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The abundances of free-living species have changed dramatically in recent
decades, but little is known about change in the abundance of parasitic
species. We investigated whether populations of several parasites have
shifted over time in two shore crab hosts, Hemigrapsus oregonensis and
Hemigrapsus nudus, by comparing the prevalence and abundance of three
parasite taxa in a historical dataset (1969-1970) to contemporary parasite
abundance (2018-2020) for hosts collected from 11 intertidal sites located
from Oregon, USA, to British Columbia, Canada. Our data suggest that the
abundance of the parasitic isopod Portunion conformis has varied around a
stable mean for the past 50 years. No change over time was observed for
larval acanthocephalans. However, larval microphallid trematodes increased
in prevalence over time among H. oregonensis hosts, from a mean of 8.4-61.8%
between the historical and contemporary time points. The substantial increase
in the prevalence of larval microphallid trematodes could be owing to
increased abundances of their bird final hosts, increased production of para-
site infective stages by snail intermediate hosts or both. Our study highlights
the variability among parasite species in their temporal trajectories of change.

1. Introduction

In the current era of global change, the abundances of numerous taxa are reas-
sorting. Geographically widespread declines have been reported among insects
(e.g. [1]), amphibians (e.g. [2]), mammals (e.g. [3]) and birds (e.g. [4]). Mean-
while, other taxa may be on the rise, including plants that benefit from
anthropogenic nutrient enrichment [5], invasive species [6], synanthropic
species (e.g. [7]) and species recovering from historical impacts that have
since been mitigated (e.g. [8]). Historical ecology research is identifying the
‘winners” and ‘losers” in this changing world, at least among free-living species,
by reconstructing long-term trajectories of abundance. For parasitic species, we
have few data to indicate the direction of temporal change, even though these
changes are likely both (i) to occur and (ii) to be ecologically consequential.
Although parasites are small and mostly unseen, they can have a large
impact on the communities and ecosystems in which they are embedded, influ-
encing the abundance and diversity of other organisms and redirecting energy
flow through entire ecosystems [9]. However, despite their ecological impor-
tance, we know little about how parasite populations have changed over
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time in response to human-induced environmental change
[10,11]. Long-term datasets could help to reveal trajectories
of parasite abundance change in response to human impacts
on ecosystems, but these datasets are exceedingly rare [10,11].

Among the few long-term datasets of parasite abundance
that do exist, a diversity of temporal trajectories are observed.
For example, Byers et al. [12] tracked the infection prevalence
over 11 years of several trematode species in the intertidal
snail Littorina littorea, finding stasis in parasite prevalence
(an average change of less than 1%) over the period of the
dataset. On the other hand, Cort et al. [13] examined the fresh-
water snail Stagnicola emarginata angulata from one location on
Douglas Lake, Michigan, in 1936 and 1956—a 20-year time
span—and found an overall reduction in the diversity of tre-
matodes and in the prevalence of most trematode species
over time. This study was followed up in 1994, almost 60
years after the initial time point, by Keas & Blankenspoor
[14], who showed that the declines in diversity and preva-
lence originally detected by Cort et al. [13] continued in the
ensuing decades. Other studies have found increasing para-
site abundance through time; for example, Howard et al.
[11] performed parasitological dissections of liquid-preserved
fish specimens and found a previously undetected eightfold
increase in the abundance of an economically important
nematode parasite (Clavinema mariae) in English sole (Par-
ophrys vetulus) between 1930 and 2016. These few long-term
datasets suggest that—as we often observe for free-living
species—there are likely to be ‘winners” and ‘losers’” among
parasites in a changing world.

We had access to a unique historical dataset on parasite
abundance in two species of grapsoid crabs, Hemigrapsus ore-
gonensis and Hemigrapsus nudus, sampled during the Pacific
Transect Expedition (PacTrEx) in May 1969 and February
1970 [15]. This historical dataset was collected by AMK,,
who performed parasitological dissections of H. oregonensis
and H. nudus collected at various intertidal sites from Baja
California, Mexico, to British Columbia, Canada. The PacTrEx
dataset focused on Portunion conformis [15], a castrating para-
sitic isopod. However, AMXK. also tracked other parasite
species, including larval cystacanths of acanthocephalans
and larval metacercariae of trematodes in the family
Microphallidae.

We investigated change over time in abundance of the
parasites of these two species of shore crab by replicating
the collection and dissection methods used by AM.K., so
that our final dataset included measurements from 1969,
1970, 2018, 2019 and 2020. Given the substantial anthropo-
genic impacts experienced by Pacific northwest coastal
ecosystems in the past five decades, we expected to observe
change in the abundance of the three parasite species we
tracked.

2. Methods

(a) Contemporary collection

We strove to reproduce the methods, sites, collection dates and
levels of replication of the PacTrEx as closely as possible [15],
with some important exceptions noted below. To facilitate this
process, the leader of the PacTrEx study (A.M.K)) trained the
data collectors of the present study (J.Q., D.G. and A.G.) in all
crab collection and dissection protocols and was available for
consultation as questions arose. Hemigrapsus nudus and H. orego-
nensis were collected from three sites in Oregon, six sites in

Washington and two sites in British Columbia (electronic sup-
plementary material, table S1; figure 1). All historical and
contemporary crab collections were conducted by hand during
low tide at each sampling site. Given that parasite burden can
vary substantially over small spatial scales, we sought to
ensure that the exact same locations were sampled within each
sampling site. To that end, A.M.K. sampled several sites along-
side J.Q. and D.G., using the detailed field notes from his
1969-1970 sampling expeditions to ensure that the exact same
location was sampled. For contemporary sampling trips that
AM.K. was not available to join, the team used Google Earth
to query A.M.K. about the exact location of sampling. The con-
temporary crabs were kept alive and transported to the
laboratory, where they were euthanized by freezing. Crabs
were stored in a freezer for at least 48 h before dissection.

There was one important difference between the methods of
the historical PacTrEx study and the contemporary study. In the
historical study, A.M.K. dissected all of the crabs collected
immediately following euthanasia, without freezing, while in
the contemporary study, J.Q., D.G. and A.G. froze crabs and dis-
sected them after freezing. To test whether this difference in
methods would influence parasite counts, we performed an
experiment (see the electronic supplementary material, text S1).

(b) Crab dissection

We performed dissections of all sampled crabs in order to ident-
ify and count their parasites and matched our protocols as
closely as possible to those used in the PacTrEx study. Dissec-
tions were performed identically for both H. oregonensis and
H. nudus. Crabs were retrieved from the freezer and left to
thaw in room-temperature sea water. The carapace width was
measured in millimetres by placing calipers between the
second and third carapace spikes. Sex was also recorded for
each crab.

Parasitological dissections were performed by lifting the car-
apace of the crab, cutting the digestive tract at the juncture of the
thorax and the abdomen, and carefully examining the tissues of
the crab for P. conformis. The remaining digestive tissue of the
crab was removed and searched for other parasites, such as
acanthocephalans, which were counted. After the digestive
tissue was removed and searched, the body cavity of the crab
was searched for metacercariae. We used the same categorical
system to quantify metacercariae that was used in the PacTrEx
study: ‘0’ for no metacercariae, ‘+" for 1-5, ‘++" for 6-25 and
‘+++’ for more than 25.

(c) Statistical analysis
In the historical dataset, data were collected for P. conformis,
larval cystacanths of acanthocephalans and larval metacercaria
from trematodes in the family Microphallidae. Our response
variables included the abundance (number of individual para-
sites in a host, including both infected and uninfected hosts;
sensu [16]) of P. conformis and acanthocephalan cystacanths and
the categorical abundance category of metacercariae (see
above). Statistical models were customized to accommodate the
ordinal nature of the metacercariae data (see below). We were
concerned that differences in the host sex ratio between the his-
torical and contemporary collections might influence our
conclusions. Given that historical sampling focused primarily
on females (1 females in historical sample = 1982, n males = 10),
we limited our analysis to female crabs. To test for effects of
freezing on parasite detectability, we used generalized linear
fixed-effects models. Details are provided in the electronic
supplementary material, text S1.

Our primary aim was to assess whether parasite burden dif-
fered between historical (1969-1970) and contemporary (2018-
2020) samples. We sought to avoid confounding variability
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Figure 1. Map of all collection sites where the number of female crabs of at least one species (H. oregonensis and H. nudus) was sufficient to make comparisons of
parasite burden between the historical and contemporary datasets (electronic supplementary material, table S1). Site locations are jittered slightly in the y- (i.e.
latitudinal-) dimension to allow better visualization of nearby sites. Site names for each code are shown in the electronic supplementary material, table S1. (Online

version in colour.)

across space with variability across time; therefore, we included
in our analysis only those sites that yielded at least =10 crabs
at both the historical and contemporary time point (electronic
supplementary material, table S1). For each parasite species
encountered in both the historical and contemporary collections,
we constructed a generalized linear mixed model with the fixed
effects of time (historical versus contemporary), crab species
(H. nudus versus H. oregonensis) and their interaction, as well as
crab carapace width, with a random effect of site (to account
for multiple observations at each site) and a random effect of
year nested in time (i.e. historical versus contemporary; to
account for the fact that samples collected within the same year
are more likely to be similar than samples collected in different
years). Both host species were included in one model because
our scientific questions pertained to change in the parasites’ over-
all abundance through time and were not specific to one host or
the other. For P. conformis and acanthocephalans, we chose
whether the response variable would be modelled as a Gaussian,
Poisson or negative binomial distribution by selecting the model
with the lowest Akaike’s information criterion. Acanthocephalan
and P. conformis models were fitted using the glmer() and
glmer.nb() functions in the Ime4 package in R [17]. For metacer-
cariae (which were classified into abundance categories rather
than counted), we used an ordinal fixed-effects linear regression
with a probit-link function using the clm() function in the ordinal
package in R [18]. Because we were interested in the interaction

time*crab species in models that contained the crab species
effect, we systematically switched each crab species into the
‘baseline’ or ‘reference’ position (i.e. so that n identical models
were run, each with a different one of n crab species represented
by the intercept) and recorded the coefficient for each crab
species in table 1. We plotted predictions from each best-fit
model using the ggeffect() function in the ggeffects package in
R [19].

We made the choice to exclude some data owing to one data
quality issue. Three data sheets from 1970 indicated the metacer-
cariae ordinal category by data sheet page, and not by individual
crab (i.e. the collector noted, ‘few to many metacerc in most
crabs’ at the top of the page). If we had excluded only the
three affected pages, we would have been disproportionately
excluding those pages most likely to contain crabs infected
with metacercariae, thereby biasing historical estimates of meta-
cercarial abundance downwards. Therefore, for metacercariae
only, data from 1970 were excluded and, in the statistical
model for metacercariae, the random effect of year nested in
time was dropped (because only 1 year (1969) remained in the
‘historical” time category) and a random effect of year was intro-
duced (see model formulation above).

We were also interested in testing whether the long-term
changes we detected (i.e. historical versus contemporary) were
larger or smaller in magnitude than the short-term changes we
observed (e.g. 1969-1970). For each parasite species that changed

9£0£0707 887 § 0§ Y 20i4  qdsi/jeusnol/bio-buiysijgndAianosiesos H



Table 1. Results of generalized linear mixed models comparing historical and contemporary estimates of parasite abundance for each parasite taxon.

estimate s.e.

(a) Portunion conformis (negative binomial; n crab species=2, n crabs=1790, n sites=11, n years=5)

crab_species[H. nudus]

time_point[historical/H. oregonensis in reference position]
time_point[historical/H. nudus in reference position]
host_carapace_width_mm

crab_species[H. nudus]*time_point[historical]

—0.29414
0.30472
—0.54703
0.09323
—0.85175

(b) acanthocephalan cystacanths (Gaussian; n crab species=1, n crabs=1025, n sites=7, n years=5)

time_point[historical]
host_carapace_width_mm

—0.00038
—0.00067

(c) microphallid trematode metacercariae (ordinal: n crab species=1, n crabs=696, n sites=7, n years=4)

time_point historical]
host_carapace_width_mm

significantly in abundance between the historical and contem-
porary collections, we took the average abundance of the
parasite at each site in each year (average prevalence for metacer-
cariae, because its abundance was classified ordinally) and found
the difference among every pair of years sampled for that site.
Because this metric compares each site against itself through
time, it avoids confounding variability across space with variabil-
ity across time. We then compared the absolute value of the
magnitude of the short-term differences at a given site (i.e.
1969-1970, 2018-2019, 20192020 and 2018-2020) against the
absolute value of the magnitude of the long-term differences at
the same site (i.e. 1969-2018, 19692019, 1969-2020, 1970-2018,
1970-2019 and 1970-2020) with a general linear mixed model
containing the response variable parasite difference (i.e. differ-
ence in parasite abundance or prevalence between the 2 years
examined), fixed effects of time difference (interannual versus
long-term), crab species (H. nudus versus H. oregonensis) and
their interaction, with a random effect of site (to account for mul-
tiple observations for each site). Gaussian models were fitted
using the Imer() functions in the Ime4 package in R [17].

3. Results

We found substantial differences in the presence/absence of
the two Hemigrapsus species between historical and contem-
porary sampling (electronic supplementary material, table
S1). We analysed only those site-host species combinations
where both historical and contemporary sampling successfully
yielded at least 10 individuals (1 =7 sites for H. oregonensis,
n =7 sites for H. nudus, n =11 sites overall; figure 1).

In total, we dissected 3488 crabs across the historical (1 =
1992) and contemporary (1 =1496) time points. Of these,
2596 were female, and of this subset, 1790 were collected at
sites where we had at least 10 individuals of that crab species
from both historical and contemporary time points. Among
this group, 1035 were H. oregonensis and 755 H. nudus.
Across both the historical and contemporary time points, we
observed three parasite taxa: P. conformis, larval cystacanths
of acanthocephalans and larval metacercariae from trema-
todes in the family Microphallidae. Of all the crabs sampled
(both H. oregonensis and H. nudus), 36.0% were infected with
P. conformis (34.8% at the historical time point and 38.4% at
the contemporary time point; electronic supplementary

—1.41207
0.17430

z-value p-value
0.18432 —1.59 0.1110
0.27137 1123 0.261
0.27860 —1.963 0.0496
0.01201 7.763 <0.0001
0.18273 —4.661 <0.0001
0.01657 —0.023 0.9818
0.00281 —0.235 0.8144
0.38959 —3.625 0.0003
0.02373 7.346 <0.0001

material, table 52). We found only one acanthocephalan cysta-
canth in H. nudus across both contemporary and historical
time points (electronic supplementary material, table S2); there-
fore, we analysed change over time in the abundance of
acanthocephalans only for H. oregonensis, of which 3.7% were
infected (4.1% at the historical time point and 2.4% at the contem-
porary time point). We found only four H. nudus infected with
metacercariae across both contemporary and historical time
points (electronic supplementary material, table S2); therefore,
we analysed change over time in the abundance of metacercariae
only for H. oregonensis, of which 30.2% were infected with micro-
phallid metacercariae (8.4% at the historical time point and
61.8% at the contemporary time point).

In the experiment comparing the detectability of parasites
between fresh specimens (i.e. the kind of specimens examined
in the historical dataset) and frozen specimens (i.e. the kind of
specimens examined in the contemporary dataset), we found
few differences. There was no difference in the number of
parasites detected between the two treatments for P. conformis
or acanthocephalan cystacanths (electronic supplementary
material, table S3 and figure S1). There was a marginally sig-
(p=0.09)

metacercariae, because we found more metacercariae in fresh

nificant difference between treatments for
than in frozen specimens (electronic supplementary material,
table S3c and figure S1c). However, this bias was conservative
with respect to the temporal patterns observed (see below).

Portunion conformis did not change in abundance over
time in H. oregonensis, and H. nudus experienced an increase
in P. conformis abundance between the historical and contem-
porary time points (table 1a and figure 2a). However, the
magnitude of this long-term change in H. nudus infection
with P. conformis was commensurate with the magnitude of
the short-term variability in abundance that we observed
(table 2a; electronic supplementary material, figure S2).

Acanthocephalan cystacanths were only observed in
H. oregonensis and their abundance did not change over
time (table 1b and figure 2b). Because there was no significant
change over time, we did not investigate whether the magni-
tude of long-term change was significantly different than the
magnitude of short-term change.

The prevalence of microphallid metacercariae increased

over time in H. oregonensis (table 1c and figure 2c). The
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Figure 2. Comparison of the change in (a) predicted abundance of P. conformis, (b) predicted abundance of acanthocephalan cystacanths, and (c) predicted like-
lihood of trematode metacercariae abundance category over the 50 years between our historical versus contemporary sampling for H. nudus (blue) and H.
oregonensis (red). Large, transparent dots represent grand means across all years within a time (i.e. historical versus contemporary), and small dots indicate
means for individual years. All error bars represent 95% confidence intervals. In (c), metacercariae were classified into ordinal abundance categories (0, metacercariae
absent; +, 1-5 metacercariae; ++, 6-25 metacercariae; +++, greater than 25 metacercariae), so results are shown for each abundance category, with lighter red
colours indicating higher metacercariae abundance categories. All categories of metacercarial abundance are quantified at the historical time point (year = 1969),
but the highest category (+++) is overlapped by the second highest category (++) at a low predicted likelihood (‘+++" predicted likelihood = 0.001, ‘++'

predicted likelihood = 0.009).

absolute value of the magnitude of the long-term change in
metacercarial burden (i.e. historical versus contemporary)
was significantly greater than the absolute value of the
magnitude of short-term changes (table 2b; electronic sup-
plementary material, figure S3). Prevalence was consistently
high at each year sampled within the contemporary time
point (year 1969 =8.4%, 2018 =55.5%, 2019 =75.0%, 2020 =
53.5%; figure 2c). Metacercariae were observed at three of
seven sites sampled during the historical time point (range
of site-level prevalence values=0.8-12%) and at 9 of 11
sites sampled during the contemporary time point (range of
site-level prevalence values = 1.2-77.3%). We found a pattern
of increasing metacercarial abundance over time despite the
fact that we should have been less likely to find metacercariae
in contemporary specimens, which were frozen before dissec-
tion, than in historical specimens, which were dissected
immediately following euthanasia (electronic supplementary
material, table S3c and figure Slc).

4. Discussion

Of the three parasite species that we were able to track
through time, one exhibited short-term variability around a
stable long-term mean abundance, one remained unchanged
and a third increased substantially over the 50 year period of
our study. While our ability to attribute these changes to a
cause is limited by the correlational nature of our study, we

speculate that these complex shifts in parasite abundance
might be driven by four general classes of long-term
change: (i) shifts in the abundance of H. oregonensis and
H. nudus, (ii) shifts in the encounter rate between H. oregonen-
sis/H. nudus and parasite propagules, (iii) shifts in the
abundance of parasites or parasite reproductive rates in obli-
gately required hosts other than H. oregonensis/H. nudus, and
(iv) shifts in the relative susceptibility of H. oregonensis/
H. nudus to infection.

To identify the most probable drivers of the patterns we
observed, we first carefully examined the life cycles of the
three parasites, all of which are obligately dependent on mul-
tiple host species. Portunion conformis is an entoniscid isopod
that comes into contact with its definitive crab host via an
aquatic, actively searching larval (cryptoniscus) stage [20].
The larva of P. conformis pierces the exoskeleton of its host
to infiltrate the body cavity and takes up residence in the hae-
mocoel of the crab [20]. When P. conformis reaches sexual
maturity, its eggs hatch as epicaridium larvae and are
released through the crab’s gill chamber into the water,
where they infect intermediate host copepods [20]. The cryp-
toniscis larva leaves the copepod to seek a crab final host.
Profilicollis botulus is the only acanthocephalan identified in
H. oregonensis and no acanthocephalan has been reported
from H. nudus [21]. Profilicollis botulus uses H. oregonensis as
an intermediate host, which passes the infection to the defini-
tive host, usually a diving duck or gull, through trophic
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Table 2. Results of general linear mixed models comparing the magnitude of the long-term changes we detected in parasite abundance (i.e. historical versus  [Jj}
contemporary) against the magnitude of short-term changes (e.g. 19691970 or 2018-2019).

estimate s.e. t-value p-value
(a) Portunion conformis (Gaussian; n crab species=2, n obs=50, n sites=11)
time_difference[long-term] —0.15414 0.17517 —0.880 0.3789
crab_spedies[H. oregonensis] —0.32118 0.20692 —1.552 0.1206
time_difference[long-term]*crab_species[H. oregonensis] 0.34290 0.23487 1.460 0.1443
(b) microphallid trematode metacercariae (Gaussian; n crab species=1, n obs=26, n sites=11)
time_difference[long-term] 0.31624 0.08351 3.7868 0.0002

transmission [22]. The microphallid trematodes infect crabs
when cercariae shed by a first intermediate host snail are
released into the water column, where they can penetrate a
host crab’s carapace and encyst in the body cavity until
they reach their definitive host (typically a sea bird) through
trophic transmission [23]; once in the intestinal tract of the
definitive host, the worms mature and release eggs with
bird droppings. With these life-cycle details in mind, we con-
sidered four possible classes of long-term change as potential
explanations for the patterns observed.

Both long-term and short-term shifts in host abundance
can influence the abundance of parasites. Increases in the
abundance of hosts can ‘dilute’ the abundance of parasites
and decreases in host abundance can ‘concentrate’” parasites,
if parasite abundance is measured as the average number of
parasites per host (as it was here) and if change in host den-
sity does not lead to change in the total number of parasite
propagules available to infect hosts [24]. This pattern is com-
monly observed in parasites with complex life cycles or
parasites that have to seek a host [24], like our three species
of interest. All parasites found in this study have complex
life cycles and, therefore, pass through hosts of multiple
species; any one of these hosts could constitute the ‘life-
cycle bottleneck’ that regulates the abundance of the parasite
[25]. If H. oregonensis and H. nudus are indeed ‘life-cycle bot-
tlenecks’ for their parasites, long-term stability in the
abundance of P. conformis and cystacanths (figure 2) could
be attributed to H. oregonensis and H. nudus populations
remaining stable. If H. oregonensis and H. nudus are not
‘life-cycle bottlenecks’ for their parasites, year-to-year varia-
bility in recruitment of these hosts (as seen in [26]) could
‘dilute’ and ‘concentrate’ parasites, explaining the short-
term variability observed in P. conformis. If these crab species
are life-cycle bottlenecks for some parasites (e.g. P. conformis
and acanthocephalans) but are not for others (e.g. metacercar-
iae), changes in crab abundance might explain why the
abundance of some parasite taxa changed over time while
others remained stable. However, we do not know how abun-
dance of H. oregonensis and H. nudus have changed over time,
and thus cannot explore crab host density as a potential
driver of long-term change in parasite burden.

Even without a change in host density, shifts in host
behaviour that influence the encounter rate between
H. oregonensis/nudus and parasite propagules could have pro-
duced some of the patterns we observed. As H. oregonensis/
H. nudus are intertidal hosts that are infected by parasites
of marine origin, any increase in time spent in the ocean
should increase parasite exposure. For example, if H.

oregonensis adjusts its behaviour in response to warming air
temperatures to increase the amount of time it spends sub-
merged in water, this change could increase its exposure to
the infective stages of microphallid trematodes. In aquatic
ecosystems, intertidal organisms have been found to be
responsive to rising temperatures associated with climate
change [27], with some mobile species able to avoid heat
exposure during summer low tides in thermal refugia [28].
Indeed, H. nudus can regulate its body temperature by
moving between aquatic and terrestrial environments and
by seeking refuge under rocks [29]; if small amounts of
water are retained under these rocks at low tide, conditions
(i.e. low flow, small volume of water, crab is inactive)
would be conducive for transmission of trematodes to
crabs. Note that this mechanism should theoretically increase
the host’s likelihood of encountering all the parasite taxa
examined here, because the transmissive stages of all three
encounter the crab host in seawater. However, if tide pools
are used for crab thermoregulation, these habitats would be
especially risky with respect to trematode transmission,
because they can contain the first intermediate snail hosts
that produce trematode life stages infectious to the snails;
this could explain why the abundance of metacercariae
increased over time, while the abundance of the other two
parasites remained the same.

If H. oregonensis and H. nudus are not ‘life-cycle bottle-
necks’ for their parasites (sensu [25]), then some other host
obligately required in the complex life cycle will be, and
changes in the abundance of this host or the rate at which
it produces parasite propagules could change the abundance
of parasites observed in H. oregonensis and H. nudus. For the
microphallid trematode metacercariae that increased in abun-
dance in H. oregonensis, it is possible that conservation
measures adopted in the decades between the early 1970s
and the present day have resulted in an increase in the abun-
dance of the sea bird definitive hosts of the trematode.
Microphallid trematode abundance is regulated by the abun-
dance of the definitive host in other regions. For example, the
prevalence of Maritrema novaezealandensis (Family Microphal-
lidae) in snail first intermediate hosts is positively related to
the abundance of shorebirds across 12 New Zealand bays
[30]. If similar dependence upon bird definitive hosts
occurs in our study system, then increases in some seabird
populations over the past half-century (e.g. [31]) could be
responsible for the observed increase in microphallid meta-
cercarial abundance in H. oregonensis. If first intermediate
host snails are the life-cycle bottleneck rather than definitive
host birds or second intermediate host crabs, perhaps recent
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increases in snail abundance have driven increases in trans-
mission of microphallid trematodes to H. oregonensis.
Nutrient pollution can increase the abundance of freshwater
snails by subsidizing their periphyton resources, and this
increase in snail abundance has downstream effects on trans-
mission of trematodes to second intermediate host
amphibians [32]. In the past 100 years, development of the
Salish Sea watershed has led to increases in the amount of
nutrient-laden runoff reaching the Sea [33], but to our knowl-
edge, a link between nutrient pollution and the abundance
marine snails has not been reported. This is an important
research gap, given the possible implications of nutrient-
mediated increases in marine snails for the transmission of
many marine infectious diseases. However, the abundance
of snails need not have changed for transmission from the
first intermediate host to have increased over time; increasing
temperatures can increase the rate at which first intermediate
host snails produce infectious microphallid cercariae [34].
Data from Race Rocks lighthouse in the Strait of Juan de
Fuca suggest that surface waters have warmed 1.0°C since
1950 [35]. In one laboratory experiment involving the micro-
phallid trematode Maritrema subdolum, increasing mean
temperature from 15°C to 25°C caused an 11-fold increase
in the rate of cercarial emergence [36].

It is unknown whether P. conformis uses only a single
species of copepod intermediate host or if it is a generalist at
the first intermediate host stage. If P. conformis is specialized
on one or a few copepod hosts, then variability in the density
of the preferred copepod species over time [37] could explain
the short-term variability we observed in the abundance of P.
conformis. If, on the other hand, the parasite is a generalist,
then long-term stability in density across multiple copepod
species of the northeast Pacific [37] might explain why we
observed no long-term trend for P. conformis abundance in
crab hosts. Additional data on the life history of our focal para-
sites and long-term change in the abundance of various host
species could help to discriminate among these possibilities.

The patterns we observed might also be affected by shifts
in host susceptibility. If H. oregonensis were experiencing
greater physiological stress at the contemporary time point
than at the historical time point, an increase in susceptibility
could have driven an increase in the burden of trematode
metacercariae. For example, elevated temperatures (like
those observed in our study region; see above) increase the
susceptibility of amphipods (Paracalliope novizealandiae) to
infection with the microphallid trematode Maritrema novae-
zealandensis [38]. Hemigrapsus spp. crabs mount an immune
challenge to infection by microphallid trematodes [39] that
could be compromised by stressful environmental conditions.
By contrast, rising temperatures can also lead to mismatches
in host and parasite thermal performance that result in
declines of parasite abundance [40].

We made an effort to collect in the same seasons between
contemporary and historical sampling bouts, but in some
cases, logistical constraints made this impossible. On average
across all site-time combinations, we performed contemporary
collections within 70 days of the date on which collections
were performed in the historical record (electronic supplemen-
tary material, table S4). All three of the parasite taxa we
quantified are long-lived in their hosts [41] and, therefore,
probably do not vary in abundance among seasons. In fact,
a comprehensive meta-analysis shows that, in temperate
marine fish hosts, the abundances of acanthocephalans and

larval trematodes show no consistent summer/winter season-

ality (isopods were not tested in this meta-analysis; [42]). Owing
to this low seasonality and because Julian dates of collection dif-
fered so little (i.e. less than three months on average) between
historical and contemporary time periods, we find it unlikely
that seasonality would confound our comparisons of parasite
abundance between historical and contemporary time periods.

Although we went to great lengths to match the methods
of our contemporary sampling to the historical study, there
are still some uncertainties for which we could not adjust.
For example, the contemporary and historical studies represent
only two time points on a 50 year timeline. We attempted to
resolve this issue by conducting contemporary collections at
multiple time points and comparing short-term against
long-term variability in parasite abundance (figure 2). Some
methods differed between the historical and contemporary
time points by necessity; for example, crabs were frozen
before dissection during contemporary collections, but not
during historical collections. To address this potential con-
founding factor, we conducted an experiment in which we
compared the detectability of parasites in frozen versus fresh
H. oregonensis and H. nudus specimens. While we found no
difference in the number of parasites detected between the
treatments for P. conformis or acanthocephalan cystacanths,
we did find that there were significantly more trematode meta-
cercariae in the fresh treatment than in the frozen treatment
(electronic supplementary material, table S3 and figure S1).
This means that—despite the fact that metacercariae were
more difficult to detect in contemporary specimens (where
all specimens were frozen before being dissected), we still
found significantly more metacercariae in contemporary than
in historical specimens, suggesting that our estimates in fact
underestimate the increase in metacercarial abundance over
time. Finally, because of the temporal arrangement of sampling
(electronic supplementary material, table S4), our comparison
of long-term versus short-term variability might have been
confounded by differences in the temporal distance among
dates across the long term versus across the short term. How-
ever, we find this unlikely because all three of the parasite taxa
we quantified are long-lived in their hosts [41] and, therefore,
probably do not vary substantially among seasons.

We found that one parasite taxon (microphallid trematode
metacercariae) increased substantially over the past 50 years.
What ecological consequences might result from this long-
term increase in parasite abundance? In other regions, infec-
tion by microphallid trematodes can alter the behaviour of
crustacean intermediate hosts in ways that facilitate trophic
transmission to the parasite’s final hosts. For example, infec-
tion by the microphallid trematode Microphallus turgidus
causes grass shrimp intermediate hosts to cease predator
avoidance behaviour [43]. If a similar behavioural effect of
infection is at play in our host—parasite system, it could
mean that H. oregonensis and H. nudus prey are more available
for bird predators today than they were in the mid-twentieth
century. Other potential ecological effects of elevated micro-
phallid abundance include increased infection (and resulting
castration) of first intermediate host snail populations,
increased infection (and resulting intestinal pathology) of
definitive host bird populations and non-behavioural infection
pathology in the crab second intermediate host.

Few datasets are available to track change in parasite
abundance across time [10,11,44], so historical datasets like
the one documented here are extremely valuable for



understanding parasite populations in their historical context.
Our results suggest that one of the three parasite taxa we
detected has increased in abundance over the past half-cen-
tury, while the abundance of the other two has not
changed. From an environmental standpoint, the stasis in
abundance of P. conformis and the acanthocephalan is note-
worthy, because over this 50 year period much has changed
in the intertidal ecosystems of the Pacific northwest. This con-
sistency in parasite abundance suggests that the abundance
of the various hosts and their transmission dynamic has
been resilient, or that there have been compensating changes.
While this study documents dramatically increasing trema-
tode abundances over a long time period, we can only
speculate as to the cause(s), with the possibilities including
enhanced shore bird conservation, increased eutrophication,
or increased density or cercarial production of intermediate
host snails. Further experimental and observational studies
are needed to evaluate the various mechanisms posited
here. In the meantime, this study reinforces a major con-
clusion arising from the growing literature on parasite
change through time: parasite responses to environmental
change are diverse and non-uniform across parasite taxa.
This echoes findings from free-living species, which suggest
that, within a given taxon, there are likely to be both
‘winners’” and ‘losers’ in a changing world [6].

Fieldwork was conducted under Washington State Scientific
Collecting Permits WOOD 18-216 and WOOD 19-172 and Oregon
Scientific Taking Permits 22323 and 23025.

The data that support the findings of this study are
openly available in the Dryad Digital Repository: https://doi.org/
10.5061/dryad.mkkwh70zp [45]. The code used to produce the stat-
istical results reported herein is openly available via GitHub at www.
github.com/wood-lab/Quinn_et_al 2021_Proc_B.

CLW. and AMK. conceived the study and
designed its methodology. ].Q., D.G., A.G. and AMK. collected the
data. S.L. led data curation, with support from D.G., ].Q. and C.L.W.
C.L.W. led the statistical analysis and visualization with support from
J.Q. and S.L.. ].Q. wrote the first draft. All authors contributed to later
versions of the manuscript and gave final approval for publication.

We declare we have no competing interests.

A.G. was supported by a Hakai Postdoctoral Fellowship from
the Tula Foundation. C.L.W. was supported by a grant from the US
National Science Foundation (OCE-1829509), a Sloan Research Fel-
lowship from the Alfred P. Sloan Foundation, a UW Innovation
Award from the UW President’s Innovation Imperative and a UW
Royalty Research Fund Award.

The authors thank Jamee Adams, Norah Brown,
Paul Dayton, Sara Faiad, Luis Gonzales, Matt Hays, Jonathan Huie,
Mary Newcomer, Whitney Preisser, Larry Ribnick, Hyejoo Ro,
Jonathan Schroeder, Kenneth van der Laan, David van der Laan,
Kiana Stark, Maureen Williams and Zoé Zilz for help with field col-
lections and parasitological dissections, Sophie Brooks, Hiruni
Jayasekera and Justin Ng for help with entering historical data, and
Zoé Zilz for scanning the original historical data sheets.

Lister BC, Garcia A. 2018 Climate-driven declines in 9. Wood CL, Johnson PT. 2015 A world without description of the host response. Parasitology 80,
arthropod abundance restructure a rainforest food parasites: exploring the hidden ecology of infection. 211-232. (doi:10.1017/5003118200000069X)

web. Proc. Natl Acad. Sci. USA 115, Front. Ecol. Environ. 13, 425—434. (d0i:10.1890/ 16. Bush A0, Lafferty KD, Lotz JM, Shostak AW. 1997
£10397-E10406. (doi:10.1073/pnas.1722477115) 140368) Parasitology meets ecology on its own terms:
O'Hanlon SJ et al. 2018 Recent Asian origin of 10. Harmon A, Littlewood DTJ, Wood CL. 2019 Parasites Margolis et al. revisited. J. Parasitol. 83, 575-583.
chytrid fungi causing global amphibian declines. lost: using natural history collections to track disease ~ 17. Bates D, Machler M, Bolker B, Walker S. 2015 Fitting
Science 360, 621-627. (doi:10.1126/science. change across deep time. Front. Ecol. Environ. 17, linear mixed-effects models using Ime4. J. Stat.
aar1965) 157-166. (doi:10.1002/fee.2017) Software 67, 1-48. (doi:10.18637/jss.v067.i01)
Bar-On Y, Phillips R, Milo R. 2018 The biomass 11, Howard |, Davis E, Lippert G, Quinn TP, Wood CL. 18.  Christensen RHB. 2019 Ordinal: regression models
distribution on Earth. Proc. Natl Acad. Sci. USA 115, 2019 Abundance of an economically important for ordinal data. R package version. See https:/
6506—-6511. (doi:10.1073/pnas.1711842115) nematode parasite increased in Puget Sound CRAN.R-project.org/package=ordinal.

Rosenberg KV et al. 2019 Dedline of the North between 1930 and 2016: evidence from museum 19. Liidecke D. 2018 ggeffects: Tidy data frames
American avifauna. Science 366, 120—124. (doi:10. specimens confirms historical data. J. Appl. Ecol. 56, of marginal effects from regression models.
1126/science.aaw1313) 190-200. (doi:10.1111/1365-2664.13264) J. Open Source Software 3, 772. (doi:10.21105/joss.
Xia J, Wan S. 2008 Global response patterns of 12. Byers JE, Holmes Z(C, Blakeslee AMH. 2016 00772)

terrestrial plant species to nitrogen addition. New Consistency of trematode infection prevalence in 20.  Williams JD, Boyko (B. 2012 The global diversity
Phytol. 179, 428-439. (doi:10.1111/}.1469-8137. host populations across large spatial and temporal of parasitic isopods associated with crustacean
2008.02488.x) scales. Ecology 97, 1643—1649. (doi:10.1002/ecy. hosts (Isopoda: Bopyroidea and Cryptoniscoidea).
Dornelas M, Gotelli NJ, McGill B, Shimadzu H, 1440) PLoS ONE 7, €35350. (doi:10.1371/journal.pone.
Moyes F, Sievers C, Magurran AE. 2014 Assemblage  13.  Cort WW, Hussey KL, Ameel DJ. 1960 Seasonal 0035350)

time series reveal biodiversity change but not fluctuations in larval trematode infections in 21. McDermott JJ. 2011 Parasites of shore crabs in the
systematic loss. Science 344, 296-299. (doi:10. Stagnicola emarginata angulata from Phragmites genus Hemigrapsus (Decapoda: Brachyura:
1126/science.1248484) Flats on Douglas Lake. Proc. Helminthol. Soc. Varunidae) and their status in crabs geographically
Smith D, Hill G, Kenward H, Allison E 2020 Washington 27, 11-13. displaced: a review. J. Nat. Hist. 45, 2419-2441.
Development of synanthropic beetle faunas over the ~ 14. Keas BE, Blankespoor HD. 1997 The prevalence of (doi:10.1080/00222933.2011.596636)

last 9000 years in the British Isles. J. Archaeol. Sci. cercariae from Stagnicola emarginata (Lymnaeidae) ~ 22. Schmidt GD, Kuntz RE. 1967 Notes on the life cycle
115, 105075. (doi:10.1016/j.,jas.2020.105075) over 50 years in northern Michigan. J. Parasitol. 83, of Polymorphus (Profilicollis) formosus sp. n., and
Borrelle SB, Boersch-Supan PH, Gaskin CP, Towns DR 536-540. records of Arhythmorhynchus hispidus Van Cleave,
2018 Influences on recovery of seabirds on islands ~ 15. Kuris AM, Poinar GO, Hess RT. 1980 Post-larval 1925 (Acanthocephala) from Taiwan. J. Parasitol.
where invasive predators have been eradicated, mortality of the endoparasitic isopod castrator 53, 805-809. (doi:10.2307/3276775)

with a focus on Procellariiformes. Oryx 52, Portunion conformis (Epicaridea: Entoniscidae) in the ~ 23. Bray RA, Gibson DI, Jones A. 2008 Keys to the

346-358. (doi:10.1017/50030605316000880)

shore crab, Hemigrapsus oregonensis, with a

Trematoda, vol. 3. London, UK: CABI.


https://doi.org/10.5061/dryad.mkkwh70zp
https://doi.org/10.5061/dryad.mkkwh70zp
https://doi.org/10.5061/dryad.mkkwh70zp
http://www.github.com/wood-lab/Quinn_et_al_2021_Proc_B
http://www.github.com/wood-lab/Quinn_et_al_2021_Proc_B
http://dx.doi.org/10.1073/pnas.1722477115
http://dx.doi.org/10.1126/science.aar1965
http://dx.doi.org/10.1126/science.aar1965
http://dx.doi.org/10.1073/pnas.1711842115
http://dx.doi.org/10.1126/science.aaw1313
http://dx.doi.org/10.1126/science.aaw1313
http://dx.doi.org/10.1111/j.1469-8137.2008.02488.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02488.x
http://dx.doi.org/10.1126/science.1248484
http://dx.doi.org/10.1126/science.1248484
http://dx.doi.org/10.1016/j.jas.2020.105075
http://dx.doi.org/10.1017/S0030605316000880
http://dx.doi.org/10.1890/140368
http://dx.doi.org/10.1890/140368
http://dx.doi.org/10.1002/fee.2017
http://dx.doi.org/10.1111/1365-2664.13264
http://dx.doi.org/10.1002/ecy.1440
http://dx.doi.org/10.1002/ecy.1440
http://dx.doi.org/10.1017/S003118200000069X
http://dx.doi.org/10.18637/jss.v067.i01
https://CRAN.R-project.org/package=ordinal
https://CRAN.R-project.org/package=ordinal
https://CRAN.R-project.org/package=ordinal
http://dx.doi.org/10.21105/joss.00772
http://dx.doi.org/10.21105/joss.00772
http://dx.doi.org/10.1371/journal.pone.0035350
http://dx.doi.org/10.1371/journal.pone.0035350
http://dx.doi.org/10.1080/00222933.2011.596636
http://dx.doi.org/10.2307/3276775

24,

25.

26.

2].

28.

29.

30.

31

Buck JC, Lutterschmidt WI. 2017 Parasite abundance
decreases with host density: evidence of the
encounter-dilution effect for a parasite with a
complex life cycle. Hydrobiologia 784, 201-210.
(doi:10.1007/510750-016-2874-8)

Lafferty KD. 2012 Biodiversity loss decreases
parasite diversity: theory and patterns. Proc. R.
Soc. B 367, 2814-2827. (doi:10.1098/rstb.
2012.0110)

Roegner G, Armstrong D, Shanks A. 2007 Wind and
tidal influences on larval crab recruitment to an
Oregon estuary. Mar. Ecol. Prog. Ser. 351, 177-188.
(doi:10.3354/meps07130)

Helmuth B, Harley (DG, Halpin PM, 0'Donnell M,
Hofmann GE, Blanchette CA. 2002 Climate change
and latitudinal patterns of intertidal thermal stress.
Science 298, 1015-1017.

Hayford HA, 0'Donnell MJ, Carrington Bell E. 2018
Radio tracking detects behavioral thermoregulation
at a snail’s pace. J. Exp. Mar. Biol. Ecol. 499, 17-25.
(doi:10.1016/j.jembe.2017.12.005)

McGaw 1). 2003 Behavioral thermoregulation in
Hemigrapsus nudus, the amphibious purple

shore crab. Biol. Bull. 204, 38-49. (doi:10.2307/
1543494)

Fredensborg BL, Mouritsen KN, Poulin R. 2006
Relating bird host distribution and spatial
heterogeneity in trematode infections in an
intertidal snail—from small to large scale.

Mar. Biol. 149, 275-283. (d0i:10.1007/500227-
005-0184-1)

Ainley DG, Sydeman WJ, Hatch SA, Wilson UW.
1994 Seabird population trends along the west
coast of North America: causes and the extent of

32.

33.

34.

35.

36.

37.

38.

regional concordance. Stud. Avian Biol. 15,
119-133.

McKenzie VJ, Townsend AR. 2007 Parasitic and
infectious disease responses to changing global
nutrient cycles. EcoHealth 4, 384-396. (doi:10.
1007/510393-007-0131-3)

Cuo L, Lettenmaier DP, Alberti M, Richey JE. 2009
Effects of a century of land cover and dimate
change on the hydrology of the Puget Sound basin.
Hydrol. Processes 23, 907-933. (doi:10.1002/hyp.
7228)

Poulin R, Mouritsen KN. 2006 Climate change,
parasitism and the structure of intertidal
ecosystems. J. Helminthol. 80, 183—191. (doi:10.
1079/J0H2006341)

Snover AK, Mote PW, Whitely Binder LC, Hamlet AF,
Mantua NJ. 2005 Uncertain future: climate change
and its effects on puget sound. Olympia, WA: Puget
Sound Action Team, Office of the Governor, State of
Washington.

Mouritsen KN. 2002 The Hydrobia ulvae—Maritrema
subdolum association: influence of temperature,
salinity, light, water-pressure and secondary host
exudates on cercarial emergence and longevity.

J. Helminthol. 76, 341-347. (d0i:10.1079/
JOH2002136)

Mackas DL, Batten S, Trudel M. 2007 Effects on
zooplankton of a warmer ocean: recent evidence
from the northeast Pacific. Prog. Oceanogr. 75,
223-252. (doi:10.1016/j.pocean.2007.08.010)
Studer A, Poulin R. 2013 Differential effects of
temperature variability on the transmission of a
marine parasite. Mar. Biol. 160, 2763-2773.
(doi:10.1007/500227-013-2269-6)

41.

42.

43.

4,

45.

Dittmer J, Koehler AV, Richard F-J, Poulin R, Sicard n

M. 2011 Variation of parasite load and immune
parameters in two species of New Zealand shore
crabs. Parasitol. Res. 109, 759-767.

. Gehman AM, Hall R, Byers JE. 2018 Host and

parasite thermal ecology jointly determine the
effect of dimate warming on epidemic dynamics.
Proc. Natl Acad. Sci. USA 115, 744-749. (doi:10.
1073/pnas.1705067115)

Lafferty KD, Kuris AM. 2002 Trophic strategies,
animal diversity and body size. Trends Ecol. Evol. 17,
507-513. (doi:10.1016/50169-5347(02)02615-0)
Poulin R. 2020 Meta-analysis of seasonal dynamics
of parasite infections in aquatic ecosystems.

Int. J. Parasitol. 50, 501-510. (doi:10.1016/j.ijpara.
2020.03.006)

Gonzalez ST 2016 Influence of a trematode parasite
(Microphallus turgidus) on grass shrimp
(Palaemonetes pugio) response to refuge and
predator presence. J. Parasitol. 102, 646—649.
(doi:10.1645/15-889)

Fiorenza EA, Leslie KL, Torchin ME, Maslenikov KP,
Tornabene L, Wood CL. 2020 Fluid preservation
causes minimal reduction of parasite detectability in
fish specimens: a new approach for reconstructing
parasite communities of the past? Ecol. Evol. 10,
6449-6460. (doi:10.1002/ece3.6379)

Quinn J, Lee S, Greeley D, Gehman A, Kuris AM,
Wood CL. 2021 Data from: Long-term change in the
parasite burden of shore crabs (Hemigrapsus
oregonesis and Hemigrapsus nudus) on the
northwestern Pacific coast of North America. Dryad
Digital Repository. (https://doi.org/10.5061/dryad.
mkkwh70zp)


http://dx.doi.org/10.1007/s10750-016-2874-8
http://dx.doi.org/10.1098/rstb.2012.0110
http://dx.doi.org/10.1098/rstb.2012.0110
http://dx.doi.org/10.3354/meps07130
http://dx.doi.org/10.1016/j.jembe.2017.12.005
http://dx.doi.org/10.2307/1543494
http://dx.doi.org/10.2307/1543494
http://dx.doi.org/10.1007/s00227-005-0184-1
http://dx.doi.org/10.1007/s00227-005-0184-1
http://dx.doi.org/10.1007/s10393-007-0131-3
http://dx.doi.org/10.1007/s10393-007-0131-3
http://dx.doi.org/10.1002/hyp.7228
http://dx.doi.org/10.1002/hyp.7228
http://dx.doi.org/10.1079/JOH2006341
http://dx.doi.org/10.1079/JOH2006341
http://dx.doi.org/10.1079/JOH2002136
http://dx.doi.org/10.1079/JOH2002136
http://dx.doi.org/10.1016/j.pocean.2007.08.010
http://dx.doi.org/10.1007/s00227-013-2269-6
http://dx.doi.org/10.1073/pnas.1705067115
http://dx.doi.org/10.1073/pnas.1705067115
http://dx.doi.org/10.1016/S0169-5347(02)02615-0
http://dx.doi.org/10.1016/j.ijpara.2020.03.006
http://dx.doi.org/10.1016/j.ijpara.2020.03.006
http://dx.doi.org/10.1645/15-889
http://dx.doi.org/10.1002/ece3.6379
https://doi.org/10.5061/dryad.mkkwh70zp
https://doi.org/10.5061/dryad.mkkwh70zp

	Long-term change in the parasite burden of shore crabs (Hemigrapsus oregonensis and Hemigrapsus nudus) on the northwestern Pacific coast of North America
	Introduction
	Methods
	Contemporary collection
	Crab dissection
	Statistical analysis

	Results
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


