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1. Introduction

Global warming has important implications for the dynamics and ecological impacts of emerging diseases.
We investigated temperature effects on scuticociliate, Orchitophrya cf. stellarum, infections in ripe testes of
two Pacific northeast sea stars (Asterina miniata Brandt and Pisaster ochraceus Brandt) using laboratory and
field approaches. We predicted that a small increase in temperature would result in higher ciliate growth
rates and heightened infection intensities. To test this we (1) cultured free-living O. stellarum at 10 and 15 °C
and quantified ciliate abundance after 3 days, and (2) housed sea stars of both species at 10 and 15 °C for
durations varying from 4 to 21 days and then measured the infection intensity. Ciliate densities in cultures
were two orders of magnitude higher in the warmer treatment. Infection intensity was also temperature
sensitive: greater proportions of testes were infected and infection stage was more advanced at 15 versus
10 °C, leading to a reduction in spermatozoa and regression of the germinal layer within three weeks. In
seven field populations surveyed, we found a tight linear correlation between infection prevalence (percent
infected sea stars) and infection intensity (proportion of infected testes per individual and mean infection
score). However, 45% of P. ochraceus testes exhibited heavy infections versus 8% of A. miniata testes, which
may relate to the different thermal habitat of each species: P. ochraceus occurs higher on the shore and likely
reaches higher body temperatures at low tide. While the sex ratio of A. miniata is unbiased, P. ochraceus
populations are consistently female-biased and show no relationship to infection prevalence (ranged from
30 to 90%). O. cf. stellarum infections of testes of both sea stars are prevalent in field populations, are highly
temperature sensitive, and lead to rapid loss of reproductive potential.

© 2009 Elsevier B.V. All rights reserved.

structure (e.g., Mouritsen and Poulin, 2002). In particular, the
transmission and developmental rates of many parasites are posi-

Increased intensity and frequency of disease has been reported in a
range of marine taxa over the past twenty years (Harvell et al., 1999;
Ward and Laffarty, 2004; Lester et al., 2007). Climate change has been
implicated as a critical agent driving the emergence of disease and
several compelling examples show a positive association between
increased environmental temperatures and the intensity of microbial
infections in marine invertebrates. For example, the spread of
withering foot syndrome and subsequent die-offs in abalone are
correlated with warmer than average periods (Lafferty and Kuris,
1993; Raimondi et al., 2002). Growing evidence also indicates that
climate variability strongly increases the sensitivity of marine species
to parasitic diseases yielding community changes in response to shifts
in the strength of species interactions, productivity and/or food web

* Corresponding author. University of Otago, Department of Marine Science,
Portobello Marine Laboratory, PO Box 8, Portobello, Dunedin, New Zealand. Tel.: 464
3479 5832; fax: +64 3 479 5825.

E-mail address: bates.amanda@gmail.com (A.E. Bates).

0022-0981/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jembe.2009.12.001

tively related to temperature leading to higher prevalence (percent of
the population with the infection), infection intensity and, at the
extreme, host mortality (e.g., Harvell et al., 1999). For instance,
Mouritsen et al. (2005) developed a simulation model that predicts a
parasite-induced collapse in populations of coastal amphipods in
response to a 3.8 °C increase in seawater temperature. However,
empirical data quantifying temperature-related impacts on parasitic
diseases are limited (e.g., Daszak et al., 2000).

Orchitophrya stellarum Cépéde, 1907 is a ciliated protozoan (Order
Scuticociliata) that infects sea stars (Family Asteriidae) and feeds on
sperm when testes are ripe in multiple hosts from the North Atlantic
and Pacific (e.g., Leighton et al., 1991; Claereboudt and Bouland, 1994;
Byrne et al., 1997; Stickle et al., 2001b, 2007a). The presence of the
parasite in the testes is linked to degeneration of the germinal tissue
and reduced reproductive output. O. stellarum has recently been
detected in several species along the Pacific coast of North America,
leading Boom (1988) to hypothesize that it was inadvertently
introduced to the Northeast Pacific in the late 1980s. Furthermore,
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Stickle et al. (2007b) found that the growth rate of the ciliate in
culture conditions varied with temperature, indicating that the
development of the infection in living hosts may also be temperature
dependent. Thus, the sea star—ciliate association presents a unique
opportunity to study the consequences of a temperature regime on an
emerging infectious parasite in co-occurring hosts.

Among the Northeast Pacific hosts is the original keystone species
(Paine, 1969), Pisaster ochraceus Brandt, 1835. Circumstantial evi-
dence suggests that the consequences of the infection may be severe
in P. ochraceus as inter-annual declines in the proportion of males
have occurred following detection of the disease (Leighton et al.,
1991), and recently surveyed populations are heavily female-biased
(Bamfield, B.C.: Stickle and Kozloff, 2008). O. stellarum-like ciliates
also infect the testes of a co-occurring species, Asterina miniata
Brandt, 1835 (Sunday et al., 2008); this represents the first host record
in Family Asterinidae.

The main objective of this study was to quantify the influence of
temperature regime on the intensity of O. cf. stellarum infections in
male A. miniata and P. ochraceus. We hypothesized that an increase in
temperature will result in significantly higher ciliate growth rates and
heightened infection intensities. To test this hypothesis we (1)
cultured free-living O. stellarum at 10 and 15 °C and (2) housed sea
stars of both species in sea water at these two temperatures, and then
measured proportion of testes infected and infection stage. In
addition, we quantified prevalence, population sex ratio and natural
levels of infection intensity at seven sites in the field.

2. Materials and methods
2.1. Study location

A. miniata (>3.0 cm radius) and P. ochraceus (>8.0 cm radius) were
collected or surveyed from locations near the Bamfield Marine

Sciences Centre (Barkley Sound, British Columbia, Canada: 48°50’
17N, 125°08'26"W) from 0.2 to 1.0 m above astronomical tide as
estimated by the Canadian Hydrographic Service chart datum during
low tides from May to June 2008 (Fig. 1). In all cases, males were
identified by examining the gonad through an incision (~1cm in
length) at the junction of two rays.

2.2. Laboratory experiments

2.2.1. In-vitro growth rates of ciliates at different temperatures

To obtain ciliates for in-vitro culture experiments, one infected
testis was removed from three individuals of each species (collected
from the Ross Islets on June 10). 1 pl of fluid from each parasitized
testis was diluted with sperm-rich exudate from an uninfected testis
(of the same species) to a final concentration of <3 ciliates ml~'. 1 ml
of this culture fluid was then transferred to eppendorf tubes: 6
replicate tubes per individual and 18 tubes total per species were
included in each temperature treatment as follows. Eppendorf tubes
were loosely capped and suspended in a 10 or 15 °C waterbath for
72 h. At 24-hour intervals, a 10 or 100 ul aliquot (depending upon
ciliate density) was dispensed on a glass slide overlying a 0.01 mm
grid. 1 pl of formalin was added to immobilize the ciliates for counts.

2.2.2. Infection progression at different temperatures

To quantify the influence of temperature on infection intensity of
0. stellarum in sea stars, natural populations with ciliate infections
were sub-sampled and experimental animals were held at tempera-
tures coherent with what is measured in the field: 10 °C (ambient
seawater temperature) and 15 °C (maximum temperature attained
using a flow-through heating design). Animals were contained
individually in 5L PVC buckets. The inflow was directed through a
10 m length of Tygon tubing (1 cm diameter) coiled in a seawater
bath maintained at 10 or 25 °C (a 25 °C waterbath achieved a 15 °C
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Fig. 1. Map showing rocky shore sampling localities in Barkley Sound on the west coast of Vancouver Island, British Columbia, Canada.
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outflow temperature). Ambient or heated seawater was subsequently
re-directed using y-junctions and tubing (0.25 cm diameter) to each
bucket (as dictated by treatment type) at flows 0.1 +0.03 L min ™~ . Air
was bubbled into each bucket to minimize differences in the dissolved
oxygen concentration between the two temperature treatments.

Two short-term experiments were conducted with A. miniata for 4
(June 6-10) and 6 days (May 30-June 5) (hereafter, A4: Scott's Bay,
n=30 and A6: Grappler Inlet, n=48) and one with P. ochraceus for
4 days (June 11-15) days (hereafter, P4, Scott's Bay: n=32). Males
were identified in the field and then divided evenly into three groups.
The first group, distinguished as the pre-experiment group, was dis-
sected to quantify infection intensity parameters prior to the initiation
of the experiments. The second and third groups were used in the
10 and 15 °C experimental treatments, respectively. In these experi-
ments, >80% of sea stars were infected so we consequently included
all animals in calculation of proportion testes infected.

We did not conduct long-term experiments with P. ochraceus
because some of the animals held in the lab for longer than 4 days
showed signs of flesh wasting disease (Eckert et al., 1999; Bates et al.,
2009). However, A. miniata was healthy in laboratory conditions after
21 (May 5-26) days (hereafter, A21: Bamfield Inlet, n =48). Because
we were interested in temperature-dependent infection intensity, as
well as the impact of the ciliates on testis condition, we selected a
population with ~50% prevalence for experiments so that we had
uninfected sea stars to control for natural change in testis mass over
the experiment duration. Males were divided evenly between the 10
and 15 °C treatments and after 21 days animals were dissected and
divided into two groups: infected or uninfected. Sample sizes for each
treatment were as follows: 10 °C infected (7) or uninfected (9); 15 °C
infected (8) or uninfected (8). At the completion of each experiment
testes were removed from each animal and three response para-
meters were measured: proportion of testes infected, infection
intensity and testis condition index.

2.2.3. Testis condition index

The duration of the 21-day temperature experiment allowed us
to compare the testis condition of A. miniata with and without the
parasite (testis mass is highly variable and is not a feasible parameter
for short-term experiments). We randomly selected five intact testes
per animal, dried these testes overnight (40 °C) in aluminum trays,
and recorded the total mass using an analytical balance (4 0.0001 g).
This mass was then divided by five to obtain a mean. Because
A. miniata radii (ranged from 4.0 to 6.0 cm) did not differ significantly
among treatments (one-way ANOVA, p>0.05), we report mean testis
mass and do not standardize values by sea star size.

2.3. Field data

In the first week of June (2008), sites where both sea star species
were abundant intertidally (0.2 to 1.0 m) were sampled: Bamfield
Inlet, Dixon Island, Grappler Inlet, Kelp Bay, Ross Islets, Scott's Bay and
Sepping's Island. Animals were sexed to obtain 15 males of each
species at each locality; sex ratio was recorded (# males/# females).
Males were transported to the lab and the testes were dissected from
each individual and examined to quantify prevalence: # individuals
infected with live ciliates/total # individuals examined with repro-
ductive testes, and infection intensity.

2.4. Characterization of infection intensity

Two measures of infection intensity for each sea star included in
experiments and field surveys were quantified: (1) proportion testes
infected =# testes infected/total # testes examined, and (2) mean
infection score=sum of the stage scores (1 to 5) for all infected
testes/total # infected testes. Because we were interested in the state of

infection within infected testes specifically, the latter score incorporates
infected testes only and does not represent a mean score for all testes.

Testes were classed as ripe, spawned out or infected based on
examination of the fluid exudate extracted from the testis tissue and
qualitative observations of testis colouration and morphology deter-
mined visually under a light microscope. Sperm abundance and mo-
tility in the exudate were highly bimodal: either abundant and motile
or rare and immotile. Because we examined 3600 testes in total it was
not practical to count sperm and we opted to use qualitative des-
criptors of sperm abundance and motility (high or low). Ciliates were
counted as described above.

Infected testes were further scored into 5 stages of the disease,
identified prior to the study by preliminary surveys where testes from
three locations were repeatedly sampled every two weeks from mid
April to late May (2008). Stages 1 to 3 testes were white or yellow with
white exudate that was packed with motile sperm. Ciliate density alone
distinguished the first three stages. Ciliates were present in stage 1
testes at low densities (<1 ciliate pl~" of testis exudate). Testes with
higher ciliate densities were scored as stage 2 (1 to 99 ciliates ul~ ! testis
exudate) and stage 3 (>100). Stages 4 and 5 testes were separated from
early infection stages (1 to 3) by exudate that was transulent or off-
white in colour (e.g., brown or orange hued), markedly reduced sperm
abundance and motility, and testes that were tan to dark brown in
colour. Although the testis colouration and morphology were similar in
both stages 4 and 5, ciliates were still present in testes scored as stage 4
(<100 pl~ ! testis exudate), while live ciliates were not observed in
stage 5 testes (although shriveled ciliate skeletons were sometimes
observed: ~5% of cases). Histological sections confirmed whether
patterns in sperm and ciliate abundance in the testis exudate were
similar to patterns at the tubule scale (see Appendix A for histological
methods and a description of the infection progression).

Stage 5 testes were distinguished from spawned out testes
(P. ochraceus is spring-spawning (e.g., Farmanfarmaian et al., 1958))
by the following criteria: (1) colouration of the testis (tan to dark
brown = stage 5, white to cream = spawned out) and exudate (stage
5 =transulent or off-white; spawned out = white), and (2) morphol-
ogy (for a description of the effect of ciliate infections on the testes
see Leighton et al., 1991: P. ochraceus and Sunday et al., 2008: A.
miniata). Infection status was further verified by histological analyses
(Appendix A). To be conservative, any suspected stage 5 testis that
could not be scored with high confidence as infected was excluded
from analyses.

2.5. Statistics

All statistical analyses were conducted in NCSS 2007 with alpha =
0.05. ANOVAs (data were log-transformed to meet assumptions of
equal variance where required) tested for differences among treat-
ments and interaction effects (where appropriate) in all laboratory
experiments followed by Tukey-Kramer multiple comparisons tests.
When assumptions of equal variance and normality were not met by
transformation, a Kruskal-Wallis ANOVA on ranks test was followed
by Dunn's multiple comparison tests. Pearson's Product Moment
correlations tested for significant associations between prevalence,
proportion testes infected and mean infection score in field popula-
tions of the two sea stars.

3. Results
3.1. In-vitro growth rate at different temperatures

Ciliates cultured from the testes of A. miniata and P. ochraceus
(three isolates per species) exhibit temperature-dependent exponen-
tial growth (Fig. 4). The mean doubling time of ciliates isolated from
both species is 7h at 15°C versus 24h at 10°C (Fig. 2). As a
consequence, after 3 days, ciliate densities in cultures isolated from
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Fig. 2. Mean (41 SD) density of ciliates in cultures measured daily at 10 °C (white) and
15 °C (black) on a log scale. Ciliates were isolated from A. miniata (circles) and
P. ochraceus (triangles) testes. Growth is exponential: after 3 days ciliate densities are
2 orders of magnitude higher than at 15 vs. 10 °C. This leads to significantly higher
densities of ciliates cultured at 72 h for both sea stars (see text for details on statistical
analyses).

the two species are two orders of magnitude higher at 15 °C (A.
miniata= (mean=+1SD m1~!) 6046+ 2277, P. ochraceus=3637+
2503) than 10 °C (A. miniata =504 22, P. ochraceus =68 4-27) (two-
way ANOVA on log-transformed data, temperature: df=1, F=291.76,
p<0.000001). Neither the effect of isolate nor the temperature x isolate
interaction were significant (isolate: df=1, F=0.71, p=0.41; interac-
tion: df=1, F=4.18, p=0.054).

3.2. Infection progression at different temperatures

Holding infected male sea stars at warmer seawater temperatures
results in higher infection intensities in both species within 4 days. In all
experiments conducted with A. miniata and P. ochraceus, the number of
testes infected per individual is significantly higher in sea stars held at
15 °C in comparison to both the 10 °C treatment and pre-experiment
group (Fig. 3A) (P4, A4, A6: Table 1 and A21: Kruskal-Wallis test:
H=18.12, p=0.038 ). Mean infection score of A. miniata testes is also
significantly higher at 15 °C after 6 days (Table 1) and 21 days (Kruskal-
Wallis test: H=15.23, p=0.038) (Fig. 3B). Furthermore, after 21 days,
the proportion of testes infected and mean infection score is
significantly higher in both temperature treatments versus the pre-
experiment group (identified by Dunn's multiple comparisons tests).

There was no difference in the testis mass of infected A. miniata
housed at 10 °C for 21 days and uninfected sea stars held at 10 and
15 °C. However, the testis mass of infected A. miniata from the warm
treatment is significantly reduced (Fig. 3C, Kruskal-Wallis test: H=
8.41, p=0.038).

3.3. Field data

Prevalence of the ciliate parasite in co-occurring populations of the
two sea stars ranged from 30 to 90%, did not differ between the two
species (two-tailed paired t-test: p=0.41), and exhibits a positive
linear relationship (Fig. 4A). Prevalence is correlated with proportion
of testes infected and infection score in both species (Fig. 4B and C).
Thus populations with high infection prevalence are comprised of
individuals with relatively high infection intensities. However, ciliate
infections are more severe in P. ochraceus. The mean proportion of
testes infected in P. ochraceus is significantly higher than in A. miniata
(one-tailed paired t-test: t=3.01, p=0.012) (Fig. 4B). Mean infection
score is also significantly higher in P. ochraceus in comparison to A.
miniata from the same localities (one-tailed paired t-test: t=9.46,
p=0.000041) (Fig. 4C).

Prevalence does not predict sex ratio in populations of either
species in June (linear regression analysis for P. ochraceus: > =0.12,
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Fig. 3. (A) Mean (+1 SE) proportion testes infected and (B) mean (+ 1 SE) infection
score in A. miniata and P. ochraceus initially (pre-experiment) and following exposure
to 10 and 15 °C. Experiment duration in days is 4 (A4 and P4), 6 (A6) and 21 (A21). Stars
indicate treatments where proportion testes infected and infection score are
significantly (p<0.05) different. Each experiment was analysed independently using
a one-way ANOVA (P4, A4 and A6) or Kruskal-Wallis one-way ANOVA on ranks (A21):
see Table 1 and text for results of statistical analyses. (C) Mean (&£ 1 SD) testis mass (g)
for healthy (control) and parasitized (infected) A. miniata after 21 days (A 21) in the
two temperature treatments. Significantly different treatments are indicated by a star
(see text for details on statistical analyses). Number of sea stars per treatment in each
experiment: P4: 8, A4: 10, A6: 16 and A21: 7,8 or 9.

slope (£1SE)=0.13+0.15, p=044 and A. miniata: r*=0.028,
slope=—0.061+0.16, p=0.72). P. ochraceus populations are highly
female-biased for the seven sites surveyed in this study: mean
(41 SD) sex ratio (# males/# females) is 0.29 4+ 0.06. In comparison,
the sex ratio of A. miniata at the same sites is unbiased: 0.50 + 0.08.

4. Discussion

Multiple approaches in the field and lab indicate that thermal
conditions influence the prevalence and intensity of O. cf. stellarum
infections in the testes of intertidal A. miniata and P. ochraceus. The
progression of the ciliate infection appears similar for the two sea star
species and can proceed to completion within weeks: all of the testes
of A. miniata housed at 15 °C displayed advanced stages of the

Table 1
One-way ANOVA results for infection progression at different temperatures.
ss df Mean-square F p
Proportion testes P4 Temperature 0.73 2 036 391 0.036
infected Error 195 21 0.0093
A4 Temperature 0.73 2 0.37 5.17 0.013
Error 1.92 27 0.0071
A6 Temperature 082 2 041 6.61 0.0031
Error 2.71 44 0.0062
Mean infection P4 Temperature 2.65 2 133 091 042
score Error 2033 16 145
A4 Temperature 2.13 2 1.06 1.14 034
Error 1495 19 0.93
A6 Temperature 463 2 231 436 0.019
Error 2175 41 0.53
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Fig. 4. (A) Prevalence of the ciliate infection in A. miniata and P. ochraceus is correlated
at seven sites near Bamfield, B.C. (B) Proportion testes infected and (C) mean infection
score are correlated with prevalence: A. miniata=black and P. ochraceus =gray. 15
specimens per species were sampled at each site; r=Pearson's product moment
coefficient.

infection after 21 days. The ciliate increases in density within each
tubule leading to a reduction in spermatozoa within the tubule lumen.
At advanced stages of the disease live ciliates and motile sperm are
rare or absent, spermatozoa show reduced abundance and the
germinal epithelium is reduced, as has been reported for other sea
star species (e.g., Asteria: Vevers, 1951; Bouland and Jangoux, 1988;
Byrne et al., 1997; Leptasterias: Stickle et al., 2001a, 2007a). Thus, the
infection can lead to partial or total loss of male reproductive potential
in both species.

4.1. Temperature effects

The population doubling time of O. cf. stellarum is temperature
dependent. When cultured at 10 and 15 °C in a sperm-rich seawater

medium, ciliates reach two orders of magnitude higher densities at
15 °C. While we report growth rates of ciliates in culture at 15 °C that
are comparable to the data of Stickle et al. (2007b) (on the order of
10000 ciliates ml~ ! after 48 h), at 10 °C, ciliates displayed markedly
lower growth rates in comparison to ciliates cultured at the same
temperature by Stickle et al. (2007b). Differences in methodology
may provide an explanation for why we measured highly reduced
growth rates of ciliates at 10 °C. We provided ciliates with a sperm-
rich media in capped eppendorf tubes (to simulate conditions within
testes), while Stickle et al. (2007b) cultured ciliates on bacterized sea
water in 10 ml vials with an airspace above the culture medium.
However, why the two studies returned dissimilar ciliate growth rates
at 10 °C but similar values at 15 °C remains a mystery and suggests
that future studies should quantify the growth rate of ciliates over a
range of temperatures with oxygen level and diet as factors to test for
interaction effects.

The lower growth rate of the ciliate at 10 °C in cultures mirrors our
results for temperature-related differences in the infection intensity
of testes: the progression of the disease is highly temperature
dependent. After only four days, the proportion of testes infected is
significantly higher in both sea star species. Higher temperature also
led to a more rapid development of the disease and in those testes that
were infected: mean infection stage is significantly higher after six
days at 15 versus 10 °C. The lack of significant difference in mean
infection stage at the two temperatures after 4 days likely reflects the
time it takes for newly infected testes to reach later stages. Our data
further show that warmer temperatures can result in highly reduced
reproductive output after 3 weeks as all the infected A. miniata
included in the 15 °C treatment displayed advanced stages of the
ciliate infection.

While laboratory results on temperature effects on the ciliate's
growth rate and infection of testes provide an excellent basis for
formulating hypotheses, the exact role of thermal variation in driving
natural patterns in disease prevalence and intensity in the field
remains poorly understood. However, there is some evidence that
spatial and temporal patterns in prevalence of the ciliate may relate to
thermal conditions. Winter spawning Leptasterias spp. are less
severely impacted than co-occurring spring-spawning species (Stickle
and Kozloff, 2008), potentially due to warmer seawater temperatures
when ciliates infect and grow in the testes. Furthermore, Stickle and
Kozloff (2008) found that the prevalence of O. stellarum infections is
minimal in Alaska in comparison to California and Washington
localities (for Evasterias troschelii, Leptasterias spp. and P. ochraceus),
probably because winter minimal seawater temperatures fall near to
or below the ciliate's low temperature limit (3 °C: Stickle et al.,
2007b). Temperature may also explain infection intensity differences
between intertidally foraging P. ochraceus and subtidally foraging
A. miniata (see next section). Finally, shifts in the prevalence of
the ciliate may relate to temporal changes in the thermal regime.
For example, Asteria amurensis re-sampled for reproductive studies
over many decades from one location in Tokyo Bay (Japan) suddenly
dropped in testes output in the early 1990s and showed 100% in-
fection prevalence of the ciliate in 1996 during its winter spawning
period (Byrne et al.,, 1997). Interestingly, a temperature increase in
the winter sea water temperature (note that A. amurensis is winter
spawning) of 1.5 °C per decade occurred from 1976 to 1997 as a
consequence of diverted freshwater runoff (Yanagi, 2008): this
temperature increase corresponds to the first detection of the ciliate
in Tokyo Bay.

4.2. Prevalence and infection intensity

Prevalence of O. cf. stellarum was high in field populations of
A. miniata and P. ochraceus, ranging from ~30 to 90% and was similar
for the two species on a site-by-site basis. This result was unexpected,
because the overall availability of testes with sperm was higher in
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A. miniata versus P. ochraceus (mean proportion gonads with sperm,
respectively: 0.86 and 0.35). Many of the P. ochraceus we examined
displayed signs that the ciliate infection had proceeded to completion
and testes had very low sperm abundance. Furthermore, P. ochraceus
was at the end of its spawning period in June (e.g., sea stars were
observed with spawned out testes), while A. miniata was fully re-
productive at this time (spawned out testes were not observed).
Stickle and Kozloff (2008) also observed similar prevalence values for
male Evasterias troschelii and P. ochraceus collected at the same time
and location (respectively, 54 and 59% at a Washington location and
7 and 11% at an Alaskan location). Thus, the ciliate is probably not
selecting one host species over the other and appears to be op-
portunistic in nature.

Prevalence and infection intensity are correlated, suggesting a link
in the mechanism driving transmission among individuals at a
population level and among testes at an individual level. While the
mode of transmission for O. stellarum is currently unknown, the ciliate
is found on the aboral surfaces of both male and female asteroid sea
stars from Pacific northeast locations throughout the year (Stickle and
Kozloff, 2008) and also thrives in culture conditions (Stickle et al.,
2007a). Ciliates probably enter the testis through the gonopore
because infected testes are not always adjacent to one another and the
number and extent of the damage among parasitized testes varies
from one male sea star to the next (Burrows, 1936; Vevers, 1951;
Bouland and Jangoux, 1988; Goggin and Bouland, 1997; this study).
We observed ciliates at high densities (>5000 individuals ml™': stage
3 infections) emerging in the spawn that can presumably infect other
animals or testes of the same animal. Therefore the link between
prevalence and infection intensity reported here may simply reflect
the growth rate of the ciliate in hospite: when ciliate densities are
high, there is an increased probability that nearby testes on the same
or different sea stars (regardless of species) will become infected.

While the prevalence of the infection is similar for the two species,
infection intensities are more severe in P. ochraceus: both the number of
parasitized testes and infection scores are higher. Although it is possible
that our estimates of late stage infections are biased because we
incorrectly scored spawned out testes as stage 5, spawned out testes
have distinct characteristics in histological sections that are consistent
with our observations of intact testes. For instance, tubule diameter is
reduced and cell layers are structured, as occurs for testes in post-
spawning recovery stages in other echinoderm species (e.g., Paracentrotus
lividus: Byrne, 1990). Furthermore, when stage 5 testes are removed from
analyses, P. ochraceus infection intensity scores remain higher than A.
miniata. Because prevalence is similar for the two species and A. miniata
held at 15 °C for three weeks were heavily parasitized, we hypothesize
that the growth rate of the ciliate is faster in field populations of P.
ochraceus. As we observed a strong relationship between temperature and
ciliate growth rates in lab experiments, this result may relate to the
respective thermal niche of each species. P. ochraceus, which forages
intertidally, likely experiences higher mean and maximum body
temperatures than A. miniata, which forages subtidally.

4.3. Consequences of infection

By holding A. miniata with uninfected and infected testes at 10 and
15 °C for three weeks, we show that late infection stages display a
significantly lower testis mass, presumably due to a reduction in
spermatozoa and germinal epithelium and drop in abundance of
ciliates. Whether testes regain reproductive potential following heavy
ciliate infestations is currently unknown. Nevertheless, the reduced
testes output in 30 to 90% of both sea star species at different locations
leads to the prediction that reproductive success may be limited at
local scales on a seasonal basis, as has been suggested for other sea
stars infected by O. stellarum (e.g., Claereboudt and Bouland, 1994;
Byrne et al., 1997). A large body of research indicates that successful
fertilization in free spawning invertebrates decreases markedly at

low sperm concentrations (reviewed Levitan and Peterson, 2000). In
fact, Vevers (1951) attributed significant reductions in recruitment of
Asteria rubens in the years following heavy infestation of males (20%)
by O. stellarum. However, the impact of the ciliate on recruitment
success of the Pacific Northeast sea stars remains to be determined.

While there has been no direct evidence that the ciliate causes host
mortality, several authors report female-biased sex ratios in populations
where the ciliate occurs (Leighton et al., 1991; Claereboudt and Bouland,
1994; Byrne et al., 1997; Stickle et al., 2001b; Stickle and Kozloff, 2008).
In contrast, we observed an unbiased sex ratio in A. miniata, even in
populations with high ciliate infection intensities. In comparison, P.
ochraceus is heavily female-biased at the seven sampled locations,
although variation in sex-ratio does not relate to infection intensity. It is
possible that differential habitat use in space or time by the sexes can
explain the skewed sex ratios observed in P. ochraceus. For example, Kim
(1968) observed seasonal variation from 36 to 75% in the percentage of
males in a population of uninfected Asteria amurensis. Repeated
sampling at one locale indicated no change in the sex ratio of A.
amurensis in 30 years, despite the presence of the ciliate (Goggin and
Bouland, 1997). While it is also possible that cumulative mortality from
previous years may be causing male-biased mortality in P. ochraceus, it
remains an open question whether the ciliate directly causes mortality.
In fact, Asteria forbesi (northwest Atlantic) can recover from ciliate
infections within days in the laboratory (Bang, 1976).

4.4. Implications

This study presents experimental evidence that O. cf. stellarum
infections of P. ochraceus and A. miniata testes are highly temperature
sensitive. Thus, short-term elevated air temperatures (e.g., summer
low tides occur during the day on the west coast of Vancouver Island:
Helmuth et al., 2002; Pincebourde et al., 2008) or periods of upwelling
relaxation (Sanford, 1999) could lead to a severe reduction in the
reproductive output of sea stars infected with ciliates resulting in
reduced fertilization success for populations of sea stars at local scales.
Our results emphasize that occasional, short-duration thermal stress
events can have important long-term consequences for benthic
marine populations (Harley and Paine, 2009). The high disease
prevalence and intensities reported for Pacific Northeast sea stars
provides a platform for researchers to examine the consequences of a
temperature-sensitive emerging infectious disease in multiple hosts,
each host occurring in a different thermal regime.
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