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Abstract

Parasites are common throughout the biosphere and can play significant ecological
roles. However, most parasites are understudied, particularly with regards to how
their prevalence and impacts vary with environmental conditions. As a result, there
remains an incomplete understanding of how both parasites and their hosts may be
impacted by climate change. We conducted field surveys to better understand the
parasite distributions of the intertidal hermit crab Pagurus hirsutiusculus in British
Columbia. We found three genera of externally visible parasites (Eremitione giardi,
Peltogasterella sp., and Peltogaster sp.), and one hyperparasite (Liriopsis pygmaea),
which were present throughout the surveyed region. The prevalence of E. giardi was
related to salinity while Peltogaster sp. was related to host size. At some locations,
we observed a decline in prevalence in the parasite Peltogaster sp. following the
2021 Pacific Northwest heat wave event. In the lab, we compared the metabolic rate
across a temperature range and survivorship post heat stress in individuals infected
with Peltogaster sp. and uninfected individuals. We did not find a difference in metab-
olism based on infection status but found that uninfected individuals had significantly
higher survivorship following heat stress. This study highlights the pervasiveness

of parasitic interactions and demonstrates the need to study them in combination
with environmental factors to better understand the effects of climate change on
populations.

Introduction

Parasite infections are ubiquitous in biological systems [1] and can have strong
ecological and physiological effects. They can regulate host populations by altering
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reproductive ability [2], and account for as much as 78% of food web linkages in
some ecosystems [3]. Despite their ubiquity and importance, parasites are frequently
left out of ecological studies. Even our understanding of parasite taxonomy is woe-
fully poor; it is estimated that many parasite species (e.g., up to 95% of helminths)
remain undescribed due to their small and inconspicuous nature [1]. Identifying the
parasites present in a community is a critical first step to understanding their ecology
and role in a changing environment.

Host-parasite interactions can mediate host response outcomes to warming [4—6],
and ignoring the important interactions between host-parasite dynamics and abiotic
stressors could result in erroneous conclusions about the risks of climate change
on a species or community [7,8]. In the context of changing ocean conditions, it is
important to understand parasite natural history in order to determine what regions
are likely to contain specific parasites and to understand how their prevalence might
be affected by climate change [4]. A variety of abiotic (e.g., salinity, temperature) and
biotic factors (e.g., host size, host density) have been suggested as possible factors
associated with prevalence in some marine parasite systems [4,9-12], but it is not
known how widely these apply across marine ecosystems. Abiotic and biotic factors
can also influence the relationship between parasites and their hosts; parasites can
affect their hosts in a myriad of ways including altering thermal tolerance, mortality,
reproduction, and growth [4,13,14]. This information is important in determining how
host parasite dynamics might change with warming temperatures, and how these
changes might affect population structure. For example, infection by the parasitic bar-
nacle, Loxothylacus panopaei (Gissler, 1884) [15,16], will likely decline in response
to climate change because of an offset in the thermal performance and tolerance
between infected and uninfected hosts [4]. As the changes to host-parasite dynamics
under climate change are expected to be complex [17], it is important to explore this
topic across systems.

One of the challenges of incorporating parasites into ecological studies is that they
are often small and hidden inside their hosts [1]. Externally visible parasites, such
as rhizocephalans, are more easily quantified, and therefore make excellent study
systems. The hermit crab Pagurus hirsutiusculus (Dana, 1851) [18,19] has been
documented to have multiple externally visible parasites [20]. Pagurus hirsutiusculus
is common in intertidal habitats throughout the west coast of North America, from
California to Alaska [21]. Despite its high abundance and wide geographic spread,
its parasites have not been well studied. The parasite species that have been previ-
ously recorded associated with P. hirsutiusculus include the rhizocephalan Pelfogas-
ter paguri Rathke, 1842 [22,23], the colonial rhizocephalan Peltogasterella gracilis
(Boschma 1927) [24,25], and the bopyrid isopod Eremitione giardi (Calman, 1898)
[20,26-30]. (S1 Fig). According to a review of the literature (S1 Methods and S2 Fig),
rhizocephalans identified as Peltogaster paguri are distributed across much of the
temperate northern hemisphere. However, the taxonomic identifications for Pelto-
gaster paguri and Peltogasterella gracilis in BC and Oregon are based on morpho-
logical similarities to taxa from other ocean basins, and DNA barcoding (see Results
section) suggests that taxonomic revision may be required. DNA Barcoding provides
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a powerful tool for species identification and can be especially useful for differentiating cryptic species that lack clear mor-
phological differences and provide evidence for previously undescribed diversity in groups that require more taxonomic
attention [31,32]. We will conservatively refer to each as Peltogaster sp. and Peltogasterella sp. within this manuscript.

One of the reasons P. hirsutiusculus and its externally visible parasites is such a compelling system to work in is that it
allows for comparison of effects based on parasite life strategy. Peltogaster sp. is a rhizocephalan, which is a highly spe-
cialized parasitic barnacle with an internal root system and external reproductive portion known as an externa [14]. The
lifecycle of these parasites includes dispersive larval stages and several stages of invasion of a single host [33]. These
parasites absorb nutrition using their extensive root system and can manipulate the host’s endocrine and nervous sys-
tems [14]. In contrast, the isopod parasite found on P. hirsutiusculus (Eremitione giardi) is an ectoparasite and lives within
the host’s branchial chamber where it feeds on hemolymph [34]. Its lifecycle is quite different compared to rhizoceph-
alans, and involves an intermediate host (likely a copepod) and two separate free-living larval stages [34]. Because of
this increased complexity, it is more difficult to understand prevalence fluctuations or make climate change predictions as
there are more steps in its lifecycle that could contribute to any patterns seen. There have been field studies of P. paguri
prevalence in Alaska [28] but other parasite records from this region consist of simple occurrence data [35,36]. There has
yet to be a thorough investigation of the parasites present in hermit crabs in coastal British Columbia.

Coastal British Columbia experienced a record-breaking heat event in 2021, with air temperature anomalies reaching
up to 20°C above normal [37]. These extreme temperatures caused mass mortality in many intertidal invertebrate species
in the Salish Sea [38]. This event also provided an opportunity to examine how parasite prevalence in hermit crabs may
be altered by future warming. As P. hirsutiusculus lives in the intertidal zone, they are already exposed to a wide range
of temperatures over a relatively short period of time [21,39]. For example, a tidepool in BC on a hot day in the summer
may reach a temperature of 32°C over the course of a tide [39]. Prior work on the thermal tolerance of P. hirsutiusculus
[40], indicates that they may already experience stress near the edge of their tolerance levels in BC tidepools. Rhizoceph-
alans in other systems have been shown to alter host thermal tolerance [4], but this has yet to be examined in Pagurus
hirsutiusculus.

Given the general scarcity of detailed information on the distribution and prevalence of parasites in this host, the poten-
tial factors associated with those patterns, and the important but often overlooked relationship between global change and
host-parasite dynamics, we have identified two main objectives for our research:

1. Determine the distribution and prevalence of rhizocephalan and bopyrid isopod parasites Pagurus hirsutiusculus in
British Columbia (BC) in relation to potential related factors;

2. Explore the effect of Peltogaster sp. infection on host thermal performance and heat-related mortality.

To better understand parasite distribution and prevalence, we conducted field surveys to test the hypothesis that salin-
ity, relative host abundance, and host size are associated with parasite prevalence. We predicted that the prevalence of
parasites will be greater in high salinity environments than in low salinity environments based on previous evidence indi-
cating that low salinity can be a refuge from rhizocephalan parasites [12], and salinity has been previously found positively
correlated with prevalence of some bopyrid isopods [41]. We also expected to see a positive relationship between host
relative abundance and parasite prevalence, as higher host density increases the likelihood of an individual coming into
contact with a parasitized host or the transmission stage of the parasite, as has been observed generally [9] and in iso-
pods [10]. Maximum density of rhizocephalans has also been found to be correlated with host density [42]. We predicted
a higher rate of parasitization in larger crabs due to the probable older age of larger hosts resulting in a greater chance of
eventually becoming parasitized which has been seen in rhizocephalans [11,42] and some bopyrid isopod species [43].
To understand the effect of parasites on P. hirsutiusculus, we examined how temperature affects the metabolic rate of
hosts infected by Peltogaster sp., as well as how infection affects post-heat stress mortality. We predicted that infected
crabs would have a lower metabolic rate at high temperatures compared to uninfected crabs, as a result of the potential
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increased energy burden from the parasite [44] which could make it more difficult for the host to maintain metabolic func-
tion under thermal stress. We also expected this to be reflected in higher mortality of infected individuals post experiment.
This aligns with findings that other rhizocephalans have been shown to lower host thermal tolerance [4].

Methods
Field distribution methods

We surveyed Pagurus hirsutiusculus at 65 sites on the southwestern and central coasts of British Columbia, Canada, to
document the presence of parasites, and determined the prevalence of parasitized hosts at 56 of those sites (S1 Table).
We conducted timed searches (totaling up to 40 minutes) at each site to determine relative hermit crab abundance. We
conducted searches at low tides of < 1.5m that took place from the water line to approximately 2.5-3m above Canadian
chart datum, suitable substrate dependent. We searched for hermit crabs in crevasses on bedrock and under rocks in
cobbled areas as we found it to be the typical habitat for the species. Following collection, we examined crabs for exter-
nal parasites by waiting for them to begin to emerge from their shell, and then gently pulling them out by hand to view
their abdomen and carapace, exposing at least half their abdomen. This was sufficient to observe potential rhizocephalan
externa as well whether the crabs were ovigerous. However, this method does not detect hermit crabs with internal infec-
tions, or early stage bopyrid parasitizations that lack a bulging carapace, so will likely result in some false negatives.

To estimate the size of the host, we measured the length of the left dactyl on their second walking leg to nearest 0.1 mm
using calipers, which can be used as a proxy for overall body size [45]. We released hermit crabs after the measurements.
We also took salinity samples at each site at a depth of 10—-30cm to determine whether salinity is associated with parasite
prevalence. We measured the salinity in the lab using a refractometer (Atago S/Mill-E). We selected five sites for repeated
surveys through time to better understand potential seasonal prevalence changes (S1 Table, S1 Methods). Sites were
chosen based on geographic location, variance in parasite prevalence (three sites with relatively high prevalence of para-
sites, two with low/none) and high hermit crab density. Following the 2021 Western North American heat dome event [37],
we also revisited some of the sites we had visited just prior to or during this weather event in order to examine whether an
extreme heatwave affected parasite prevalence in the intertidal zone.

DNA barcoding methods

A representative subset of parasite specimens was collected, photographed, and preserved from each location (S3 Table).
In addition, tissue samples from P. hirsutiusculus were collected to confirm host species identity. All tissue samples were
stored in >95% ethanol at —20°C. DNA extraction was performed using the DNeasy Blood & Tissue Kit (QIAGEN) follow-
ing the manufacturer’s protocol with the exception that we used a final elution volume of 50 yL Buffer AL. DNA Barcoding
was used to target a fragment of the mitochondrial cytochrome ¢ oxidase subunit | (COI) gene using primers jgLC0O1490:
5 -TIT CIACIAAYC AYAARG AYATTG G- 3, and jgHCO02198: 5 -TAIACY TCI GGR TGI CCR AAR AAY CA- 3’ [46].
Each PCR reaction contained 0.6 uL of each primer, 12.5 uL of FroggaBio 2xtaq mastermix, 3.75 uL of BSA, 2 uL of DNA
template, and 5.55 pL of nuclease free water. Thermocycling conditions used a polymerase activation of 94°C for 3 min
followed by 38 cycles of denaturation and amplification at 94°C for 30sec, 47°C for 45sec and 72°C for 1 min, followed by
final elongation step of 72°C for 8 min. PCR amplification product was visualized on a 1.5% agarose gel stained with Red
Safe (FroggaBio). PCR product was submitted to Génome Québec Centre d’Expertise et de Services (Montréal, Canada)
for Sanger sequencing. Some additional sequences targeting the same gene region were obtained by sending tissue
samples to the Canadian Centre for DNA Barcoding. Sequences were obtained in both forward and reverse directions and
edited using Geneious V.11.0.4 software. A consensus sequence was constructed by merging the forward and reverse
sequences via de novo assembly. Taxonomic assignment was carried out using BLAST searches (blastn) of the NCBI
nucleotide database (nr/nt) and the Barcode of Life Data Systems (BOLD). To better refine the taxonomic relationships
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of the Peltogaster spp., we constructed a neighbor-joining tree using our Peltogaster sequences along with represen-
tative sequences from each species that has publicly accessible COI sequence data. A publicly accessed sequence of
Balanus crenatus Brugiére, 1789 [47,48] (GenBank: KT208786.1) was used as the outgroup; this species was chosen as
an outgroup because it represents a distantly related non-parasitic barnacle species. The accession numbers of publicly
accessed sequences are included in S3 Fig. Host specimens were accessioned to the Beaty biodiversity museum (S3
Table). The parasite specimens used for DNA barcoding did not have enough remaining tissue after DNA extraction to

be archived as museum specimens; photos and DNA sequences for these specimens were deposited in BOLD (dx.doi.
org/10.5883/DS-GEHMAN). To provide a global context, a literature review of Peltogaster paguri worldwide distribution
was conducted (supplemental methods).

Thermal metabolic experiment methods

Animal collection and husbandry. Experiments were performed with Pagurus hirsutiusculus that were uninfected
or infected by the rhizocephalan Peltogaster sp. Infection was determined by the presence of a visible externa. Due to
logistical constraints, we were not able to dissect hermit crabs to detect internal infections. We also collected ovigerous
crabs, with this status determined by the presence of a visible egg clutch on the abdomen. We collected all hermit crabs
used for the metabolic experiment at the beach on the end of Henson Rd. in Bowser, BC (49.424381, —124.647435)
on June 26, 2021. Before the experiment, approximately 55 hermit crabs were held individually in glass jars (237 ml/8
0z) to prevent cannibalism and exposure to potential rhizocephalan larvae. As jars were limited, additional hermit
crabs were kept in group housing in tanks (separated by infection and ovigerous status) and then transferred to jars
when a jar became available due to a crab death (approximately 20 crabs were eventually replaced). Jars and tanks
were kept in a flood table at a temperature of 12.2°C and filled with seawater that was sourced from the Vancouver
Aquarium. Water changes and feeding were conducted once a week. Hermit crabs were starved for 4—8 days prior to the
metabolic experiment. Crabs were kept in the lab for an acclimation period of approximately one month prior to beginning
experiments to ensure consistent acclimation, as differing acclimations can affect thermal tolerance [49]. During this time,
most of the ovigerous crabs released their eggs, and were then considered formerly ovigerous. Moulting and survival data
was also taken from a previous collection and is included in the supplement.

Experimental methods. To determine whether rhizocephalan infection alters host thermal performance, we examined
the effects of temperature on oxygen consumption of crabs that were infected (externa present) and visually uninfected.
Because we could not rule out the possibility that crabs lacking externally visible signs of infection were harboring early-
stage internal infections, we also included a category for crabs that were ovigerous when collected, as this ensured
that they were not infected by a castrating parasite. We measured oxygen consumption at five temperatures, 12°C,
17°C, 22°C, 27°C, and 32°C, maintained via a seawater bath. The temperature of the bath was held at 12°C for at least
15 minutes before beginning measurements and then was gradually increased from a starting temperature of 12°C to
32°C at a rate of approximately 4.31£0.5 °C per hour. Crabs were held individually in open mason jars in the water bath
while waiting to be measured, and individually in sealed 20 mL oxygen sensor vials during measurements (OXVIAL20,
PyroScience). Four crabs were measured simultaneously, selecting at least one with each infection status, during the
temperature ramping phase. Respirometry was performed using fiber optic sensors affixed to the glass of each vial.
Sensors were calibrated using a two-point calibration (100% air saturation and 0% air saturation). We used a FireSting O,
meter to record oxygen consumption at each temperature setpoint for 10 minutes. Exact temperatures were recorded by
the instruments and oxygen saturations were automatically adjusted by the instrument’s accompanying software. There
was some deviation from set temperature, but measurements were typically within one degree of the target, except for
one round reaching 1.5°C above the set temperature (32°C), which we removed from analysis. Upon completion of the
last measurement, we removed the crabs from their shells and dried them with a paper towel to determine wet weight
and confirmed their infection status. We removed crabs that had isopod parasites or hyperparasites from analysis. We
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completed a total of 15 ramps and measured 16 formerly ovigerous, 12 non ovigerous, and 24 infected individuals. We
returned the crabs to their jars in the flood table after the temperature ramp. We then checked for survival after 1-5 days,
and then again during the weekly water changes and at the completion of the experiments, 38 days after the first ramp
day.

This study was carried out on non-cephalopod invertebrates, so was exempt from submitting a protocol to the UBC
Animal Use Committee. We collected animals under a Fisheries and Oceans Canada permit (XR 196 2020). Field studies
were conducted at the foreshore, which the public is licensed to use in British Columbia. When necessary, permits were
obtained to gain access to the foreshore by transiting through Metro Vancouver parks after hours (PAC_Abbott_2021).

Quantification and statistical analysis

Statistical analyses for the field distribution and thermal metabolic experiments were conducted in R (version 4.4.2)
[50] using RStudio (2024.12.0+467) [51] and all model settings were left as defaults unless stated otherwise. We used
Tidyverse (version 2.0.0.) [52] to assist with data management. We set alpha=0.05 as our threshold for significance.

Field distribution analysis. We used a generalized linear mixed effect model to determine probability of parasitization
for an individual in relation to the fixed effects, salinity, date, dactyl, and host relative abundance for both Pelfogaster sp.
and Eremitione giardi during the surveys. In the case of sites being visited multiple times, we only included the data from
the first visit in this analysis. If a salinity sample was missing, the site visit was removed from analysis. We calculated
host relative abundance as the number of P. hirsutiusculus found on average per five-minute search. Site was set as a
random effect to account for differences in individuals coming from different populations. The occurrence of the parasite
within an individual was set as a binomial response variable. Date was set as a random effect to account for the effect
of time across sites. Models were created using the gimmTMB function in the “gimmTMB” R package (version 1.1.9)

[53]. Assumptions were examined using the VarCorr function in “Ime4” (version 1.1.35.3) and the plotresid function in
“RVAidememoire” (version 0.9.83.7) [54,55]. Probability of infection was not analyzed for Peltogasterella sp. due to limited
observations of the parasite. Mixed model visualizations were created using “visreg” (version 2.7.0) [56]. Prevalence
graphs were produced using “ggplot2” (version 3.5.1) and “RColorBrewer” (version 1.1.3) [57,58]. Maps were created
using QGIS (version 3.34.4) [59]. Shapefiles were obtained from Statistics Canada and the United States Census Bureau
[60-62].

Thermal metabolic experiment analysis. During data processing, we removed the first 30 seconds to account for
stabilization of the sensor after sealing the chamber. We screened and removed outlying values (i.e., positive slopes,
clearly visually abnormal readings likely due to sensor issues or air bubbles). This resulted in some crabs having thermal
performance curves fits with fewer than 5 measurements across the temperature range. We calculated the slope of
change in oxygen concentration in each chamber by using a linear regression of oxygen over time; slopes were adjusted
to account for microbial respiration by subtracting the slope values from chambers without a crab. The resulting slopes
were normalized to chamber volume and crab biomass (wet weight) to give crab respiration rates. We used a linear mixed
effects regression to determine the effect of temperature and group on metabolic rate. Infection status and temperature
were fixed effects, with both temperature and temperature squared included to account for non-linearity of the model.
Individual was included as a random effect on the intercept of the model. We created the model using the “Ime4” package
in R (version 1.1.35.3) [54]. Assumptions were examined using the visreg function in the “visreg” package (version 2.7.0),
and the plotresid function in the “RVAideMemoire” package (version 0.9.83.7) [55,56]. We used a type Ill Anova in the
“Imertest” package (version 3.1.3) and the Tukey method using the gl/ht function in the “multcomp” package to compare
the curves between the groups (version 1.4.25) [63,64].

Post thermal experiment crab survivorship was analyzed with a Cox proportional hazards analysis using the “survival”
package in R (version 3.5.8) [65]. To determine whether mortality differed in formerly ovigerous, non-ovigerous, and
infected groups. Graphs were created using the “survminer” R package (version 0.4.9) [66]. We tested the proportional
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hazards assumption using the cox.zph function in the “survival” package [65], and visually checked for nonlinearity and
outliers with the ggcoxdiagnostics function in the “survminer” package [66].

Results
Field distribution

A total of 4,221 crabs were surveyed for prevalence in this study, with 5426 crabs examined (includes multiple site visits,
mean number examined per site visit was 45.3871, with a standard deviation of 28.76669) per site at 65 sites. At least one
parasite species was detected at most of the sites surveyed and parasites were found in all regions that were sampled

(S1 Table and Fig 1). Both Peltogaster sp. and E. giardi were widespread. E. giardi was found at 37 sites, with preva-
lence ranging from 0% to 33.3%. Peltogaster sp. was found at 37 of the sites with prevalence ranging from 0% to 44.4%.
Peltogaster sp. was rarely found with its hyperparasite Liriopsis pygmaea (Rathke, 1843) [67,68], with only 11 occurrences
throughout the surveys at five sites, where its prevalence on Peltogaster sp. ranged from 7.6% to 50% (i.e., one of two
Peltogaster sp. found) (S2 Table). Peltogasterella sp. was found at just three sites, with only one individual present at
each.

The prevalence of Peltogaster sp. was significantly negatively correlated to both host size and host relative abundance,
but was not correlated to salinity (Table 1, Fig 2). In the case of E. giardi, prevalence was significantly positively related to
salinity, negatively related to host relative abundance, and unrelated to host size (Table 1, Fig 2).

We observed a decline in prevalence of Peltogaster sp. following the 2021 western North American heat dome event
at most but not all of the sites (Fig 3). Specifically, we found a decline in prevalence at 8 of the sites, an increase at two

A B

o° ®

3 L @)
¢% o
® ‘0%0 L .ﬁ

5 s

o ® om ot
-

Parasite Occurrence

O' . Q9 @ A Peltogasterella sp.
S @ Eremitione giardi
Fe D ’ @ Peltogaster sp.
& © Undetected
L2 o

Fig 1. Map of all sites visited in BC, with orange dots indicating the presence of Peltogaster sp., purple diamonds indicating the presence of
E. giardi, green triangles indicating the presence of Peltogasterella sp., and gray dots indicating no parasites detected. Panel A depicts the sur-
vey sites on east central Vancouver Island and the sunshine coast. Panel B depicts the sites in Burrard inlet and Howe Sound. Panel C depicts the sites
on Calvert Island. Panel D depicts the sites in the Barkley Sound. Panel E depicts the sites on south Vancouver Island, the gulf islands, and boundary
bay. Maps were created using shapefiles obtained from Stats Canada and the US Census Bureau [60-62].

https://doi.org/10.1371/journal.pone.0335145.9001
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Table 1. The probability of P. hirsutiusculus being parasitized by E. giardi. or Peltogaster sp. during the BC surveys expressed as odds ratios
in relation to salinity, dactyl length, date, and host relative abundance. Values were generated from a generalized linear mixed effect model
with a binomial response variable. The odds ratio represents the strength and direction of association of the fixed effect and the probability of
the host being parasitized, with an odds ratio of 1 being no association. 95% confidence intervals for the odds ratios are shown. ¢? represents
the variance of the random effects. Marginal R? represents the variation attributed to the fixed effects, and conditional R? represents the varia-
tion attributed to both the fixed and random effects.

E. giardi Peltogaster sp.
Predictors Odds Ratios Cl P Odds Ratios cl P
(Intercept) 0.02 0.01-0.04 <0.001 0.01 0.01-0.03 <0.001
salinity 1.75 1.16-2.64 0.008 1.45 0.81-2.58 0.209
dactyl 1.13 0.90-1.43 0.290 0.62 0.46-0.83 0.001
host relative abundance 0.38 0.24-0.62 <0.001 0.50 0.29-0.88 0.016
Random Effects
02 3.29 3.29
100, 0.06 0.32
100, 0.86 2.32
ICC 0.22 0.44
N 51 51
N e 39 39
Observations 2125 2126
Marginal R2/ Conditional R2 0.232/ 0.401 0.124/0.513

https://doi.org/10.1371/journal.pone.0335145.t001

of the sites and no change at two of the sites that started with 0 prevalence. The two initially high prevalence sites in the
lower mainland sites dropped in prevalence to less than or equal 0.2% after the heat wave. By early September, we saw
prevalence recover at these two sites. The Vancouver Island sites we visited approximately a month after the heat wave
had more variable changes, with two sites that declined, one that slightly increased, and one site that saw an approxi-
mately 8-fold increase.

DNA barcoding

We obtained sequences from six hermit crab specimens collected from Calvert Island. These were all>99% similar to
public reference sequences of Pagurus hirsutiusculus, which confirms the morphological identification of the host species
(BIN: BOLD:AAF9920). We found three genera of externally visible parasites on P. hirsutiusculus as well as a hyperpara-
site during our field surveys in British Columbia.

We sequenced four specimens of an isopod parasite collected from Calvert Island that was morphologically identified
as Eremitione giardi (Family Bopyridae). They appear to represent a single species (>98% sequence similarity among
samples; BIN: BOLD:ABA9934), but did not match any publicly available reference sequences. There are no previous
public reference sequences available for E. giardi so we are unable to confirm this identification genetically.

We sequenced two specimens of a hyperparasitic isopod found on Peltogaster sp. that was morphologically identified
as Liriopsis pygmaea (Family Cryptoniscidae). These sequences are 98.5% similar to each other (BIN: BOLD:AEE2051).
There were no close genetic matches between the sequences obtained for these specimens and public databases, and
there are also no previous public reference sequences available for L. pygmaea, so we are unable to provide a genetic
confirmation of the morphological identification.

From our collection of parasitic barnacles (S3 Table) we obtained sequence data from 13 Peltogaster spp. specimens
collected from Calvert Island, a single specimen morphologically similar to Peltogasterella sp. from Quadra Island, and 9
Peltogaster spp. specimens found on a different host species, Pagurus granosimanus (Stimpson, 1859) [69,70], collected
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Fig 2. The probability of P. hirsutiusculus being parasitized by E. giardi. or Peltogaster sp. across each fixed effect that was found to be
significant during the field surveys (salinity, host size (dactyl length), host relative abundance). Model predictions are shown as the black lines,
and the spread of observations are depicted as tick marks along the bottom and tops of each graph, representing the presence or absence of parasites.
Fixed effects are shown as the scaled values.

https://doi.org/10.1371/journal.pone.0335145.9002

from Maple Bay. These data provide evidence for three distinct species (S3 Fig). Specimens collected from P. hirsuti-
usculus on Calvert Island (n=13) form the first genetic group (>99% similar to each other; BIN: BOLD:AEE6401), and

are referred to as Peltogaster sp.1 in S1 and S2 Tables. These sequences are only ~90% similar to the closest publicly
available reference sequence (P. paguri; GenBank: KT208574.1), suggesting that they either belong to a species that
lacks previous reference sequences, or they may be an undescribed species. Alternatively, it is notable that the P. paguri
reference sequence used for this analysis is from the North Atlantic Ocean, so we cannot discount the possibility that

the genetic distance between this group and P. paguri is attributed to intraspecific divergence across a large geographic
distance. The second genetic group is composed of the specimens found infecting Pagurus granosimanus, collected from
Maple Bay (n=9). These specimens are 99% similar to each other (BIN: BOLD:ADU9408) and also 99% similar to a refer-
ence sequence of Peltogaster boschmai Reinhard, 1944 [36,71] collected in the San Juan Island (GenBank: MN138416.1;
S4 Table). The third genetic group, referred to as Peltogasterella sp. consists of the single Peltogasterella-like spec-

imen (BIN: BOLD:AEG6825) collected from Quadra Island. This specimen is only ~70% similar to the Calvert Island
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clade of Peltogaster sp. and is 90% similar to the nearest public reference sequence (Peltogasterella gracilis; GenBank:
LC013686.1; S4 Table).

Thermal metabolic experiment

We found a significant positive, curvilinear relationship between temperature and metabolic rate, and no differences in
metabolic rate between the groups when compared via Tukey analysis (Fig 4, Tables 2—3)

There was a significant difference in the probability of survival between the Peltogaster sp. infected P. hirsutiusculus
(n=24, p=0.005, hazard ratio=1.48-9.6) compared to formerly ovigerous individuals (n=16, reference, hazard ratio=1),
but not the non-ovigerous individuals (n=12, p=0.149, hazard ratio=0.75-6.4) following the temperature ramping experi-
ment, when compared using a Cox proportional hazard analysis (Fig 5). In all groups, the probability of survival decreased
over time, with infected crabs having the lowest probability of survival after 10 days, and formerly ovigerous crabs having
the highest probability of survival.

Discussion
Summary

Anthropogenic climate change is projected to have numerous environmental effects such as warming temperatures and
salinity changes [72]. Understanding how species interactions will be altered as a result of these changes is essential for
determining the threats of climate change to species and their communities [73,74]. As parasites are so ubiquitous and
influential, it is important to consider them in ecological studies, especially in the context of environmental change [8,17].
Our research showcases the widespread presence of parasites in hermit crabs. Multiple species of externally visible
parasites were found throughout British Columbia during our surveys. The two most common parasites of the hermit
crab Pagurus hirsutiusculus in British Columbia are both relatively abundant and widespread but differ in both distribution
patterns and the factors associated with these patterns. Although we did not find a significant effect of infection on meta-
bolic rate, we did observe increased mortality in infected crabs following the heat stress metabolic experiment, which may
partially explain the decrease in field prevalence seen at many sites after the BC heat wave. These results highlight the
complexity and importance of studying the interplay between host-parasite interactions and environmental conditions.
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Table 2. Type lll analysis of variance table for the mixed linear models for each group across the temperature range.

Sum of Squares Mean of Squares DF F value Pr(>F)
temperature 67.306 67.306 1 27.8084 3.501e-07 ***
I(temperature) 17.849 17.849 1 7.3745 0.007202 **
group 12.269 6.134 2 2.5345 0.08992
https://doi.org/10.1371/journal.pone.0335145.t002
Table 3. Tukey analysis summary table comparing the linear models for each experimental group.

Estimate Std. Error z value Pr(>|z])
infected — formerly ovigerous 0.3207 0.5297 0.605 0.8165
nonovigerous — formerly ovigerous 1.3534 0.6212 2.169 0.0744
nonovigerous — infected 1.0327 0.5791 1.783 0.1743

https://doi.org/10.1371/journal.pone.0335145.t003

DNA barcoding

We found reports of Peltogaster paguri in Europe, Asia, North America, and South America (S1 Methods and S2 Fig) as
well as records in 28 different host species (S5 Table). Taken at face value, these findings suggest that Pelfogaster sp.
has low host specificity in pagurid hermit crabs and a global distribution. However, our DNA barcoding on presumed P.
paguri located in BC, Canada (S3 Fig) and other reports from Oregon, USA (R. Emlet personal communication) suggest
that different species could be infecting P. hirsutiusculus in this region.
The high number of different recorded host species is also unexpected for rhizocephalans as they have internal stages
and root systems within their hosts [14]. Therefore, they must be able to evade the host’'s immune system and also avoid
killing their host, which has been shown to limit the number of hosts they are able to successfully infect [75,76]. Given the
extent of coevolution that is likely required to produce successful infections [75,76], it seems unlikely that “P. paguri” as
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described in the literature represents a single species. Molecular analysis of rhizocephalans in Korea found most species
occurred on only one or two hosts and found evidence of multiple undescribed species of rhizocephalans [77]. These
results suggest that additional molecular analyses should be completed on presumed Peltogaster paguri throughout their
range to improve understanding of distributions within the genus Pelfogaster, as well as to determine whether P. paguri
represents a cryptic species complex. Further molecular investigations would improve our understanding of rhizocephalan
diversity and help to resolve whether different parasitic species may have differing ecologies and effects on their host.

Peltogaster sp. distribution and prevalence

Peltogaster sp. was found at about 53% of the sites that were surveyed in BC (Fig 1). Studies on Peltogaster reticulata
Shiino, 1943 [78,79] found decreased larval survival at low salinities [80]. However, salinity was not a significant factor
associated with Peltogaster sp. prevalence which may indicate that this parasite is relatively well adapted to low salinities.
This suggests this parasite could be resilient to future salinity change in the Salish Sea (predicted to be toward saltier
conditions [81]).

Host size (dactyl length) affected the probability of infection by Peltogaster sp. during the surveys. Host size is
positively related to parasite infection in other rhizocephalan systems [11,42], but interestingly, we found the reverse
relationship, in that the probability of infection was higher in smaller size classes. These results are especially inter-
esting as a review of existing literature found that Rhizocephala in the family Peltogastridae (of which Peltogaster sp.
is a member) tend to occur more frequently in larger hosts [82]. The lower infection rate in larger bodied hosts could
indicate that the parasite has a significant impact on host mortality, decreasing the likelihood that they will survive long
enough to reach maximum body size. We found that infection did not influence hermit crab mortality when housed in
the lab under non stressful conditions (S4 Fig), but that following heat stress infected crabs did indeed have increased
mortality.
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Peltogaster sp. infection may also decrease growth rates, which could prevent their hosts from reaching large sizes.
There are several species of rhizocephalan known to suppress host moulting, so it is conceivable that this species uses
a similar mechanism [14]. However, lab observations found that moulting was similar between infected and uninfected
individuals (S5 Fig and S1 Results). We only evaluated one moult cycle over a relatively short period, so further work eval-
uating long term growth rates is needed. O’Brien and van Wyk [82] suggested that smaller sizes of infected hosts might
be the result of host feminization in species that are sexually dimorphic. Male P. hirsutiusculus do tend to be larger than
females in the northern part of their range [83]. Sexual dimorphism may also help to explain this trend if females are more
susceptible to infection than males, which has been seen in some Peltogaster species [84]. Future research in this system
should sex P. hirsutiusculus during infection checks to examine this.

In contrast to our predictions, infection was more likely to be found at lower host densities. Because members of
peltogastrid Rhizocephala are typically castrators [14], a high infection rate may serve to lower host abundance by
serving as population control. Parasitic castrators acting as population regulators has been documented in snail-
trematode host-parasite systems [2], and increasing prevalence of parasitic castrators, including the rhizocephalan
Sacculina carcini Thompson, 1836 [85,86] has also been associated with decreasing host biomass [87]. However,
given the lack of direct evidence of population regulation by rhizocephalans, and the likely high hermit crab larval
dispersal distance due to the larval stage duration, this seems unlikely [88]. Another explanation is that this parasite is
more likely to saturate host populations when the host is rare, if parasite infections are driven by parasite larval supply
and host populations are limited by something else (e.g., shell availability [89]). Further research in this area, such as
more detailed population modeling, is needed to better understand the relationship between prevalence and hermit
crab host populations.

Eremitione giardi distribution and prevalence

Eremitione giardi also has a widespread distribution and, like Peltogaster sp., E. giardi was found at 53% of the visited
sites (Fig 1). The factors related to prevalence also differed between the two parasites. As we predicted, salinity had a
significant effect on E. giardi prevalence, with a higher probability of the host being parasitized at higher salinities (Fig 2).
This is similar to what has been found in other parasite systems [12]. Eremitione giardi itself might not be well adapted to
low salinities [90], or it could be an effect this parasite has on its host. Eremitione giardi pierces the host to feed on hemo-
lymph in the gill chamber, which is the primary site of ion exchange [91,92]. This lifestyle may cause a detrimental effect
on the host’s ability to cope with low salinities [93] causing parasitized hosts to be unable to persist within low salinity
environments. Salinity in the Strait of Georgia is highly influenced by outflow from the Fraser River, particularly during the
freshet [94], and peak discharge rates are predicted to be lower in the future due to decreases in the available snowpack
to supply the summer melt [95]. Historic trends also indicate increasing sea surface salinities in the Strait of Georgia [81],
which could make this area more hospitable for this parasite. Experiments on the relationship between E. giardi preva-
lence and salinity are warranted to untangle whether this is a parasite-based response or an effect of parasitism on the
host’s’ salinity tolerance. It is also possible that variability in other life stages could drive the observed salinity patterns
(e.g., the intermediate copepod host stage for E. giardi).

Dactyl length, a proxy for host size, was not found to have a significant effect on prevalence of E. giardi. Unlike rhizo-
cephalans which can infect hosts that have already reached adulthood, E. giardi likely begins parasitizing hosts while they
are in juvenile or megalopa stage [96,97]. Therefore, parasitization should not be more frequently found in larger/older
hosts simply because of age, as increased age does not increase opportunity to become parasitized. The non-
significance of host size (dactyl length) suggests that this parasite may not decrease growth rates or cause premature
mortality. As with Peltogaster sp., we found a higher probability of the host being parasitized at lower host relative abun-
dance. It is intriguing that both external parasites evaluated for this host show a similar unexpected pattern and suggests
a fruitful venue for future research.
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Thermal metabolic experiment

As expected, we found a significant, positive relationship between temperature and metabolic rate in all crab groups at
12°C to 32°C. We did not find infection status (infected by Peltogaster sp., formerly ovigerous, or non-ovigerous) to be
related to a detectable difference in metabolic rate. The non-ovigerous group did have a non-significant trend towards
higher metabolic rates. We measured the combined metabolic rate of host and parasite in this experiment, since sepa-
ration would lead to mortality of the parasite, and possibly the host. As such, the overall lack of difference in metabolic
rate between infected and uninfected/formerly ovigerous individuals could suggest that an infected host has the same
metabolic resources available to it to supply both its own functions and the functions of the parasite. Recent research

on lipids in shrimp rhizocephalans has shown that hosts may be able to compensate for resource use by the parasite
[98]. However, it is also possible that this may come at a cost (see survivorship results). Additionally, other species in the
Peltogaster genus have been observed to make up a substantial part (17.78%) of the volume of the host [99], so are likely
to also make a significant contribution to the mass. If this is the case, we may not be correctly estimating the metabolic
rate for infected crabs, as the biomass of the actual crab is lower. There may be a reduced metabolic capacity in infected
crabs that could lead to reduced post marine heat wave survival. This possibility is supported both by our post heat stress
experimental survival results, and the trends we observed in the field after the 2021 heat dome. However, there are sev-
eral other possibilities which could have led to our observed field results. Infected crabs could have altered their hiding
behaviour/tidal height preference during the heat event.

There may be a detrimental effect of infection on survival post-exposure to heat stress. In a previous experiment, we
did not find a difference in survival between infected and uninfected crabs when held at 12.2°C under laboratory condi-
tions (S4 Fig), however, in the post-heat ramp experiment we saw higher survival in formerly ovigerous (uninfected) than
in the infected and non-ovigerous groups. There was no difference in survival between the infected and non-ovigerous
groups, which could indicate that a proportion of the non-ovigerous crabs had internal early stages of infection. Alterna-
tively, there may be physiological changes that occur in recently ovigerous crabs or sex differences (as other categories
were likely a mix of sexes) that could make them more resilient to heat stress. We suggest that research on transcriptomic
response should be conducted on healthy, formerly ovigerous, and infected hermit crabs to help elucidate the mechanism
of these heat response results.

Conclusions

Overall, we found parasite occurrences on P. hirsutiusculus to be frequent in BC. The two most common parasites of
Pagurus hirsutiusculus in BC, Peltogaster sp. and E. giardi, had different factors related to prevalence. Exploring the inter-
action between abiotic and biotic factors for multiple types of parasites is critical to be able to understand and model future
changes in populations. Interestingly, the prevalence of both E. giardi and Peltogaster sp. did not show the expected den-
sity dependence, suggesting that there could be some consistent unmeasured factor creating these patterns. Although we
did not find a significant effect of infection on metabolic rate, our post heat stress survivorship results suggest that Pelto-
gaster sp. infection may lead to decreased survival of infected crabs after thermal stress events. This is also supported by
the trends we observed after the 2021 heat dome event. Further research in this area is important for a better understand-
ing of how host parasite dynamics will be affected by future environmental change, and how communities will be shaped
as a result.
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