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ABSTRACT: Toxoplasmosis is a major threat to Hawaiian monk seals (Neomonachus schauinslandi) in
the main Hawaiian Islands where seal habitat overlaps with substantial human and domestic cat
populations. As the definitive hosts, members of the Felidae are the sole sources contaminating the
environment with infectious oocysts; these oocysts can be transported into the marine environment,
thereby threatening marine mammals. To understand environmental factors influencing Hawaiian
monk seal exposure to Toxoplasma gondii, we examined monk seal strandings from toxoplasmosis in
relationship to location and rainfall patterns throughout the main Hawaiian Islands. Using a case-
control study design, we compared mortalities due to toxoplasmosis (cases) with those from other causes
(controls). We found that cases were up to 25 times more likely than controls to occur after heavy runoff
events. The greatest odds ratio was observed when rainfall occurred 3 wk before strandings, potentially
indicating important timelines in the disease process. Our results suggest that heavy rainfall frequently
delivers sufficient numbers of oocysts to infect Hawaiian monk seals. With infectious doses of as low as a
single oocyst, any contaminated runoff constitutes a risk to Hawaii’s endangered monk seal.

Key words: Hawaiian monk seal, marine mammals, odds ratio, pathogen pollution, toxoplasmosis.

INTRODUCTION

Hawaiian monk seals (Neomonachus
schauinslandi) in the human-populated main
Hawaiian Islands (MHI; Ni‘ihau to Hawai‘i
Island; Fig. 1) make up a crucial component
of the species’ recovery potential. After
decades of precipitous decline (Kenyon
1973; Fiscus et al. 1978; Johnson et al.
1982), the range-wide population has shown
signs of a stabilizing-to-positive trend since
the mid-2010s (Baker et al. 2016). Seals in the
MHI constitute only approximately 20% of
the total Hawaiian monk seal population
(approximately 300 seals in the MHI and
1,100 in the Northwestern Hawaiian Islands;
Carretta et al. 2022). Nevertheless, this
population plays a key role in the recovery
trend, with the highest growth rate (Baker et
al. 2011) and reproductive rate (Robinson et
al. 2021) of those seen throughout the monk
seals’ range.

Toxoplasmosis, a disease caused by the
protozoan parasite Toxoplasma gondii, was

first identified as the cause of death in a wild
Hawaiian monk seal in 2004 (Honnold et al.
2005). Such mortalities have become increas-
ingly prevalent in the MHI since the early
2000s: eight cases were detected during 1982–
2015 from 306 monk seal carcasses and a
further seven from 38 carcasses examined
from 2016 to August 2021 in the human- (and
cat)-populated MHI (Barbieri et al. 2016;
Harting et al. 2021). Only one case has been
detected from the Northwestern Hawaiian
Islands (remote, without human or cat popu-
lations) since regular monitoring and carcass
examination began in 1982 (Barbieri et al.
2016). Reports from other species (cats, birds,
and spinner dolphins [Stenella longirostris])
indicate that T. gondii has long been estab-
lished in the MHI (Wallace 1971; Migaki et al.
1990; Work et al. 2000, 2002). The increase in
monk seal cases is probably coincident with
increased opportunities for exposure as the
MHI seal population has rebounded over this
time frame (Baker et al. 2011, 2016).

1

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 19 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Toxoplasmosis is now the leading disease
impacting monk seals and is one of the three
major causes of death in the MHI, along with
anthropogenic trauma and net-related drown-
ings (Harting et al. 2021). Recent estimates
suggest that toxoplasmosis could be dampen-
ing the potential growth rate of the MHI
monk seal population, particularly through
lost reproductive potential with the deaths of
adult females, lost pregnancies, and neonatal
mortality of pups following vertical transmis-
sion (Barbieri et al. 2016; Harting et al. 2021).

Toxoplasma gondii is capable of infecting a
wide range of warm-blooded intermediate
hosts, but can only complete sexual reproduc-
tion, producing oocysts, in the intestines of
members of the Felidae, the definitive hosts
(Hutchison et al. 1969). Infected felids may

shed millions of oocysts in their feces, leading
to substantial environmental contamination
(Dubey et al. 1970; Dubey 1995; Fritz et al.
2012). Torrey and Yolken (2013) reported that
the environmental load of oocysts in the US is
more than 1.2 million metric tons. Sporulated
oocysts are extremely hardy, persisting and
maintaining infectivity for .1 yr in soil,
freshwater, or saltwater, making them the
critical parasite stage that drives the environ-
mental transmission of T. gondii (Miller et al.
1972; Dubey 1998; Lindsay and Dubey 2009).
Toxoplasma gondii has caused infections and
strandings in marine mammals worldwide and
in every ocean basin, demonstrating the ability
of this terrestrial pathogen to infiltrate marine
environments (Dubey et al. 2003; Gibson et
al. 2011). Extensive research has demonstrat-

FIGURE 1. Map of the main Hawaiian Islands that comprises the study area where we evaluated associations
between high runoff events and Hawaiian monk seal (Neomonachus schauinslandi) strandings of varied causes
during 2005–21. The distributions of both the human and seal populations across the main Hawaiian Islands are
shown. Locations of strandings identified as toxoplasmosis cases (bold triangles) and controls (other shapes) used
in this study are indicated.
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ed that hydrologic processes may deliver
oocysts from wide catchment areas into the
marine environment (Conrad et al. 2005;
VanWormer et al. 2016). For example, in
California, cases of protozoal disease in sea
otters (Enhydra lutris nereis) have been
linked to heavy rainfall events leading to
elevated freshwater runoff flushing oocysts to
coastal waters (Shapiro et al. 2012, 2019).

In this study, we aimed to demonstrate the
dynamics of a land-to-sea pathway linking the
terrestrial source of toxoplasmosis to the
infection of Hawaiian monk seals in the
marine environment. We used a case-control
study design to investigate correlations be-
tween high freshwater runoff events and
known cases of toxoplasmosis in Hawaiian
monk seals. If cases of toxoplasmosis are
associated with increased surface water run-
off, this would demonstrate that 1) Hawaii’s
source of infectious material is local (flushed
from the islands to nearshore waters) and 2)
high runoff events have the potential to
precipitate acute disease, leading to monk
seal strandings. In addition, we evaluated the
timing of elevated stranding risk to gain
insight into the disease process and examine
the spatial distribution of toxoplasmosis cases.

MATERIALS AND METHODS

Study area

Our study was conducted within the main
(populated) Hawaiian Islands. Although monk
seals use all islands, toxoplasmosis cases have
been confirmed only on three islands—Kaua‘i,
O‘ahu, and Moloka‘i—making these islands our
focus. Each of these islands receives similar monk
seal use (based on number of unique individuals
sighted within a given year; Fig. 1). However, the
human population varies by orders of magnitude
among these islands (O‘ahu, ~950,000; Kaua‘i,
~67,000; Moloka‘i, ~7,000; US Census 2015; Fig.
1) and may influence the detection of monk seals,
which are typically reported by community
members or volunteers.

Sampling and diagnostics

Hawaiian monk seals in the MHI are monitored
through a well-established network including
survey efforts by the National Oceanographic
and Atmospheric Administration (NOAA) and

partner institutions, along with citizen science
reporting. Sighting reports from all sources are
recorded in a NOAA database (Pacific Islands
Fisheries Science Center 2020a). Trained teams
respond as soon as possible any time a stranding is
detected. Depending on the level of decomposi-
tion, varying levels of examination lead to variable
certainty in diagnosis (for details, see Harting et
al. 2021). We restricted our analysis to carcasses
that were necropsied and assigned a probable
cause of mortality. Numerous samples were
collected at necropsy, including blood, tissue,
and swabs. Fixed samples were examined histo-
logically by board-certified veterinary pathologists
according to standard methods.

Case-control criteria

We included toxoplasmosis cases and suspect
cases from the earliest detections in the MHI
from 2004 to 2021. Cases (n¼12) and suspect
cases (n¼1) included in this analysis were
determined based on the case definitions de-
scribed in Barbieri et al. (2016). In brief, for cases
this required the presence of T. gondii organisms
(cysts or tachyzoites) in association with histo-
pathologic lesions that were severe enough to
cause death and confirmed through immunohis-
tochemistry (IHC). Seals with tissues that tested
positive for T. gondii by PCR or were serum
positive for protozoal immunoglobin G antibodies
alone were considered suspect cases (Barbieri et
al. 2016). We excluded one case of a neonatal pup
that was found dead 1 d separated from the dam.
Although the case definition (presence of organ-
isms and associated lesions) was met for both the
neonate and the dam, these cases were considered
to be a product of a single exposure event (to the
female and then passed vertically to the pup). One
suspect case (T. gondii detected by PCR, but no
IHC conducted) was excluded, because although
T. gondii infection was probable, the case did not
meet the case definition criteria, and the carcass
was detected offshore, making it impossible to link
to a particular stranding location. One other
suspect case (based on detection of protozoal
cysts, histologic lesions consistent with protozoal
disease, T. gondii detected by PCR rather than
IHC) was included because toxoplasmosis was
considered 90% probable as the cause of death
(Harting et al. 2021) and location information was
available to evaluate exposure. In total, we
included nine cases on O‘ahu, three on Kaua‘i,
and one on Moloka‘i (see Supplementary Material
Table S1). Within this dataset, we noted two
clusters of cases: one cluster in which three
animals stranded within 3 d in 2018 and one
cluster in which two animals stranded within 8 d
in 2020.
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Controls: To identify appropriate control ani-
mals, we evaluated stranding events with known
or probable causes of death (Harting et al. 2021)
and selected seals from the same island and as
close as possible in time to each case seal
(typically within the same year, always within 2
yr). Where multiple qualifying controls were
available, the number of controls may exceed
the number of cases. We excluded neonatal
mortalities, nursing pups, and recently weaned
pups (not yet expected to be foraging indepen-
dently). In addition, we excluded one seal (an
adult male on O‘ahu) that was found dead in a
fishing net but that had exhibited a high T. gondii
titer (1:81,920 via immunofluorescence assay)
during a research-related examination 2 mo
before death. During research handlings, blood
is typically collected and screened for several
pathogens, including T. gondii, but this finding of
positive titers in otherwise healthy animals is a
rarity because most toxoplasmosis cases are
associated with lethal strandings (Pacific Islands
Fisheries Science Center 2020b). Although this
animal’s death was presumed to be unrelated to T.
gondii, his exposure history might not have been
consistent with control animals. We included a
total of 11 controls on O‘ahu: 7 on Kaua‘i and 4 on
Moloka‘i (see Supplementary Material Table S1).

Runoff data

In the Hawaiian ecosystem (without snow/ice
melt), freshwater runoff derives from rainfall
events. We found that stream gauges provided
the most widely distributed data source for
measuring water inputs or outflows across the
islands. We evaluated land-to-sea runoff based on
daily mean stream discharge (cubic feet per

second) data from stream gauge data spanning
2000–21 (USGS 2021). We computed flow
exceedance probabilities (EPs), the percentage
of days that stream flow at a particular site is likely
to exceed a given level, at each gauge station to
serve as a metric defining ‘‘high’’ runoff events.
We first added 0.01 ft3/s to all values to avoid
zeros and then log-transformed values to normal-
ize the data. Finally, we assigned quantiles based
on the 20-yr dataset of mean daily discharge
(following USGS protocols; Risley et al. 2008).
Because we were unsure what level of discharge
might most affect monk seal risk of T. gondii
exposure, we evaluated high runoff events defined
at three EP levels: 5% corresponding to the upper
end of a 90% confidence interval (EP5), 2.5%
(upper end of a 95% confidence interval [EP2]),
and 1% (upper end of a 98% confidence interval
[EP1]). We grouped stream gauges in adjacent
watersheds into regions so that each stranding was
associated with three or four gauges representing
the region of the stranding (except on Moloka‘i
where only a single gauge had adequate flow data;
Fig. 2).

Statistical analysis

Odds ratio: We used an odds ratio test
(computed in the R package epitools; Aragon et
al. 2017) to assess the differential odds of
strandings due to toxoplasmosis versus other
causes relative to exposure to high runoff events.
We judged significance of the odds ratio based on
a Fisher exact P value with correction for small
sample size. Although diagnostic evaluation of
toxoplasmosis in Hawaiian monk seals suggests
that it is acutely lethal, little is known about the
timeline between exposure and disease. There-

FIGURE 2. Hydrologic maps showing the stream gauge locations used to assess runoff intensity relative to
potential risk of toxoplasmosis for Hawaiian monk seals (Neomonachus schauinslandi) on the Hawaiian Islands of
Kaua‘i, O‘ahu, and Moloka‘i. Different shades signify different regional groupings of stream gauge data.
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fore, we evaluated the association of high runoff
events over 1-wk intervals in the 1–8 wk before
each stranding.

Randomizations: In addition to comparing the
exposure history of cases to controls, we used a
randomization procedure to determine the prob-
ability that the exposure patterns observed in
toxoplasmosis cases would have occurred by
chance given local rainfall patterns (R Core Team
2013). We generated a set of nine random dates
spanning 2004–21, mimicking the number and
time span of toxoplasmosis cases on O‘ahu, the
island with the most cases. Each random date was
randomly assigned to an O‘ahu region and then
stream flow data were compiled from the
appropriate gauges. We generated datasets span-
ning 1 wk before each random date (noting that in
a randomized dataset, a single week can serve as
the comparison to any week 1–8). We calculated
the number of high runoff events in each random
dataset and determined the probability that the
random dataset would meet or exceed the number
of events in the observed dataset based on 1,000
replications. In addition, we used the randomiza-
tions to evaluate the probability that five of the
nine O‘ahu cases would occur on the windward
(rainier) side of the island by chance.

RESULTS

Runoff exposure of cases and controls

In exploring the runoff data before each
stranding, there appeared to be a clear
concentration of high runoff events in the
month before toxoplasmosis cases on O‘ahu
(Fig. 3A). Nearly all (eight of nine) cases were
exposed to EP5 events in the month (and
specifically in the third week) before the
stranding date, with half of the cases being
exposed to more than 10 such events.
Meanwhile, only 6 of 11 controls were
exposed to (always fewer than 10) EP5 events.
However, other islands did not exhibit such a
clear pattern. On Kaua‘i and Moloka‘i, high
runoff events appeared to be equally distrib-
uted among both cases and controls (Fig. 3B).

Statistical analysis

Odds ratios were elevated indicating that
toxoplasmosis cases were more likely to be
exposed to high runoff events than controls
(Table 1). The highest odds ratio, 25.66 (using
the EP5 metric), was detected on O‘ahu 3 wk

before stranding date (Fig. 4). Both EP2 and
EP1 metrics were also elevated at 3 wk before
stranding date (Fig. 4). Some odds ratios were
significant in the all-islands dataset, but
patterns generally tracked those in the
O‘ahu-only dataset (which had the majority
of cases). Randomizations showed very low
probability that the observed number of high
runoff events would occur by chance in any
given week before strandings on randomly
generated dates (Table 1). However, the
randomizations did not show a significant
pattern in the spatial distribution of cases on
O‘ahu, with a probability of 0.503 that five of
the nine cases could randomly occur in the
Windward regions.

DISCUSSION

Both case-control and randomization anal-
yses showed a significantly elevated risk of
toxoplasmosis cases associated with exposure
to high runoff events. This pattern was clear
despite the small size of the Hawaiian monk
seal population and thus the low sample
numbers for cases and controls. Both of the
case clusters, from 2018 and 2020, closely
followed major runoff events, adding to the
detected signal. Although this association is
expected given the existing literature on
pathogen pollution of T. gondii (Aguirre et
al. 2019), demonstrating this route of exposure
for Hawaiian monk seals clarifies disease
dynamics and risk factors and provides a
scientific foundation for risk management
actions.

Disease dynamics

Odds ratios were highest 2–4 wk before
stranding, with a peak 3 wk before the
stranding date. There were zero controls with
exposure within week 3, which might have
driven up the odds ratio by coincidence.
However, even without considering control
seals, week 3 was statistically significant: seven
of the eight O‘ahu cases were exposed to EP5

runoff events within the third week before
stranding, whereas other weeks showed three
to six case seals with EP5 exposure. Random-
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izations offered additional evidence that the
observed temporal clustering of exposures
would be highly unlikely by chance. Detection
of extensive cellular inflammation and necro-
sis paired with a high abundance of T. gondii
organisms in toxoplasmosis cases has suggest-
ed that the progression of disease after
infection can rapidly disseminate, leading to
acute death (Barbieri et al. 2016), but there

has been little information to determine the
time of exposure in wild Hawaiian monk seals.
Our findings, indicating an elevated risk of
stranding approximately 3 wk after exposure
to heavy runoff, suggest that morbidity and
mortality in infected Hawaiian monk seals
develop relatively soon after exposure. Al-
though some species (e.g., humans) may
experience latent or subclinical infections

FIGURE 3. Time relationship graphs, with each line in the graphs showing an exposure to a high runoff event
in the month preceding a Hawaiian monk seal (Neomonachus schauinslandi) stranding event in the main
Hawaiian Islands: (A) O‘ahu and (B) Kaua‘i and Moloka‘i. The frequency of these exposures in cases versus
controls was used to assess toxoplasmosis risk.

6 JOURNAL OF WILDLIFE DISEASES, VOL. 59, NO. 1, JANUARY 2023

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 19 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



leading to severe disease primarily with
immunosuppression (Dubey and Jones
2008), we did not detect this pattern in
Hawaiian monk seals.

Risk factors

All of the high runoff metrics showed
association with elevated exposure risk in
toxoplasmosis cases. Because the EP5 thresh-
old was more frequently crossed, the accu-
mulation of these events led to the highest
odds ratios. Fewer events exceeded the EP2

and EP1 thresholds, but these events were
also associated with cases (Fig. 3), although
their rarity in the overall data may have led to
lower odds ratios. With a small dataset, it is
difficult to measure the added risk that might
come with additional runoff, but our findings
indicate that exposure to runoff events in the

upper 5% is sufficient to pose significant
toxoplasmosis stranding risk to monk seals. It
is probable that risk is at least equally high
with increased runoff, making any extremely
high runoff high risk.

Hawaiian monk seals have substantial home
ranges to accommodate their foraging activi-
ties; however, their core use areas are typically
much smaller (149.2 km2 mean home range,
23.2 km2 mean core area; Wilson et al. 2017).
Monk seals in the MHI make nearshore or
offshore foraging trips typically lasting from
0.5 to 1 d, during which seals travel a total of
10–50 km and dive to depths of 20–50 m
(Wilson et al. 2017). This makes their time
concentrated in the nearshore areas where
exposure to runoff and island-based pollution
is most likely (Littnan et al. 2006; Lopez et al.
2012). Based on haul-out sightings, seals have

TABLE 1. Number of case and control Hawaiian monk seals (Neomonachus schauinslandi) exposed to high
runoff events at varying time points before stranding in the main Hawaiian Islands (2005–21). Superscript
numbers with case and control numbers indicate the probability level of observing the given number of
exposures in 1,000 replicates with n randomized dates. ORs (displayed as odds of exposure for cases:controls)
show that cases were generally more likely than controls to be exposed to high runoff events in the weeks before
the stranding date. Superscripts on OR values indicate a significant P value based on a Fisher exact test.a

Weeks PSD

Metrics by exceedance probability

EP5 EP2 EP1

Controls Cases OR Controls Cases OR Controls Cases OR

O‘ahu only, n 11 9 11 9 11 9

8 60.05 4 0.48 3 3 0.86 0 30.05 4.710.01

7 5 4 0.67 3 3 0.86 1 2 1.25

6 3 50.01 2.00 3 50.05 2.00 2 2 0.75

5 5 60.05 1.50 40.01 60.005 2.10 2 1 0.33

4 1 3 2.14 0 3 4.710.01 0 0 0.00

3 00.05 70.005 25.670.005 0 3 4.710.01 0 2 2.75

2 3 60.05 3.00 2 3 1.29 1 1 0.56

1 2 3 1.29 1 1 0.56 1 1 0.56

All islands, n 22 13 22 13 22 13

8 100.05 70.05 1.09 6 50.05 1.27 2 50.005 3.700.01

7 8 60.01 1.17 3 50.05 2.64 1 2 1.75

6 7 5 1.04 5 50.05 1.57 3 2 0.79

5 7 60.01 1.41 6 60.05 1.71 4 1 0.28

4 4 4 1.44 2 4 2.67 2 0 0.00

3 4 80.005 4.80.05 3 3 1.30 3 2 0.79

2 100.05 80.005 1.45 70.01 4 0.75 3 1 0.37

1 4 4 1.44 3 2 0.79 1 2 1.75

a PSD ¼ prior to stranding date; EP5¼ exceedance probability 5%; EP2¼ exceedance probability 2.5%; EP1¼ exceedance probability
1%; OR ¼ odds ratio.
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a tendency to favor certain beaches or a
cluster of nearby beaches, spending an
average of 74.69% of their haul-out time in a
single region (range, 21.71–100.00%; SD,
23.08%; Pacific Islands Fisheries Science
Center 2020a). Thus, although monk seals
can be far ranging, their typical regional
fidelity suggests that their stranding location
would probably be in or near the area recently
used and that their exposure to T. gondii
oocysts would be associated with oocyst
contamination of that area. Most of the major
rain events in the dataset led to high runoff in
several regions (perhaps unsurprising given
the severity of EP5, EP2, or EP1 and the small
size of the islands); therefore, this timeline of
exposure after major rain is likely to be
important whether a monk seal was exposed
in its region of stranding or other regions.

It was clear that the O‘ahu data were highly
influential on the all-islands analysis. Despite
similar levels of monk seal use on O‘ahu,
Kaua‘i, and Moloka‘i, toxoplasmosis-related
strandings were far more prevalent on O‘ahu,
making this island a more data-rich area for
analysis. Although separating O‘ahu provided
a clearer picture of disease dynamics on that

island, Kaua‘i (three cases) and Moloka‘i (one
case) were too data limited to examine
separately. However, generally the controls
exposed to high runoff were mostly from
Kaua‘i or Moloka‘i, and the cases on those
islands were not strongly associated with high
runoff events (Fig. 3).

There are several possible reasons for the
lack of association with toxoplasmosis and
runoff exposure on islands beyond O‘ahu.
First, stream gauge data were not consistently
available across all three islands. Despite
having similar rugged topography and numer-
ous small streams, Kaua‘i and Moloka‘i had
many fewer USGS stream gauges than the
more populous O‘ahu. On Kaua‘i stream
regions were larger and on Moloka‘i only a
single stream gauge had adequate data. Thus,
the limited runoff data on these islands may
have been less representative of the exposure
experienced by seals.

The low number of cases detected on
Kaua‘i or Moloka‘i might lead to inability to
detect patterns. Most areas of Kaua‘i are
accessible to agency staff or volunteers who
monitor monk seals, and sighting data are of
similar quality to O‘ahu. The ratio of seal

FIGURE 4. Line graph showing a peak in the odds ratio indicating an association of risk of toxoplasmosis in
Hawaiian monk seals (Neomonachus schauinslandi) with exposure to major runoff events 3–4 wk before the
stranding event, based on analysis of cases and controls on the island of O‘ahu, Hawai‘i, 2005–21.
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carcasses detected (as opposed to seals
disappearing) and examined is also similar,
so there is little reason to expect missed cases
or biased cause-of-death determination on
Kaua‘i. Moloka‘i is a more rural island, with
only a few areas where monk seals are closely
monitored, and a higher proportion of seals
disappears from sighting data without carcass
detection, although after carcass detection
there is no reason to suspect an island-specific
bias in cause-of-death determination.

Finally, a potential reason underlying the
elevation in cases on O‘ahu is the markedly
higher human population and thus higher
population of outdoor owned and feral cats.
Hawai‘i has no native felids, leaving domestic
cats as the only contributors of oocyst
pathogen pollution (Hess et al. 2007). Tele-
phone surveys contracted by the Hawai‘i
Humane Society support the association of
pet cats with the number of human house-
holds on the islands; numbers of stray cats
(solo or in colonies) are less well tracked, but
they are also expected to vary according to
human feeding efforts (Ward Research Inc.
2018). Given the larger cat population, the
documentation of more cases on O‘ahu may
be a function of increased pathogen pollu-
tion. On other islands, with fewer cats, it is
possible that the association with runoff was
not detected because the environmental
oocyst loading would be lower and even high
runoff events might not always bring as
substantial a flush of infectious oocysts to
coastal waters. Nevertheless, with infectious
doses potentially as low as a single oocyst
(Dubey et al. 2012), the risk may still be
sufficient to negatively affect this endangered
population—and indeed, although docu-
mented less frequently, seals on these islands
still die from toxoplasmosis. Furthermore,
given the hardiness of T. gondii oocysts and
the circulation of water between islands,
oocysts may be transported between islands,
presenting a threat that is not temporally
linked to the runoff process. Using particle
movement models, Wren et al. (2016) found
that self-recruitment (particles remaining
near the island of origin) was high, but
particle movement between islands could

be up to 30%. There was a general direc-
tionality of flow from southeast to northwest,
with islands of O‘ahu, Kaua‘i, Ni‘ihau, and
Nihoa most connected. The Maui complex of
islands (Maui, Moloka‘i, Lana‘i, and Kaho‘o-
lawe) and Hawai‘i Island are separated by
substantial channels and received lower
interarea connectivity.

Improving our understanding of environ-
mental routes of T. gondii exposure is a first
step in mitigating the conservation risk posed
by this pathogen. Management of outdoor cat
populations is a critical component of miti-
gating risk of T. gondii exposure, not only for
monk seals but also to limit human exposure
(Torrey and Yolken 2013) and protect ecosys-
tems more broadly (Aguirre et al. 2019).
Although controlling oocyst input is the
ultimate key to risk mitigation, discharge into
marine systems may also be mitigated by
managing terrestrial runoff so that oocysts
might be settled or filtered out before
reaching the coastal environment (Shapiro et
al. 2010; Hogan et al. 2013).
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