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SUMMARY

Small marine snails and abalone have been identified as high- and low-risk prey items, respectively, for exposure of threa-
tened southern sea otters to Toxoplasma gondii, a zoonotic parasite that can cause fatal encephalitis in animals and humans.
While recent work has characterized snails as paratenic hosts for T. gondii, the ability of abalone to vector the parasite has
not been evaluated. To further elucidate why abalone predation may be protective against T. gondii exposure, this study
aimed to determine whether: (1) abalone are physiologically capable of acquiringT. gondii; and (2) abalone and snails differ
in their ability to concentrate and retain the parasite. Abalone were exposed to T. gondii surrogate microspheres for 24 h,
and fecal samples were examined for 2 weeks following exposure. Concentration of surrogates was 2–3 orders of magnitude
greater in abalone feces than in the spiked seawater, and excretion of surrogates continued for 14 days post-exposure.
These results indicate that, physiologically, abalone and snails can equally vector T. gondii as paratenic hosts. Reduced
risk of T. gondii infection in abalone-specializing otters may therefore result from abalone’s high nutritional value,
which implies otters must consume fewer animals to meet their caloric needs.
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INTRODUCTION

Toxoplasma gondii is a globally distributed patho-
genic parasite with a heteroxenous life-cycle that
infects warm-blooded vertebrates, including
humans (Tenter et al. 2000). The parasite undergoes
sexual reproduction in the intestines of infected cats,
resulting in the shedding of hundreds of millions of
environmentally resistant oocysts in the feces
(Dubey and Frenkel, 1972; Dubey, 1998).
Although felids are the only known definitive
hosts, T. gondii infections have been observed in
both pelagic and coastal marine mammal species
(Dubey et al. 2003), indicating the presence of
land-to-sea pathogen pollution (Conrad et al.
2005). Of particular concern are reports document-
ing T. gondii encephalitis as an important cause of
mortality in threatened southern sea otters
(Enhydra lutris nereis) (Kreuder et al. 2003). Sea
otters are vital for maintaining a healthy nearshore
ecosystem due to their role as keystone predators

(Estes and Palmisano, 1974) and can serve as senti-
nels for marine water contamination (Conrad et al.
2005). Because many sea otter prey species are also
harvested as seafood for human consumption, the
high prevalence of T. gondii in sea otters raises con-
cerns about the risks to human health. Although
T. gondii infections are usually asymptomatic in
otherwise healthy humans, systemic toxoplasmosis
can occur in immunocompromised patients, such
as people suffering from acquired immune deficiency
syndrome (AIDS), and newly acquired infections in
pregnant women may cause abortion, stillbirth or
serious birth defects due to congenital toxoplasmosis
(Luft et al. 1993; Dubey and Jones, 2008). In add-
ition, immunocompetent adults have been reported
to develop ocular diseases such as retinochoroiditis,
and latent T. gondii infections may contribute to
mental illness (Flegr, 2007; Dubey and Jones,
2008). Gaining an understanding of transmission
processes resulting in the infection of sea otters
with zoonotic pathogens is therefore important for
both conservation of the species and mitigation of a
potential public health threat.
One hypothesis that has been proposed as a pos-

sible mechanism for transmission of T. gondii to
sea otters is that oocysts, upon being carried into
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the ocean by fresh-water runoff, are concentrated in
filter-feeding shellfish commonly preyed upon by
sea otters (Miller et al. 2002). Bivalve molluscs
have been shown to concentrate T. gondii oocysts
from seawater and retain them for at least 3 days in
mussels (Arkush et al. 2003) and 85 days in oysters
(Lindsay et al. 2004) without reducing infectivity.
However, epidemiological investigations did not
support an association between predation upon
bivalves and increased risk of T. gondii exposure in
otters (Johnson et al. 2009). Instead, the same
study determined that otters with a diet consisting
of ⩾10% small marine turban snails (including Pro-
martynia pulligo, Chlorostoma brunnea, Chlorostoma
montereyi and Lithopoma undosa) were 12 times
more likely to be seropositive for T. gondii than
otters that consumed fewer snails, whereas otters
with a preference for abalone were significantly less
likely to be infected (Johnson et al. 2009). Given
that both snails and abalone are herbivorous gastro-
pods, this finding raises the question of why species
with such similar diets differ so greatly with respect
to their epidemiological association with T. gondii in
sea otters.
A prior study performed to evaluate marine snails

as potential paratenic hosts for T. gondii showed that
snails are capable of concentrating oocysts from sea-
water by 2–3 orders of magnitude and retaining
them for as long as 11 days post-exposure (Krusor
et al. 2015). However, no such work with abalone
has been published to date. As discussed by
Johnson et al. (2009), the observed reduction in ex-
posure risk associated with a preference for abalone
could be either the result of a reduced ability of
abalone to acquire, concentrate and retain T. gondii
oocysts, or a product of the abalone’s greater size
and the smaller number of individuals therefore
needed to satisfy the otter’s metabolic needs. The
aim of the current study was to examine which of
these hypotheses is more plausible by testing
whether abalone are physiologically capable of ac-
quiring T. gondii from contaminated seawater, and
if they are, to compare T. gondii concentration and
retention ability between abalone and small marine
snails.

MATERIALS AND METHODS

Study animals

This study was conducted using 15 red abalone
(Haliotis rufescens) maintained at the UC Davis
Bodega Marine Laboratory. Average animal weight
was 31·6 g. This species was selected because it has
been shown to be commonly preyed upon by sea
otters in resource-rich systems in central California
(Wendell, 1994; Tinker et al. 2008), and because it
is the most abundant of the abalone species found

within the southern sea otter range (Allen et al.
2005).

Toxoplasma gondii surrogate microspheres

To eliminate the biohazardous risk of environmental
contamination with T. gondii oocysts at the common
working space at Bodega Marine Laboratory,
Dragon Green (DG) polystyrene microspheres
(10·4 µm) were used as surrogates for T. gondii
oocysts. These microspheres were validated as ap-
propriate surrogate particles for T. gondii oocysts
due to their similar physical and chemical surface
properties (Shapiro et al. 2009) and have been previ-
ously shown to accurately mimic oocyst transport in
water and passage behaviour through snails (Shapiro
et al. 2012; Krusor et al. 2015). Microspheres were
obtained from Bangs Laboratory, Fishers, IN
(product number FCO7F/5493).

Concentration and retention of T. gondii surrogates by
abalone

Abalone were placed in 4 L tubs, with one control
tub (A) containing three abalone and two exposure
tubs (B and C) containing six abalone each
(Fig. 1). Tubs were filled with continuously
aerated filtered (30 µm) seawater and one 5 × 7·5
cm2 kelp (Macrocystis pyrifera) blade per abalone
and maintained in a cold (12–15 °C) seawater bath
for 72 h to allow for acclimation. During this
period, kelp was replaced, seawater changed, and
feces collected using a serological pipette twice
daily. At the end of the acclimation period, the ex-
posure tubs (B and C) were spiked with T. gondii
surrogate microspheres at a final concentration of
ten microspheres per mL, while tub A was not
spiked and served as a negative control. A fourth
tub (designated tub D) containing only kelp and sea-
water was also spiked withT. gondii surrogate micro-
spheres at a final concentration of ten microspheres
per mL to determine surrogate distribution in the
tub in the absence of abalone. After a 24-h exposure
period, fecal samples were collected from tubs A, B
and C, and each abalone was placed in an individual
1 L container after being thoroughly rinsed with
filtered seawater to remove any surrogates that may
have adhered to the shell or foot of the animal.
Each container contained aerated filtered seawater
and kelp as a source of food. In addition to feces,
water samples (50 mL) were also collected from the
top, middle, and bottom of the surrogate control
tub (D) at the end of the exposure period to deter-
mine surrogate distribution in the tub in the
absence of abalone. All remaining kelp fragments
were also collected and transported to our laboratory
at the School of Veterinary Medicine, UC Davis, for
surrogate enumeration as described below.
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For 14 days following the exposure period,
remaining kelp fragments were removed, photo-
graphed and discarded, and fecal samples were col-
lected from each 1 L container at 24-h intervals. At
the same intervals, individual containers were thor-
oughly rinsed and fresh filtered, aerated seawater
and kelp were provided for each animal. To derive
data on the amount of kelp consumed by each
abalone, kelp was photographed prior to and follow-
ing each 24-h interval and subsequently analysed
using ImageJ (Schneider et al. 2012) to measure
the surface areas of each kelp fragment. Aliquots of
each fecal sample from days 0, 1, 2 and 3 and com-
plete fecal samples from days 4, 7, 11 and 14 were
processed and examined for surrogate enumeration
as described below.

Enumeration of T. gondii surrogates in water and fecal
samples

Detection of T. gondii surrogate microspheres in
water and abalone feces was conducted following
previously published protocols (Shapiro et al.
2010a; Krusor et al. 2015). Briefly, water samples
were filtered through 5 µm mixed cellulose mem-
branes that were mounted on glass slides. Prepared
slides were then examined at 100× using a Zeiss
Axioskop epifluorescence microscope equipped
with a UVA filter. Fecal samples were centrifuged
and the volumes of the resulting fecal pellets were
estimated. Fecal pellets were then homogenized
with a 20 mL syringe equipped with a blunt-
tipped 15-gauge needle, diluted with water to

produce a thin slurry, and examined according to
the same filtration and microscopy protocols
described for water samples.

Enumeration of T. gondii surrogates from kelp surfaces

Kelp fragments from each tub were immersed and
agitated in a NaPP/guanidinium/Tween (NGT) so-
lution prepared by adding 17·7 g granular sodium
polyphosphate (NaPP) to 1 L boiling deionized
water, then adding 9·55 g granular guanidine HCl
(0·1 M) and 1 mL Tween 20 (Thermo Fisher
Scientific, Waltham, MA) to the cooled NaPP solu-
tion. Post-immersion, fragments were scraped on
both sides with a plastic spoon and rinsed on each
side with 10–12 mL NGT solution. The resulting
kelp-washed NGT solution was then diluted with
deionized water and examined for T. gondii surro-
gates according to the filtration and microscopy pro-
tocols described above.

Data analysis

Data collected included abalone mass, estimated
daily fecal volume, daily surface area of kelp eaten,
and daily fecal surrogate counts for each abalone as
well as surrogate concentrations for water samples
taken from tub D following the 24 h exposure
period. Because fecal samples collected on day zero
(i.e. immediately following the 24-h exposure
period) represent the pooled feces from all animals
in each exposure tub, total fecal volume and surro-
gate counts for these pooled samples were divided

Fig. 1. A schematic diagram representing experimental setup and sample collection. Abalone were placed in 4 L tubs and
allowed to acclimate for 72 h, then exposed to Toxoplasma gondii oocyst surrogates for 24 h. At the end of the exposure
period, feces and kelp were collected from tubs A, B and C, and water and kelp were collected from tub D. Abalone were
then placed in individual 1 L containers and monitored for 14 days, during which time daily fecal samples were collected
from each animal for surrogate enumeration.
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by the number of abalone in the tub (n = 3 for tub A;
and n = 6 for tubs B and C). Additionally, estimated
fecal volume and surrogate counts were used to cal-
culate the concentration of surrogates per mL feces
for each abalone. All data was organized using
Microsoft Excel and imported into R (version
3.0.3; https://www.r-project.org) for analysis. The
Shapiro–Wilk test was used to assess the normality
of the surrogate count and concentration data for
each day, and based on the results of this test, the
Wilcoxon rank sum test was applied to assess the
significance of differences between the median sur-
rogate count and concentration values of control
and exposed abalone. The Wilcoxon signed rank
test was applied to assess the significance of differ-
ences between fecal surrogate concentrations and
the nominal ‘environmental’ surrogate concentra-
tion of ten surrogates per mL of seawater in the ex-
posure tubs. Cumulative fractions of all surrogates
that were recovered over the duration of the study
were also calculated for each day.
Finally, to evaluate the role of animal size as a po-

tential ‘risk factor’ for oocyst acquisition and reten-
tion, correlation analysis (either Pearson’s r or
Kendall tau, depending on the normality of the
data) was used to test for a relationship between
abalone mass and maximum surrogate count, surro-
gate retention time, fecal volume and amount of kelp
eaten. Maximum surrogate count and surrogate re-
tention time were selected as measures of acquisition
and retention, while fecal volume and amount of
kelp eaten were selected as factors that could poten-
tially influence the number of oocysts an abalone
acquires.

Diet-based differences in exposure rates: a feasibility
analysis

We conducted a feasibility analysis to further
examine the null hypothesis of constant risk of infec-
tion: that is, the possibility that differences in sero-
prevalence between otters specializing on marine
snails (high infection rates) and otters specializing
on abalone (low infection rates) could be due
simply to differences in prey capture rates, rather
than differences in the probability that each prey
type contains oocysts. Specifically, assuming that
the per-item risk of infection (γ) was identical for
snails and abalone, we calculated expected infection
probabilities for a typical abalone specialist and a
typical snail specialist using empirical data on indi-
vidual prey consumption collected from field
studies of tagged sea otters in central California
(Oftedal et al. 2007; Tinker et al. 2008, 2012,
2013). We used available data for 17 adult abalone
specialists (N = 9526 dives) and 23 adult snail specia-
lists (N = 10 797 dives) to compute taxa-specific
intake rates for each specialist type (±1 standard de-
viation (S.D.), computed across individual estimated

diets), using the Monte Carlo algorithm described in
Tinker et al. (2012). We further assumed the likeli-
hood that an adult otter is infected depends on the
cumulative exposure risk over the previous 5-year
period (1825 days), and thus we used a hazards
model to estimate Pi, the probability of infection
for specialist type i:

Pi ¼ 1� eð�1825 × ðAbiþSniÞ × γÞ; ð1Þ

where Abi represents the mean number of abalone
consumed per day by specialist type i and Sni repre-
sents the mean number of snails consumed per day
by specialist type i (for simplicity we assume only
snails and abalone are infective, and thus ignore all
other prey). In equation (1), each prey consumption
event represents an additive hazard, and thus Pi is
simply 1 – the probability of avoiding infection
over the previous 5 years. To adjust for differences
in absolute consumption rates between otters of
different sex and size, we re-scaled consumption
rates to the average observed for a 22 kg female sea
otter in Monterey or Big Sur (6 kg d−1). At present
there are no available data with which to estimate
γ, the per-item infection risk; however, because our
goal was only to calculate relative (and not absolute)
rates of infection under the hypothesis of risk-
equivalence, the actual value of γ was unimportant.
Accordingly, in order to make our analysis relevant
to field data on seroprevalence, we arbitrarily
adjusted γ to produce a realized infection rate for
snail specialists of 0·85 (corresponding to the value
reported for snail specialists by Johnson et al.
2009), and then calculated the corresponding infec-
tion rate for abalone specialists. To provide an indi-
cation of within-group variability we also report
associated S.D. in computed infection rates, based
on the variance in individual diets. We compared
the results of this feasibility analysis to the empiric-
ally derived infection rates for snail and abalone spe-
cialists reported by Johnson et al. (2009).

RESULTS

Counts and concentrations of T. gondii surrogate
microspheres in fecal samples were found to be
non-normally distributed at all-time points except
for the count data from days 1 and 3 (Table S1).
Therefore, non-parametric tests were applied for
further statistical analyses. Fecal surrogate concen-
trations were significantly greater than the 10 mL−1

ambient exposure concentration through 3 days
post-exposure (Table 1), and surrogate counts and
concentrations in fecal samples from exposed
abalone were significantly greater than in samples
from control abalone from 0 to 2 days post-exposure
(Table S2). In the first 24 h post-exposure, fecal sur-
rogate concentrations were 2–3 orders of magnitude
greater than the ambient concentration of surrogates
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in seawater during the exposure phase (Fig. 2). Fecal
surrogate counts declined rapidly from days 1 to 4,
and 99% of all surrogates recovered in fecal
samples were detected in samples from this time
period. However, six abalone were observed to con-
tinue to defecate surrogates through the end of the
14-day post-exposure monitoring period (Table 1).
Unexplained contamination of control abalone oc-

curred approximately 3 days post-exposure, result-
ing in observation of T. gondii surrogates in fecal
samples collected from all three control animals on
days 3 and 4. On these days, the median fecal surro-
gate concentration in control abalone was not signifi-
cantly greater than the 10 mL−1 nominal exposure
concentration (Wilcoxon signed-rank tests, V = 3,
P= 0·625; V= 1, P = 0·875). On day 7 and beyond,
surrogates were no longer detected in fecal samples
from the negative control abalone.
Abalone mass, average feces volume and

maximum surrogate counts were found to be nor-
mally distributed, while average food intake and sur-
rogate retention time were not (Table S3).
Significant correlations were found between
abalone mass and mean food intake (Fig. S1A;
Kendall tau rank sum correlation, τ= 0·4211, P<
0·05, n = 15), mean fecal productivity (Fig. S1B;
Pearson’s correlation, r = 0.0.6999, P< 0·01, n =
15), and maximum surrogate count (Fig. S1C;
Pearson’s correlation, r = 0·8033, P< 0·01, n = 12).
However, no correlation was found between
abalone mass and retention time (Fig. S1D;
Kendall tau rank sum correlation, τ= 0·1551, P=
0·1594, n = 12).
Surrogate concentrations of water samples taken

from the top, middle and bottom of the surrogate
control tub (D) measured at 2·6, 3·0 and 7·7 mL−1.
Assuming even distribution and no loss of micro-
spheres during the spiking procedure, a concentration

of approximately ten surrogates per mL should be
measured throughout the tub. All observed values
were therefore lower than expected. If each concen-
tration value is assumed to be representative of the
concentration of one-third of the water column in
the tub, then the total number of microspheres sus-
pended in the water column after 24 h is equal to ap-
proximately 50% of the total number added. An
additional 10 640 surrogate microspheres, represent-
ing about 30% of the total number added, were
found to have adhered to the surface of kelp frag-
ments (Table 2). The remaining 20% most likely
adhered to the walls of the tubs or were lost during
the spiking or sample handling procedures. Kelp
surface area, number of surrogates and surrogate
density per unit area of kelp were all reduced in the
presence of abalone (Table 2).
Our analysis of dietary data showed that a typical

22 kg female sea otter specializing on abalone con-
sumed approximately 20 ± 4·6 abalone and 11 ±
32·1 snails per day, while a similar sea otter special-
izing on snails consumed approximately 0·9 ± 1·6
abalone and 705 ± 251 snails per day. Assuming
the per-item risk of infection (γ) was identical for
snails and abalone, and arbitrarily setting γ=
1·65E-06, we computed expected infection rates of
0·85 ± 0·099 for snail specialists and 0·09 ± 0·076
for abalone specialists. Estimated infection rates
were similar to empirically measured rates of 0·85
for snail specialists and 0·07 for abalone specialists
(Johnson et al. 2009).

DISCUSSION

The physiological ability of abalone to ingest, con-
centrate, and retain T. gondii oocysts from the envir-
onment as determined by the present study was
similar to that of snails, previously described by
Krusor et al. (2015). Toxoplasma gondii surrogates
were detected in abalone feces at significantly
higher concentrations than the baseline surrogate
concentration of the spiked seawater for three days
post-exposure, indicating that abalone are physiolo-
gically capable of concentrating oocysts by ingestion.
Maximum counts and concentrations of surrogates,
which were 2–3 orders of magnitude higher than in
the spiked seawater, were observed at 0 and 24 h
post-exposure and thereafter declined swiftly
through day 4. After day 4, fecal surrogate counts
and concentrations did not change significantly as
abalone continued to excrete consistently low
numbers of surrogates in their feces through the
end of the 14-day post-exposure monitoring
period. While the infective dose of T. gondii
oocysts is not known for sea otters, studies with
pigs and rodents indicate that susceptible hosts
may become infected following ingestion of a
single oocyst (Dubey, 1996; Dubey et al. 1996).
Therefore, the low surrogate counts observed at

Table 1. Results of one-sided Wilcoxon signed rank
tests employed to assess the significance of differences
between the fecal surrogate concentrations at each time
point and 10 mL−1, which was the nominal ambient
surrogate concentration of seawater in the exposure tubs

Day

Median (range)
fecal surrogate
concentration
(mL−1)

Number of
abalone excreting
surrogates/
number tested V P value

0 2486 (1564–3408) 12/12 78 <0·001*
1 760 (243–2480) 12/12 78 0·001*
2 105 (43–1150) 12/12 78 0·001*
3 17 (4–240) 12/12 67 0·015*
4 2 (0–11) 9/12 1 0·999
7 1 (0–20) 7/12 11 0·988
11 0 (0–9) 5/12 0 0·999
14 1 (0–20) 6/12 9 0·993

*Statistically significant (P< 0·05).
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later time points could still be epidemiologically
significant.
Based on recently published findings by Krusor

et al. (2015), marine snails and abalone demonstrate
similar physiological ability to acquire and retain T.
gondii from surrounding seawater (Fig. 2). Both
species concentrated surrogates by 2–3 orders ofmag-
nitude compared to the concentration of surrogates in
exposure water, and snails continued to excrete sur-
rogates for 11 days (Krusor et al. 2015), while
abalone excreted them for at least 14. Therefore,
the observed epidemiologic association between
prey specialization on abalone and the reduced risk
of T. gondii infection cannot be explained by a reduc-
tion in the physiological ability of abalone to concen-
trate and retain oocysts.
Because the snail study was designed such that six

snails were selected for dissection and fecal sample
examination each day, the sample size for monitor-
ing fecal excretion of T. gondii was effectively half
that of the present study. While unlikely, it is pos-
sible that the six snails remaining at day 14 were
by chance individuals that had shorter retention
times and that the observed difference between
snails and abalone is an artefact of the smaller snail

population size. In addition, while ingested material
should be evident in feces within 24 h based on gut
passage time (Garcia-Esquivel and Felbeck, 2009),
fecal values of T. gondii surrogates on day 0 should
be interpreted with caution in both studies due to
the possibility of overestimation arising from acci-
dental collection of non-fecal-associated surrogates
from spiked exposure water.
Due to the unexplained contamination of fecal

samples from negative control abalone, the data
from days 4–14 must be interpreted cautiously, as
the possibility of surrogate cross-contamination
between animals cannot be ruled out. However, the
six abalone that had surrogate-positive fecal
samples on day 14 were not spatially clustered, and
two of them had consistently excreted surrogates at
every time point examined. For these results to be
explained by contamination rather than retention
of surrogates by the abalone, random, inexplicable
contamination events would have had to repeatedly
affect the same animals without impacting their
close neighbours, which is unlikely. Thus, these
results suggest that abalone may be capable of retain-
ing T. gondii oocysts in their digestive tissues for 13
days or more. This retention time is much higher

Fig. 2. (A) Mean counts and (B) concentrations of Toxoplasma gondii surrogates detected in fecal samples from abalone
and marine snails on days 0, 1, 2, 3, 4, 7, 11 and 14 following exposure to spiked seawater. Error bars represent the S.E. The
dashed line represents the baseline ‘environmental’ surrogate concentration (10 mL−1) in the exposure tubs. Snail data
were obtained from a previously published investigation (Krusor et al. 2015).

Table 2. Surface area of kelp pieces remaining after the 24-h exposure period, the number and density of
Toxoplasma gondii surrogate microspheres adhered to kelp surfaces, and the percentage of total surrogates
added that were recovered from kelp surfaces

Tuba
Kelp surface
area (cm2)

Number of T. gondii
surrogates on kelp

T. gondii surrogate
density per cm2 kelp

% of spiked T. gondii
surrogates detected on kelp

B 202·958 3611 18 10
C 169·006 3085 18 9
D 508·902 10 640 21 30

a Tubs B and C contained abalone as the exposure animals, while tub D served as a surrogate particle control and did not
contain abalone. Tub A served as the negative control and therefore no surrogate particles were added to that treatment.
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than gut passage times reported for abalone fed glass
microbeads, which ranged from 20 to 27·5 h
(Garcia-Esquivel and Felbeck, 2009). This observa-
tion suggests that oocysts may be selectively retained
within the abalone digestive system, extending the
parasite retention time and risk of its transmission.
To adequately measure oocyst retention time in
abalone and correct for issues of contamination, a
similar experiment could be performed implement-
ing a longer monitoring period to ensure that all sur-
rogates have been excreted prior to termination of
the experiment.
In the surrogate control tub (D) containing kelp

but no abalone, the concentration of surrogates was
highest near the bottom of the tub, indicating that
T. gondii surrogate microspheres tend to sink in
the water column in low turbulence seawater. This
result is in agreement with the findings of previous
studies that examined the behaviour ofT. gondii sur-
rogates and oocysts in seawater and supports the hy-
pothesis that oocysts can concentrate in the benthos
(Shapiro et al. 2009, 2012). After 24 h, an estimated
50% of all surrogates remained suspended in sea-
water, and an additional 30% had adhered to kelp
surfaces at a density of 21 surrogates per cm2. This
density was slightly lower in the abalone exposure
tubs, most likely because abalone shells provided
additional surface area for surrogates to adhere to
and because some surrogates had been scraped off
and consumed by abalone. Furthermore, abalone
size was found to be correlated with mean kelp con-
sumption and maximum fecal surrogate count, indi-
cating that large abalone tended to eat more, which
in turn resulted in greater likelihood of ingesting
oocysts. These findings support the hypothesis that
adherence of oocysts to kelp fronds facilitates inges-
tion by herbivorous invertebrates (Mazzillo et al.
2013).
Our finding that abalone can indeed serve as

mechanical vectors for T. gondii provides indirect
support for an alternative explanation for the differ-
ence in infection risk observed between snail specia-
lists and abalone specialists: namely, that the former
may be at higher risk simply due to differences in the
number of prey items consumed. Our feasibility ana-
lysis of this hypothesis, informed by extensive data
sets on prey consumption rates of snail specialists
and abalone specialists, indicated that the discrep-
ancy in reported infection rates (85% of snail specia-
lists vs 7% of abalone specialists; Johnson et al. 2009)
can be explained entirely by differences in the
number of prey items consumed, even if each indi-
vidual snail and abalone conferred the same risk of
infection. This remarkable outcome reflects the
enormous difference in caloric content between a
snail (∼4·6 kcal) and an abalone (∼200 kcal; Oftedal
et al. 2007), which means that a typical snail special-
ist will consume over 700 individual snails per day
(in addition to other prey) to meet its energetic

needs, as compared to an abalone specialist that con-
sumes just 20 abalone. Of course the agreement
between our feasibility analysis and empirical data
on seroprevalence, while striking, does not provide
confirmation for this hypothesis. It does, however,
demonstrate that differences in infection risk
between otters with different diets do not necessarily
imply differences in the mechanical abilities of prey
to concentrate and retain oocysts, but rather can
occur as a by-product of numerical probabilities.
While the model above suggests that T. gondii ex-

posure in sea otters can be largely influenced by
caloric value and hence number of preferred prey
that must be eaten, there may be additional factors
that contribute to variation in levels of T. gondii
contamination among different prey species. For
example, one additional factor that may contribute
to the probability of abalone vs snails encountering
T. gondii under natural conditions is the difference
in the feeding behaviour of these marine gastropods.
This study focused on determining the physiological
capability of abalone to serve as paratenic hosts for
T. gondii, and as such the experimental animals
were provided with an ample supply of kelp on
which to feed. However, wild abalone living within
sea otter habitat range are typically found in crevices
or other refuges and feed opportunistically on drift
algae, or occasionally on fronds of attached macroal-
gae that sway within their reach (Lowry and Pearse,
1973; Tutschulte and Connell, 1988). As a result, the
frequency at which they feed – and therefore the
likelihood that they will encounter T. gondii
oocysts – is governed by chance and the abundance
of drift algae. In contrast, marine snails inhabit sur-
faces of kelp and are therefore able to graze continu-
ously upon fronds or stipes (Watanabe, 1984). The
probability of accidental ingestion of T. gondii
oocysts that become associated with kelp surfaces
as described by Mazzillo et al. (2013) is therefore
likely to be greater for snails than for abalone that
opportunistically consume drifting alga.
If abalone and marine snails tend to occupy dis-

tinct sites due to variations in habitat preference,
then it is also hypothetically possible that the
observed differences in infection risk could be
explained by abalone tending to occupy coastal
sites receiving less freshwater influence, and there-
fore with reduced likelihood of exposure to
T. gondii oocysts. To our knowledge, there is no
data currently available on the prevalence of T.
gondii oocyst contamination amongst abalone or
snails. However, Johnson et al. (2009) emphasize
that both abalone and snail specialist otters were
observed feeding within the identified high-risk
coastal segment with no obvious spatial segregation
or difference in foraging microhabitats. It therefore
seems unlikely that differences in spatial distribution
of prey species are responsible for observed varia-
tions in infection risk. Still, field studies quantifying
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the prevalence of T. gondii oocyst contamination
amongst different prey species would be useful to
elucidate the dynamics of T. gondii oocyst transport
in the marine environment. Furthermore, such data
could be used as input variables for estimating per-
item infection risk used in our feasibility analysis
and hence enhance the accuracy of T. gondii infec-
tion risk modelling.
To test the hypothesis that abalone and snail con-

tamination with T. gondii is influenced by differen-
tial coastal habitat distribution, species population
surveys could be performed to assess whether
abalone and snails occupy the distinct nearshore
sites. If this hypothesis is supported, prey and
water samples could be collected from sites represen-
tative of typical habitat for each species and tested
for T. gondii oocysts. However, one limitation of
this approach is that currently, successful detection
of T. gondii oocysts in seawater has not been
reported, despite our team’s effort to do so over dur-
ation of 3 years. To test for variations in oocyst ex-
posure due to differences in feeding behaviour,
animals could also be collected from a high-risk
site occupied by both species. Validation of labora-
tory methods for detection of T. gondii oocysts in
snails have been recently reported (Krusor et al.
2015), though such methods have not been tested
to date in abalone. Ideally, samples of invertebrates
would be collected during the wet season as well as
the dry season to assess seasonal fluctuations in
oocyst contamination rate due to rainfall and
surface runoff. However, the practicality of conduct-
ing such a study is highly challenging. Although
Staggs et al. (2015) reported T. gondii prevalences
of 33 and 54% for small samples of mussels, Miller
et al. (2008) detected only one T. gondii-positive
mussel out of 1396 tested invertebrates collected
from central coastal California, while Krusor et al.
(2015) reported no positives out of 227 sampled
marine snails. Low T. gondii contamination preva-
lences suggest that a sample size of several thousand
abalone and snails would be necessary to adequately
measure and compare T. gondii contamination in
these species, which could be particularly problem-
atic given the protected status of central California
abalone populations.
Another factor that may impact the likelihood of

abalone acting as paratenic hosts for T. gondii
under natural conditions in California is the pres-
ence of withering syndrome (WS), an important
abalone pathogen in this state. Clinical signs of WS
include reduced feeding and withering of the foot
muscle, which reduces the animal’s ability to
attach firmly to the substrate (Moore et al. 2000;
Crosson et al. 2014). Reduced feeding would dimin-
ish the probability that abalone will obtain kelp and
thus ingest T. gondii oocysts, while an inability to
firmly attach to substrates would increase its vulner-
ability to predation, creating a scenario in which

abalone that suffer from WS are less likely to
contain oocysts and are more likely to be preyed
upon by sea otters. While WS-induced mass mortal-
ity has only been recorded in warmer waters of
southern California, particularly the Channel
Islands, clinical disease has been reported as far
north as San Francisco, and the infectious agent of
WS is distributed from Baja California to Sonoma
County, California (Crosson et al. 2014), an area
that encompasses the entirety of the southern sea
otter’s current range.
One limitation in the current study is that due to

utilization of T. gondii surrogates to mitigate the
biohazard nature of working with viable parasites
in large aquaria, the effects of passage through
abalone digestive tract on oocyst viability could not
be evaluated. It is likely that the robust nature
of oocysts renders them resistant to inactivation
within abalone, especially as oocysts have been
shown to remain infectious after passing through
the digestive systems of other marine invertebrates
such as mussels and oysters (Arkush et al. 2003;
Lindsay et al. 2004). However, experiments using
viable T. gondii oocysts and mouse bioassays would
be needed to definitively evaluate the infectivity of
oocysts after passage through the abalone gut.
The ability of abalone to concentrate and retain

T. gondii also has important implications for public
health, as it demonstrates that this commonly
consumed seafood species is capable of harbouring
an important zoonotic parasite of humans. Con-
sumption of undercooked meat containing T.
gondii tissue cysts has been a major source of
human toxoplasmosis in the past, but studies of sero-
prevalence in livestock have demonstrated that T.
gondii infections in meat-producing animals have
been declining (Dubey and Jones, 2008). However,
consumption of raw oysters, mussels and clams has
been shown to be a significant risk factor for
human T. gondii infection (Jones et al. 2009). If
abalone can serve as transport hosts for T. gondii
oocysts, then raw abalone could also be an important
source ofT. gondii infection for humans in spite of its
apparent ‘protective’ effect in sea otters, particularly
when harvested in large numbers by commercial
fisheries.
Considering food web-driven disease transmis-

sion mechanisms in the ocean is important for con-
servation policy and management of both sea otters
and abalone. In addition to both being threatened,
sea otters and abalone have strong predator–prey
interactions. Modelling-based studies have demon-
strated that these interactions must be taken into
account to set and achieve reasonable recovery
goals for both species (Chadès et al. 2012).
However, Raimondi et al. (2015) emphasized the
importance of pairing such studies with field-col-
lected data to avoid oversimplifying complex
trophic relationships when devising multispecies
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management plans. The role of abalone in reducing
sea otters’ risk of exposure to T. gondii adds an add-
itional dimension to their predator–prey interaction
and could be incorporated into simulations used to
evaluate the effectiveness of wildlife and fisheries
management decisions. Because this study indicates
that the protective effect of an abalone-rich diet is
more likely due to their size and caloric content,
rather than a species-specific inability to concentrate
T. gondii oocysts, supporting stocks of abalone as
well as other large, high-value prey items may
reduce the proportion of sea otters relying on low-
quality prey animals, such as snails.
Given that even low-risk prey may harbour

oocysts, results suggest that focusing on the under-
lying issue of coastal water pollution is vitally import-
ant for sea otter conservation efforts. Wetland
vegetation has been shown to remove T. gondii
oocysts from runoff water (Hogan et al. 2013;
Daniels et al. 2014), and coastal development and
degradation of estuarine wetlands have been asso-
ciated with increased transport of T. gondii oocysts
from land to sea (Shapiro et al. 2010b).
Management measures aimed at reducing delivery
of contaminants such as T. gondii oocysts to the
marine environment via overland runoff could there-
fore include protection of estuarine wetland habitats,
as well as encouraging sustainable ‘green’ urban plan-
ning in coastal areas that are slated for development
(Cook, 2007; Shapiro, 2012). An additional manage-
ment strategy for reducing environmental contamin-
ation with T. gondii could include effective
education of cat owners regarding proper fecal waste
disposal and improved control of feral cat populations
(Shapiro, 2012). These measures are especially im-
portant because the emergence of T. gondii in
marinemammals is indicative of broader conservation
and public health issues associated with land-to-sea
pathogen pollution. Other disease-causing microor-
ganisms, including Sarcocystis neurona – another en-
cephalitis-inducing coccidian parasite – and several
zoonotic enteric bacterial pathogens, have recently
been observed in sea otters (Miller et al. 2010a, b).
Findings of this study suggest that continued research
into disease transmission processes in the ocean can
inform implementation of policies aimed at reducing
pollution of marine ecosystems with terrestrial patho-
gens, protecting the health of nearshore habitats and
mitigating potential public health threats.
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