted by Pisaster in laboratory trails conducted with the rela-

tively small Pisaster available after the outbreak. Interference competition

with larger Pisaster, or prey exploitation by Pisaster during the summer

when Evasterias is primarily subtidal, may explain the rarity of Evasterias
prior to Pisaster declines. Our results suggest that indirect effects mediated

by competition can mask some of the direct effects of disease outbreaks,

and the combination of direct and indirect effects will determine the

restructuring of a community after disturbance.
1. Introduction
Emerging diseases can cause long-term declines in host populations [1–8]. In

turn, host population declines could alter the structure and dynamics of the

communities in which they are embedded, with the direction and magnitude

of effects on other species dependent on the host’s position within the commu-

nity [9,10]. For example, disease-induced population declines can lead to

competitive release of uninfected competitors [4,11], release of resource/prey

species from top-down control [1,12], and depleted resource availability for con-

sumers [10]. Further, if multiple hosts share a single disease, outbreaks can lead

to complex dynamics and intensified population declines even in the absence of

direct interactions between the hosts (e.g. through apparent competition,

[13,14]). While all disease-induced population declines have the potential to

affect communities, diseases of keystone species in particular could have
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disproportionate effects on their communities because of the

dominant effects of the host on community structure [15,16].

Disease-induced mass mortality events have been linked

to introduced and novel diseases [4] and temperature effects

on extant diseases that dampen host immune defence [17] or

alter parasite transmission and/or production, (e.g. [7,8,18]).

Beginning in 2013, sea star (Class Asteroidea) populations

along the Californian and British Columbian coasts under-

went a sudden mass mortality event. By the summer of

2014 up to 20 species of sea stars along the entire northeastern

Pacific coast from Baja Mexico to the Aleutian Islands in

Alaska were observed with visible signs of disease [19].

Disease-induced mortalities of sea stars have been documen-

ted previously along this Pacific coast [20,21], but the current,

ongoing mortality event is unprecedented owing to the

number of species affected and the magnitude and large geo-

graphical extent of the declines [5,6,19]. Field correlations and

laboratory studies suggest that the outbreak could have been

intensified by rising ocean temperature [5,19,22,23].

The aetiological agent remains elusive for the set of visible

signs of disease known collectively as sea star wasting disease

(SSWD; also known as asteroid idiopathic wasting syndrome

and sea star wasting syndrome). Signs of SSWD in Pisaster
ochraceus (hereafter, Pisaster) can be associated to a dysbiosis

of a healthy microbiome, potentially involving a range of

different and opportunistic pathogens [23]. Virus-sized par-

ticles have been associated with SSWD signs in several

species and studies [19,24]. In Pycnopodia helianthoides, wast-

ing asteroid-associated densovirus (WAaDs) is a putative

aetiological agent for signs of wasting [19,25], but while

WAaDs is present in Pisaster and Evasterias troschelii (here-

after, Evasterias), its presence is not necessary for visible

disease progression in Pisaster [23]. Despite the unanswered

questions on aetiology, the progression of the disease has

been categorized into four stages of visible signs; starting

with the appearance of minor lesions, followed by lesions

spreading to the sea star’s arms, leading to severe tissue

deterioration and loss of limbs, and finally tissue damage

across the entire body and death [19].

Populations of Pisaster, which is among the 20 species

known to be affected, declined substantially owing to

SSWD [5,6,19,26]. Pisaster is of particular interest because it

is one of the species hardest hit by SSWD alongside the sun-

flower star P. helianthoides [5,19,27], and because it plays an

important ecological role in the rocky coast ecosystem.

Pisaster, the inspiration for the keystone species concept

[15], has major impacts on the community assemblage of

the rocky intertidal ecosystem through top-down control

[28–30]. When Pisaster is removed from the rocky intertidal,

the primary prey of Pisaster, the mussels Mytilus californianus
and Mytilus trossulus, outcompete other primary substrate

species such as barnacles and algae [29]. This has large

scale effects as this food web based on benthic primary and

secondary production may be disrupted [15]. The SSWD-

induced decline of Pisaster may result in similar ecosystem

cascading effects and changes in ecosystem function.

Efforts have been taken to uncover the ecological conse-

quences of SSWD-induced reductions in the previously

coastwide-abundant sea star Pisaster [31–34], with an empha-

sis on release from top-down control. However, the ways

SSWD-induced declines in Pisaster may cause shifts within

the sea star community via changing competitive dynamics

remains unclear. Pathogens have been shown to have
strong effects on competition when competing species have

differential susceptibility to a pathogen [13,35,36]. A potential

consequence of declines of dominant sea stars like Pisaster,

then, is the competitive release [37,38] of more disease-

resistant species [4]. One species that could potentially benefit

from the decline of Pisaster is the mottled sea star, Evasterias,

whose range overlaps with Pisaster, as it is found from Alaska

to California, although it is rarely found south of Washing-

ton’s Puget Sound [39,40]. Along most of its range,

Evasterias is considered scarce with the exception of large

populations in the sheltered fjords of Alaska and in the

inland waters (Salish Sea) of British Columbia and Washing-

ton State [39,40]. Both Evasterias and Pisaster inhabit the

intertidal and subtidal areas within Burrard Inlet, British

Columbia; an area with prominent levels of SSWD [6]. The

two species have overlapping habitat use [39] and diet

[41], suggesting the potential for competition. This compe-

tition is likely to be asymmetrical, as Pisaster is widely

considered to be a dominant sea star in the intertidal and

has been shown to act aggressively towards other sea stars

[42,43]. Therefore, although Evasterias is one of the 20 species

to be observed with signs of SSWD [19], Evasterias may be

able to expand into the niche previously filled and domi-

nated by Pisaster depending on the competitive relationship

between the two species and the degree to which each is

vulnerable to persistent population declines in the face

of SSWD.

To better understand the potential ecological conse-

quences of SSWD, we investigated how and why the

relative abundances of Evasterias and Pisaster have shifted in

association with the SSWD outbreak. We hypothesized that

declines in the Burrard Inlet Pisaster population from SSWD

will mitigate the direct effects of SSWD on Evasterias by

releasing Evasterias from competition and allowing it to

numerically increase in the intertidal zone. Specifically, we

hypothesized that the Evasterias population is less susceptible

to SSWD than the Pisaster population, is competitively

inferior to Pisaster, and has increased following the decline

of Pisaster in the field. To test these hypotheses, we combined

long-term monitoring in the field with laboratory disease

challenge trials and competition experiments. By using the

Burrard Inlet populations of Evasterias and Pisaster as a

model system, we assess the degree to which indirect and

direct effects of SSWD may change dominance patterns

within the sea star predator guild.
2. Methods
(a) Field surveys
First observed in coastal British Columbia in 2013 [44], SSWD

symptomatic stars were still present in local populations through

to at least 2019 (A.-L.M. Gehman 2019, personal communi-

cation), suggesting an ongoing outbreak. We assessed changes

in the relative abundances of Evasterias and Pisaster in the inter-

tidal zone before and during the wasting outbreak using a

decade-long dataset collected from 2008 to 2017 in Burrard

Inlet, British Columbia (electronic supplementary material,

table S1 and figure S1). Sites were surveyed on the lowest tide

series of the month (electronic supplementary material, table

S1), where low tide was below þ1 m in tidal height relative to

Canadian chart datum (lowest astronomical tide), enabling maxi-

mum intertidal access. Sea star abundance was measured by

counting the number of sea stars present within a fixed survey
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area defined by local topography at each site (electronic sup-

plementary material, table S1). We counted all visible sea stars,

including ones sheltering in cracks, but no boulders were over-

turned. At one site Pisaster size was measured intermittently

(see the electronic supplementary material, S1.1). Further

methods for the field surveys and analysis can be found in the

electronic supplementary material, S1.1.
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(b) Wasting disease study
To test susceptibility and SSWD progression through popu-

lations of Pisaster and Evasterias, tanks of healthy sea stars were

exposed to a symptomatic sea star in the laboratory. We used

two adult Pisaster with signs of SSWD (minor white lesions on

their arms), collected on 7 August 2016 from Campbell Point,

Mayne Island, British Columbia, as the source of infection for

our experiments, and thus our focal disease agents. To minimize

any cross-water contamination, we isolated the focal disease sea

stars in a 20 l tank sitting in a seawater table. To infect both Evas-
terias and Pisaster, we exposed a single individual of each species

to the focal disease sea stars. Once infected, they were placed into

separate 20 l tanks. These ‘disease agent sea stars’ were used to

initiate a controlled transmission of disease to susceptible con-

specifics (see below). Mean arm lengths (+s.e.) for the

experimentally exposed Pisaster (n ¼ 5) and Evasterias (n ¼ 5)

were 54.40+4.97 and 46.20+ 3.84 mm, respectively.

Susceptible Pisaster and Evasterias were collected on 1 August

2016, at Brockton Point. Mean arm lengths (+s.e.) for Pisaster
and Evasterias were 45.56+ 2.05 and 44.84+ 1.18 mm, respect-

ively. We acclimated sea stars in an aerated, recirculating

seawater table at 27 psu and 138C for approximately one

month. For the experiment, susceptible sea stars of each species

were haphazardly selected and placed into 20 l tanks. Each

tank contained five sea stars, and there were five replicate

tanks for each species (i.e. 50 sea stars overall). Immediately

after the initial placement of sea stars into their tanks, we intro-

duced a single disease agent sea star of the same species into

each tank. The exposure time to the susceptible sea stars lasted

as long as the disease agent star remained alive. The experimen-

tal initiation date varied from tank to tank to correspond to the

timing of the onset of visible signs of disease (lesions or arm

loss) in the sick individual being introduced. All replicates

were initiated within 14 days of one another and were observed

for 28 days following the introduction of the disease agent sea

star. Further methods and analysis can be found in the electronic

supplementary material, S1.2.
(c) Dietary overlap
We assessed sea star dietary composition at four sites over five

sampling dates: Sharon Cove (1 December 2009 and 10 April

2016), Point Atkinson (10 April 2016), Ferguson Point (11 April

2016), and Dunbar Street (15 November 2016). We followed the

methods of [45], where sea stars were turned over at low tide

and any prey (in our case, exclusively barnacles and mussels)

that had been removed from the rock and were being held

against the mouth were identified. Prey identity was recorded,

but not prey abundance within a single meal. In a few cases,

two different species were observed in a single meal. These

cases were too rare to treat as a specific dietary category. Instead,

the proportion of all meals that contained barnacles included

these multi-prey meals, as did the proportion of all meals that

contained mussels. The proportions of Evasterias and Pisaster
feeding was compared with a x2 contingency table analysis, as

was the number of meals for each species that contained barna-

cles or mussels. We also ran laboratory experiments evaluating

competition between Evasterias and Pisaster over the mussel

M. trossulus (see the electronic supplementary material, S1.3).
3. Results
(a) Inter-annual patterns in abundance and body size
Evasterias abundance, both absolute and relative to Pisaster,

remained low and relatively constant for the years of 2008

to 2013 (figure 1a,b; electronic supplementary material,

figure S2). Pisaster abundance peaked in 2009–2010 after

which point it began a decline that continued into the SSWD

outbreak period. During this period of relatively low Pisaster
abundance, particularly post-2013, Evasterias numbers

increased substantially (figure 1a,b; electronic supplementary

material, figure S2), and it became the numerically dominant

sea star in the system in the post-SSWD outbreak era

(figure 1c,d ). This reversal of dominance is reflected by a

significant species � time interaction (table 1).

In addition to the general decline in Pisaster density

through the study period, there was also a decline in mean

Pisaster body size. The radius (arm tip to centre of the oral

disc) of Pisaster at Sharon Cove before the outbreak was rela-

tively large: 11.6+0.5 cm (mean+ s.e.) in 2005 and 10.5+
0.7 cm in 2008. Three years post-outbreak (2016), mean Pisaster
radius at the same site had declined to 7.7+0.9 cm. Size

differences among years were significant (ANOVA: F ¼ 9.82,

p ¼ 0.0002), with 2005 and 2008 being statistically similar to

one another but different from 2016 (Tukey HSD, a ¼ 0.05).

(b) Wasting disease study
Outbreaks of wasting disease in the initially asymptomatic

sea stars occurred in all 10 experimental tanks. After 28

days of exposure to disease agent sea stars, the mean

number of susceptible Evasterias that had not shown signs

of wasting was 1.2+0.37 s.e. individuals out of five, and

the mean number for Pisaster was 0.2+0.44 s.e. individuals

out of five (figure 2). Mean number of susceptible Evasterias
found alive at the end of 28 days was 2.2+0.49 s.e. individ-

uals, while the mean number of Pisaster found alive was

0.6+0.25 s.e. individuals (figure 2).

Wasting disease was present in the recirculating seawater

system at an order of magnitude lower prevalence than the

infection levels in the experimental tanks. The control sea

stars had two separate wasting events and a total of six Pisaster
displayed small white lesions and low turgor pressure. Control

tank infection prevalence was approximately 7% infection

(6 out of 90 control sea stars) and total experimental infection

prevalence was 72%. Wasting sea stars were removed from

the control areas as soon as signs of disease were observed.

Disease progression timing varied between disease agent

Pisaster and disease agent Evasterias; all disease agent Pisaster
and two Evasterias displayed signs of disease in synchrony,

but three disease agent Evasterias took longer to display signs

of disease. The last disease agent Evasterias to develop signs of

disease was 14 days after the last Pisaster to develop signs of dis-

ease. Survival time after placement in the experimental tanks

(i.e. once they became symptomatic), also varied by species for

the 10 disease agent sea stars. Disease agent Evasterias mean sur-

vival time (i.e. time during which theyexhibited signs of disease)

during exposure trials was 4.20 (+0.74 s.e.) days, while the dis-

ease agent Pisaster mean survival time during exposure trials

was 7.40 (+1.72 s.e.) days (figure 2).

Disease progression differed between species within the

experimental treatments. There was a significant effect of

time (table 2), and a significant species by time interaction
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Figure 1. Long-term Evasterias and Pisaster population data. (a) Mean percentage of maximum abundance for each species and (b) mean percentage of each
species within the sea star community, during winter surveys from 2008 to 2017. We binned winter seasons by October – March. Sample size varies across years
where n ¼ 1 survey for 2007 – 2008, n ¼ 2 surveys for the years for 2008 – 2009 and 2010 – 2011, n ¼ 4 for 2009 – 2010 and 2013 – 2014, n ¼ 5 surveys for
2014 – 2015 and 2015 – 2016, and n ¼ 30 surveys for 2016 – 2017. (c) Mean percentage of maximum abundance for each species and (d ) mean percentage of
each species within the sea star community, before and after estimated time of outbreak of wasting disease, n ¼ 9 surveys for years before wasting and n ¼ 40
surveys for years after wasting. Note that the single site surveyed in 2007 – 2008 was naturally high in Evasterias relative to other sites. Error bars represent+1 s.e.

Table 1. Repeated measures ANOVA of Evasterias and Pisaster per cent maximum abundance over time.

degrees of freedom sum of squares mean squares F-value p-value

species 1 6.62 6.62 5.36 0.023

time 1 0.42 0.42 0.34 0.561

species : time 1 43.60 43.60 35.31 ,0.0001
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(table 2), with lower infection in Evasterias than Pisaster
(figure 2). For mortality, there was a significant effect of

time, and a significant species by time interaction (table 2),

with higher mortality in Pisaster (figure 2).

Time to 50% infected was 17.6+2.04 (mean+ s.e.) days

for Evasterias, and 10.4+0.46 days for Pisaster. Daily trans-

mission rate, or the daily rate at which susceptible sea stars

became infected, for Evasterias was 0.27 of the total five sea

stars per tank, and for Pisaster was 0.56 sea stars per tank.

Time to reach 50% mortality was 24.0+1.98 (mean+ s.e.)

days for Evasterias and 14.6+0.24 days for Pisaster. Daily

disease-induced mortality, or the rate at which newly

infected individuals died per day, was 0.16 out of five sea

stars per tank per day for Evasterias, and 0.47 sea stars per

tank per day for Pisaster.

(c) Dietary overlap and potential competitive effects
Similar proportions of Evasterias (19 out of 66 feeding; 28.8%)

and Pisaster (38 out of 134 feeding; 28.4%) were feeding when
surveyed in the field at low tide (contingency table x2 ¼

0.004, p ¼ 0.95). Barnacles (primarily Balanus glandula and

occasionally Balanus crenatus) and mussels (M. trossulus)

were the only prey items observed in our samples (table 3).

Of the sea stars that were feeding, the relative proportion of

meals that contained barnacles versus mussels was similar

between the two sea star species (table 3; contingency table

x2 ¼ 0.59, p ¼ 0.44). In the laboratory experiments Evasterias
grew faster than Pisaster, however there was no significant

effect of interspecific competition on growth for the size

classes of sea stars available for these experiments (electronic

supplementary material, S1.4, S2.2 and figure S3).
4. Discussion
With a single set of disease signs (if not a single pathogen), this

SSWD disease outbreak has illustrated how differences in the

cost of infection across species can lead to altered population
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Figure 2. Breakdown of disease progression in (a) Evasterias and (b) Pisaster
over 28 days, in terms of number of asymptomatic and the number of
surviving individuals remaining in a tank. Each dot represents a mean
number across the five tanks, error bars represent +1 s.e. The mean time
each species was exposed to the disease agent sea star is represented by
the shaded column.
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response. Here, we show that susceptibility and disease induced

mortality differ among species, and that the outbreak is associ-

ated with important shifts in sea star assemblages that may be

mediated indirectly by other ecological forces.
(a) Long-term abundance trends
In response to the outbreak of SSWD, intertidal Pisaster popu-

lations have declined coastwide, including in Burrard Inlet,

British Columbia [6]. Unlike some areas, particularly further

south where the consequences of SSWD have been more

severe [6], the Burrard Inlet Pisaster population did not

crash synchronously across all sites in 2014. There is uncer-

tainty around the initial date of intertidal wasting outbreaks

in the Burrard Inlet, as sampling once per year will miss

important dynamics. That said, dynamics varied from one

site to the next. One population (Ferguson Point) declined

to its lowest point in December 2013 while others (Point

Atkinson and Sharon Cove) did not reach their abundance

minima until January 2016. Wasting outbreaks in the

nearby San Juan Islands have also exhibited highly patchy

dynamics in space and time [26]. Compared to California,

where Pisaster populations collapsed across many sites

within a narrow time window, spatial and temporal variation

in SSWD-related mortality, coupled with continued incidence

of symptomatic individuals (C.D.G. Harley 2017, personal

observation), has resulted in a steadier decline, when

averaged across sites, in Burrard Inlet between 2013 and 2017.

The Pisaster population in Burrard inlet exhibited tem-

poral patterns that appear to be unrelated to disease as

well. Pisaster abundance peaked at all sites in 2009–2010,

and had already declined considerably from this peak by
the time SSWD emerged in 2013. It is unclear whether the

population trend from 2009 to 2013 represents a regression

to the mean following a recruitment or immigration pulse,

or a general decline related to some other factor. We observed

very little wasting in Burrard Inlet prior to 2013, making

wasting an unlikely culprit. Rather, there is some evidence

to suggest that Pisaster densities in 2009–2010 were in fact

uncharacteristically high. Specifically, there was an especially

heavy settlement of mussels in 2008 that coated the shores of

Burrard Inlet (C.D.G. Harley 2008, personal observation), and

low freshwater input from the Fraser River in 2009 may have

resulted in conditions especially conducive to Pisaster loco-

motor performance and feeding, which are sensitive to low

salinity [46]. This increase in Pisaster’s preferred prey coupled

with optimal conditions for foraging may have sustained

higher predator densities in 2009 [47]. Interestingly, a similar

mussel recruitment pulse in 2013 was not followed by an

increase in Pisaster, perhaps owing to disease-associated sea

star declines from late 2013 onwards.

SSWD-induced declines in Pisaster abundance have been

accompanied by a decline in mean body size, either owing

to larger sea stars being more susceptible to disease or to

pulses of recruitment following the loss of large fractions of

the adult population [32,34]. We observed a similar decline

in mean body size in the post-outbreak population in Burrard

Inlet. Because Pisaster consumption rates increase with body

size [48], the reduction in size coupled with a reduction in

overall numbers has a very strong potential to reduce the eco-

logical impact of Pisaster as a predator and as a competitor.

Contrary to the abundance trend observed in Pisaster, the

abundance of Evasterias has increased markedly since the

onset of the SSWD outbreak. After a transient decline from

2011 to 2013, Evasterias numbers increased to levels approxi-

mately five times higher than their pre-outbreak densities.

Indeed, by 2016 Evasterias had become the numerically domi-

nant sea star in the intertidal zone in Burrard Inlet, at least

during the winter when intertidal sea stars are abundant.

Although the rise of Evasterias lags the fall of Pisaster, it is

possible that the two are linked, especially when considering

the timing of the loss of large Pisaster (which are known eco-

logical dominants [42,49], and are especially aggressive

towards Evasterias [43]) and likely demographic time lags fol-

lowing Evasterias’ own response to disease. In other words, it

is possible that this is a case of competitive release. If Evaster-
ias is less susceptible to SSWD, or if its recovery dynamics are

more rapid, the competitive release hypothesis could explain

the switch in numerical dominance. Below, we consider

patterns in differential susceptibility, and then explore the

evidence for interspecific competition.

(b) Interspecific differences in vulnerability to
wasting disease

In our experiments, disease transmission was rapid, as were

its consequences. Susceptible hosts showed visible signs of

wasting less than two weeks after initial exposure to the dis-

eased hosts, regardless of species, and 72% of the 50 sea stars

exposed to wasting disease died from wasting disease within

28 days. However, the response of the two species was not

identical; Evasterias took longer to reach 50% infected and

50% mortality following the introduction of a diseased indi-

vidual. Once visibly symptomatic, however, Pisaster lived

for nearly twice as long. In the field, dead individuals are



Table 2. Statistical results for logistic regression of number of individual Evasterias and Pisaster disease progression (number symptomatic) and mortality
(number dead) over time. (Species, time and the interaction of species by time were included as fixed effects, and experimental tank nested in time was
included as a random effect. Italics indicate p-values of less than 0.05.)

predictors

disease progression mortality

odds ratios CI p odds ratios CI p

(intercept) 0.00 0.00 – 0.01 ,0.001 0.00 0.00 – 0.01 ,0.001

species 1.95 0.29 – 12.94 0.489 0.36 0.04 – 3.57 0.386

time 1.35 1.24 – 1.48 ,0.001 1.30 1.20 – 1.41 ,0.001

species * time 1.18 1.04 – 1.35 0.013 1.21 1.06 – 1.38 0.005

random effects

s2 3.29 3.29

t00 0.41 Tank 0.04 Tank

t11 0.00 Tank*Time 0.00 Tank*Time

observations 130 130

marginal R2/conditional R2 0.723/0.758 0.680/0.702

Table 3. Per cent of meals that contained barnacles (Balanus spp.) or
mussels (Mytilus trossulus), pooled across sampling dates and sites.
(Because some meals contained both barnacles and mussels, the totals for
each species add to more than 100%.)

predator prey per cent of meals (n)

Evasterias barnacles 47.4 (9)

mussels 57.9 (11)

Pisaster barnacles 39.5 (15)

mussels 73.7 (28)
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removed from the intertidal zone by waves in all but the most

protected habitats, so the prolonged presence of live but sick

Pisaster could therefore increase the length of time available

for disease transmission relative to more rapidly removed

Evasterias. This potential effect was preserved in our exper-

iments, where we only removed infected sea stars (both

disease agent and newly infected stars) once they had died.

The difference in transmission windows, along with differ-

ences in innate vulnerability, could explain why SSWD

effects were more severe for Pisaster in our experiments.

Transmission rate is an important parameter that influ-

ences the ability of a parasite or pathogen to infect and

persist within host populations [50]. However, little is

known about the factors influencing transmission in SSWD

[19,32]. Our interpretation of the experimental results rests

on the assumption that a sea star must be exhibiting signs

of wasting (e.g. lesions and/or deterioration of the body

wall) in order to transmit the disease. Thus, we assume

that the increased time that Pisaster remains symptomatic

translates to higher transmission. However, it is unclear

whether the increased time between exposure and disease

display represents an increase in resistance to infection or tol-

erance of early stages of infection. If the host does not need

to be symptomatic to transmit SSWD, then the extended

asymptomatic period found in Evasterias could represent

transmission potential similar to that of Pisaster.
Because the amount of time that a host spends exhibiting

signs of disease will affect the probability of detecting disease

within the population, our results also have implications for

the way field-collected disease incidence data are interpreted.

The duration of the symptomatic period can vary with temp-

erature [26] and among species (our study). Taken together,

these results suggest that caution should be applied when

attempting to interpret drivers of disease transmission

using infection prevalence surveys alone. For example, in

our laboratory experiments, although the total infection

over the experiment was 100% for Pisaster and 92% for Evaster-
ias, the mean daily infection prevalence was 40.7+9.6 s.e. %

for Pisaster and only 14.5+4.8 s.e. % for Evasterias. Thus,

even in our exaggerated laboratory conditions, total infection

prevalence does a poor job of reflecting the full impacts of the

disease, and infrequent field sampling could miss sympto-

matic individuals and perhaps entire outbreaks when

mortality sets in soon after signs of disease become apparent.

In addition, caution should be applied when setting the

lengths of exposure trials, as our results demonstrate that

the time from exposure to disease onset can vary substan-

tially between species. For example, the viral challenge

experiments evaluating WAaDs in Pisaster and Evasterias pre-

sented data from approximately 7 days following disease

challenge [25]. In our study, none of the sea stars had signs

of disease at 6 days following exposure to SSWD, and at

9 days, none of the Evasterias had signs of disease and only

4 out of 25 Pisaster showed disease signs.

Our results suggest that disease development may vary

between host species, and while we have found that two

host species have different rates of disease development,

there are at least 20 host species that can be infected by

SSWD. Indeed, field surveys and laboratory experiments

have demonstrated that different species have differing

levels of susceptibility, prevalence, and population response

[19,21,33]. If interspecific variation allows for a range of

levels of vulnerability to SSWD, as demonstrated with Evas-
terias and Pisaster, then host diversity and community

composition within a location could have strong effects on

disease spread and persistence. There is a wealth of debate
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around how host diversity can influence the risk of disease in

communities (e.g. [51]), with some suggesting that less sus-

ceptible or viable hosts can lead to dilution effects for the

community [52,53]. Further work evaluating the variability

in disease transmission between hosts, and the effect of

local sea star diversity on infection spread and persistence,

could provide valuable insights into the debate on the

effect of biodiversity on disease transmission.
 .org/journal/rspb
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(c) The role of competition
If Evasterias is better able to withstand the population-level

effects of SSWD, perhaps the decline in Pisaster led to the docu-

mented increase in Evasterias. We had strong reason to believe

that Pisaster would be the competitive dominant in this pair-

ing; Pisaster is regarded as a competitively dominant sea star

in the intertidal [42,54] and has asymmetrically agonistic

effects on Evasterias [43]. Despite the strong overlap in dietary

composition we found, Evasterias and Pisaster did not show

evidence of asymmetric resource competition for their domi-

nant food source, the mussel M. trossulus, in our laboratory

experiments (electronic supplementary material, S1.3).

Taken at face value, our laboratory results suggest that inter-

specific competitive release was unimportant. However, our

work does not rule out the possibility of direct resource compe-

tition between Evasterias and Pisaster. First, size is an important

determinant of competitive interactions, and in our experiments

the size of the Pisaster (approx. 5–6 cm arm length) were close to

the threshold size (4 cm) below which no agonistic interactions

were observed by [43]. Larger sea stars were generally unavail-

able at the time of our study, but prior to the outbreak of SSWD,

larger size classes (greater than 10 cm arm length) were

common. Thus, SSWD could have altered the competitive

outcome between Pisaster and Evasterias by removing the

larger, competitively dominant Pisaster from the population

[32,34,43]. Second, our experiments were effectively subtidal,

but in the field the two species are competing in the intertidal

where the interaction could play out differently. Finally, even

in the absence of asymmetric interference competition, Pisaster
would almost certainly affect the availability of prey for Evaster-
ias over the long term via exploitation competition. This is

particularly true as Pisaster can be found in the Burrard Inlet

intertidal year-round, albeit at reduced densities in summer,

whereas Evasterias only exploits intertidal habitats in the

winter (see the electronic supplementary material). The seaso-

nal use of intertidal areas by Evasterias may be a response

to reduced avian predation (see [39]) associated with the

night-time timing of lower low tides during winter.

The seasonal migration of Evasterias raises an additional

possible competitive release scenario—one that we were not

able to explore here. Evasterias can also be abundant in the

subtidal zone [41], and this is certainly true in Burrard Inlet

during the summer. Because we did not monitor subtidal

populations, there could be other species interactions we

have not taken into consideration that may have triggered

Evasterias’ population increase and allowed Evasterias to

occupy the relatively Pisaster-free intertidal ecosystem.

Declines of the sunflower sea star, Pycnopodia, are well docu-

mented in the Salish Sea and elsewhere [5,55], with evidence

of high susceptibility to wasting disease [5,27]. In Howe

Sound (adjacent to Burrard Inlet), Pycnopodia abundance

decreased by 89% after wasting disease, and that species is

now rarely seen in the subtidal [44]. Evasterias diet when in
the subtidal can overlap with Pycnopodia [41], and declines

in Pycnopodia may have benefitted seasonally or permanently

subtidal populations of Evasterias in and around Burrard

Inlet. The role of ecological interactions in the subtidal, par-

ticularly as they relate to wasting disease, warrant further

investigation. Even if Pycnopodia declines acted as an initial

trigger to an increase in subtidal Evasterias, the concurrent

declines in Pisaster may have allowed Evasterias to move

into the then relatively underexploited intertidal zone.

Finally, an element of apparent competition could be

acting in this system. Although the term apparent compe-

tition has been applied with varying degrees of specificity

(e.g. [13]), the strict interpretation of apparent competition

assumes no direct competition between the host species

[14]. If we relax the assumption of no competition, then

both competitive release and apparent competition mechan-

isms could act in the same system. Indeed, indirect effects

of increased Evasterias density, and thus a potential increase

in SSWD persistence or transmission, could be keeping the

more susceptible Pisaster populations suppressed. If we

expand our consideration of shared hosts of SSWD into the

subtidal, the complexity quickly increases, with many sea

star species interactions to consider, all likely with varying

susceptibility and transmission (as discussed in §4b). Future

work exploring the interactions across habitats and among

the full complement of the sea star community could provide

fruitful insight into the dynamics of this disease.

(d) Implications of Evasterias population increase and
emergent properties of wasting disease

Ultimately, our study documents a major shift within the

intertidal sea star assemblage following the recent outbreak

of SSWD. Evasterias is an understudied sea star and its role

in providing top-down control in the intertidal zone has

not been well documented. If Evasterias can effectively control

the mussel cover of the rocky intertidal by fulfilling a similar

top down role Pisaster holds in the intertidal, the expansion of

Evasterias in the intertidal zone could mitigate the effects of

Pisaster declines on mussel cover.

It is currently unclear the extent to which our results

extend beyond Burrard Inlet. However, increases in Evasterias
have also been documented in the Strait of Georgia subtidal

[56], and post-wasting increases have also been documented

for Dermasterias imbricata across the Salish Sea [55]. These sim-

ultaneous increases of Evasterias and Dermasterias, despite

their radically different diets [41], provide evidence of popu-

lation expansions in sea stars following wasting disease, and

suggests that this phenomenon may not be a property of

single species, but that sea star community shifts are probably

occurring wherever wasting disease has caused severe

declines in dominant and competing sea stars.

Overall, our study demonstrates the possibility that a major

disturbance like SSWD can have both direct and indirect ecologi-

cal effects, and may indirectly benefit certain species even if they

are susceptible. In the example of wasting disease, mass mortal-

ities of key consumers have occurred and will probably cause

ecological shifts within the predator guild and across trophic

levels. Diseases affect their hosts within the context of their com-

munities, and our work highlights the need to evaluate the

consequences of disease within the context of entire communities.
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