diversity

Article

Spatial Dynamics of Two Host-Parasite Relationships on
Intertidal Oyster Reefs

Marc H. Hanke 1-2*(0, Martin H. Posey ! and Troy D. Alphin !

check for

updates
Citation: Hanke, M.H.; Posey, M.H.;
Alphin, T.D. Spatial Dynamics of Two
Host-Parasite Relationships on
Intertidal Oyster Reefs. Diversity 2021,
13, 260. https://doi.org/10.3390/
d13060260

Academic Editors: Bert W. Hoeksema,
Mark S. Peterson and Michael
J. Andres

Received: 28 April 2021
Accepted: 8 June 2021
Published: 10 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Biology and Marine Biology, University of North Carolina Wilmington,
Wilmington, NC 28403, USA; poseym@uncw.edu (M.H.P.); alphint@uncw.edu (T.D.A.)
2 Honors College, University of Houston, Houston, TX 77204, USA

Correspondence: marc.h.hanke@gmail.com

Abstract: Intertidal reefs comprised of the eastern oyster (Crassostrea virginica) have long experienced
habitat loss, altering habitat patch characteristics of size and distance from edge to interior, potentially
influencing spatial dynamics of host-parasite relationships. Using two parasitic relationships, one
between eastern oyster host and parasitic oyster pea crab (Zaops ostreum) and the other between a
xanthid crab (Eurypanopeus depressus) and a parasitic rhizocephalan barnacle (Loxothylacus panopaei),
we examined how host-parasite population characteristics varied on intertidal reefs by season,
reef size, and distance from edge to interior. Pea crab prevalence was more related to habitat
characteristics rather than host density, as pea crab prevalence was the highest on large reefs and
along edges, areas of comparatively lower oyster densities. Reef size did not influence densities
of parasitized or non-parasitized xanthid crabs, but densities varied from edge to interior. Non-
parasitized xanthids had significantly lower densities along the reef edge compared to more interior
reef locations, while parasitized xanthid crabs had no significant edge to interior pattern. Organismal
size had a varied relationship based upon habitat characteristics, as pea crab carapace width (CW)
varied interactively with season and reef size, whereas CW of parasitized /non-parasitized xanthid
crabs varied significantly between edge and interior locations. These results demonstrated that
influential habitat characteristics, such as patch size and edge versus interior, are both highly species
and host-parasite specific. Therefore, continued habitat alteration and fragmentation of critical
marine habitats may further impact spatial dynamics of host-parasite relationships.

Keywords: Crassostrea virginica; intertidal reefs; habitat fragmentation; patch size; edge effects;
host-parasite; Eurypanopeus depressus; Zaops ostreum; Loxothylacus panopaei

1. Introduction

The heterogeneity and spatial configuration of habitat patches within a landscape
can strongly influence biodiversity at multiple scales [1-4]. Over time, habitat patches
within a landscape can become fragmented either through natural or anthropogenic forces,
reducing patch size and altering edge to interior ratios [5,6]. The alteration of these habitat
characteristics can impact species interactions, often due to altered intra-patch densities
and distributions [1,7-10] and may be particularly important for host-parasite relation-
ships [11-13]. In various terrestrial systems, habitat patch size can spatially structure the
interaction between parasites and their hosts through density dependent responses [14-17],
patch size thresholds [12,18,19], and arrangement within the landscape [13,20-22]. How-
ever, alterations to habitat patch size can also have limited impacts on host-parasite dy-
namics within terrestrial habitats due to dilution effects, host sharing, and dynamic host
population thresholds for parasites [23,24]. Variations in habitat patch size can structure
the relative amount of edge to interior habitat and edge effects can be highly influential
in host-parasite interactions. For example, parasitism rates have been found to be greater
along habitat edges in different terrestrial habitats [25-27] or, conversely, greater within
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interior patch locations due to hosts avoiding edges [11]. The majority of the research
on the spatial dynamics of parasitic interactions within habitat patches has focused on
terrestrial systems [11,27,28] and is largely overlooked within marine habitat types [29].
For example, in a recent review, Peterson and Andres [30] highlighted how most parasites
within coastal aquatic habitats are only given attention when they are problematic and the
ecological implications, at varied hierarchal levels, are often ignored.

Intertidal reefs created by the eastern oyster (Crassostrea virginica) are naturally hetero-
geneous and provide complex, structured habitat for a diverse community comprised of
epifauna, crustaceans, and mobile nekton in a landscape that is generally unstructured sub-
strate [31-34]. The natural heterogeneity of intertidal reefs provides diverse habitat patch
sizes and, consequentially varying ratios of edge to interior habitat, which can influence
oyster populations and reef associated fauna [35,36]. Further, oyster populations have de-
clined due to overharvesting, eutrophication, habitat loss, disturbances, and disease, which
exacerbates reef loss and fragmentation [37-39]. The decline of oysters has led to increased
reef patchiness, decreased reef size, and altered edge to interior ratios [35,40-43]. These
changes in habitat characteristics have influenced various aspects of oyster population
characteristics including densities, survivorship, physiological health, and recruitment [35].
In turn, both reef size and relative amount of edge to interior is important for associated
species’ distribution and interactions on oyster reefs [36,40,42—44], yet how these landscape
factors influence host-parasite relationships on intertidal oyster reefs remains relatively un-
known. Therefore, the overall goal of this study was to determine spatial dynamics between
two different host-parasite relationships to understand how varied habitat characteristics
can further influence host-parasite interactions.

The first host-parasite relationship examined was between the eastern oyster and the
oyster pea crab (Zaops ostreum). Pea crabs parasitize oysters from intertidal and subtidal
habitats ranging from Massachusetts, USA through Brazil [45,46], but have been found
in other bivalve hosts [47]. Adult female pea crabs, which have an approximate carapace
width range of 4-15 mm, live within the mantle cavity of oysters, thought to live approxi-
mately 2-3 years, and damage oyster gills during feeding [45,46,48,49]. This all can lead
to lowered oyster condition (a relative measure of physiological health), meat quantity
for commercial purposes, and suppressed gonadal development [45-49]. The oyster-pea
crab relationship provides a unique opportunity to understand how a marine host-parasite
relationship is influenced by varied habitat characteristics, as both oysters and female pea
crabs are sessile after settlement. Pea crab infection rates are driven by local factors [50],
and may have implications for oyster populations already stressed and in decline from
other factors. For example, intertidal oysters have lowered condition along reef edges [35]
and pea crabs parasitizing hosts found within this microhabitat may further reduce oyster
condition [47,49].

The second host-parasite relationship examined was between the flatback mud crab
(Eurypanopeus depressus), and a parasitic rhizocephalan barnacle (Loxothylacus panopaei).
This rhizocephalan barnacle, which is introduced to the Atlantic Coast of the United
States, settles on a recently molted crab, metamorphoses and penetrates the host, and
then produces a system of branching roots that damages the crabs endocrine and nervous
systems, and influences host behavior [51-56]. The branching root system ultimately
emerges as an externae that prevents molting and mimics the host’s egg mass, which
causes castration of female crabs and sterilization and feminization of males [51,52,57,58].
The flatback mud crab (henceforth referred to as xanthid crab) is an ecologically important
mid-trophic level carnivore that utilizes the complex structure provided by intertidal reefs
as foraging habitat to feed on oyster spat and reef-associated mussels [59-61]. Further,
this xanthid crab species has a strong association with increased reef complexity [61],
which often varies spatially within an intertidal reef [35], as predator refuge since they are
preyed upon by larger predators such as blue crabs (Callinectes sapidus) and oyster toadfish
(Opsanus tau) [62-65]. This example of host parasite relationship was included in this study
because xanthid crabs are reef residents with some vagility within the habitat and because
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rhizocephalans are becoming more prevalent in their introduced range, all while xanthid
crab habitat has been lost and fragmented [39,57,60,66]. Lastly, this host-parasite was also
chosen to assess the spatial dynamics based on varied habitat characteristics because this
species of xanthid have lower densities along edges of intertidal reefs compared to more
interior locations [36]. Parasitic interactions are generally known to be greater along habitat
edges [11,26,27,67], which could potentially increase the risk of parasitism for xanthid crabs
in a lower quality microhabitat on the reef [36]. Therefore, understanding any influence
rhizocephalans may have on the host’s spatial distribution, specifically by habitat patch
size and distance from the edge, could impact the distribution and survivorship of both
the host and parasite, which subsequently may influence local reef dynamics.

To begin understanding how host-parasite relationships are influenced by structured
habitat within a marine landscape, the specific objectives of this study were to determine the
distribution for (1) oysters and female pea crabs and (2) xanthid crab and rhizocephalans
based on seasonality, reef size, and distance from edge to interior. The secondary objective
of the study was to determine if carapace width of pea crabs and both parasitized and
non-parasitized xanthid crabs varied by season, reef size, and distance from edge to interior,
subsequently influencing host-parasite dynamics.

2. Materials and Methods
2.1. Study Sites and Sampling Methods

A suite of naturally occurring intertidal reefs (n = 22) were selected from the coastal,
tidal estuaries of Hewletts Creek, Howe Creek, and Masonboro Sound near Wilmington,
NC, USA and a complete site description can be found in Hanke et al. [35,36]. Reefs were
selected based on natural variation of the distance from the edge to interior of the reef:
small (3 m distance to interior, n = 7 reefs), medium (5-8 m distance to interior, n = 9 reefs),
and large (>14-17 m distance to interior, n = 6 reefs).

For two years (2011-2012), reefs were sampled biannually in spring (May-June) and
fall (October—December) at distances of 1 m and 3 m from the edge of the reef. The medium
and large sized reefs were also sampled at the most interior location on the reef (5-8 m
for medium and 14-17 m for large). Oyster densities at each location on the reef were
initially sampled with a 0.25 m? quadrat; however, due to the amount of time and effort
spent for this size quadrat during the first sampling period (May-June 2011), the quadrat
size was decreased to 0.04 m? and replicated. The density estimates did not differ between
the different quadrat sizes [35]. At the same distances on the reef (1 m, 3 m, and interior
locations for large and medium reefs), adult female pea crabs were sampled by hand
collecting 20 oysters that measured 50-70 mm shell height. This sampling approach was
utilized to minimize oyster mortality on the reef because the oysters had to be sacrificed to
check for a pea crab. This size class of oysters was selected because they were at least a year
old, would potentially harbor adult female pea crabs that had survived to adulthood [46,47],
and were a common size class on these reefs [35]. Within 24 hours of returning the oysters
back to the lab, they were opened and examined for the presence of a female pea crab,
and if present, the crab’s carapace width was measured. Only females past the first hard
stage were included in this study, as males are smaller in comparison (1.4-4.6 mm carapace
width) and only parasitize oysters until they reach the first “hard” stage, at which time
they leave their host in search of females, mate, and then presumably die [45,46].

Xanthid mud crab collections occurred concurrently, both spatially and temporally,
as oyster sampling events. Within a 0.04 m? quadrat, all shells were removed down to
the sediment, returned to the lab, cleaned of mud and debris, and all crabs were removed
and preserved in 70% alcohol. All crabs were then identified and all flatback mud crabs
were measured (carapace width in mm) and visually inspected for rhizocephalan externae,
which was used as a proxy of rhizocephalan prevalence in a host [68].



Diversity 2021, 13, 260

4 of 14

2.2. Statistical Analysis

All data was analyzed using SAS Version 9.2 software. When appropriate, all data
were tested for homogeneity of variance (Levene’s test) prior to running analysis of variance.
If the data failed the homogeneity of variance test, the data was transformed (log (x + 1))
prior to subsequent analysis. Any significant differences (p < 0.05) for ANOVAs were then
analyzed with a Student Newman-Keuls post hoc test. Following Baggett et al. [69], all
densities are presented as per meter squared.

Variation in oyster densities were log transformed and then tested with a three-way
ANOVA by reef size, distance from the reef edge, and season. A chi squared on total counts
of pea crabs independently tested for variation in spatial distribution among reef sizes
(large, medium, and small) and reef location (1 m, 3 m, and interior). Due to the natural
size variation of reefs in the local area, the total number of oysters examined for pea crabs
for each sampling period varied among the large (1 = 360), medium (n = 540), and small
(n = 280) reefs. Additionally, the total number of oysters collected based on distance from
the edge of the reef varied between 1 m (n = 440), 3 m (n = 440), and interior (n = 320). To
account for these variations, total counts of pea crab were standardized based on equal
numbers of oysters collected for either reef size or distance prior to chi-squared analyses.
Female pea crab size (carapace width (CW)) was tested with a three-way ANOVA for
variation of CW by season, reef size, and distance from edge. Due to the low count of
individuals collected at the reef interior (n = 2), the distance analysis was only for the 1 m
and 3 m locations.

The densities met homogeneity of variances and separate three-way ANOVAs tested
differences by season, reef size, distance from the edge, and season for both parasitized and
non-parasitized xanthid crabs. Finally, CW for mud crabs were log(x + 1) transformed prior
to analysis. Based upon initial differences of CW between non-parasitized and parasitized
xanthid crabs, separate three-way ANOVAs tested for differences by season, reef size, and
distance from reef edge for both non-parasitized and parasitized crabs.

3. Results
3.1. Oysters and Pea Crabs

Throughout the study, a total of 75 adult female pea crabs were found in 4675 oysters,
for an overall incidence of 1.6%. Oyster densities were significantly greater in the fall
compared to the spring (Table 1); however, pea crab prevalence did not significantly differ
between seasons (x? = 3.75, df = 1, p > 0.05). Large sized reefs had significantly lower
oyster densities compared to medium sized reefs (Table 1, Figure 1A), yet female pea
crabs had a significantly greater (x> = 18.07, df = 2, p < 0.0001) utilization of large reefs
(Figure 2A). Oyster densities significantly increased from edge to interior reef locations
(Table 1, Figure 1B), but pea crab utilization was significantly higher along the reef edge
(x*> =72.23, df = 2, p < 0.0001, Figure 2B). Only 2 pea crabs were found within the reef
interior, with a single individual found within a large and medium sized reef. In the size
class (mean mm + S.E.; 62.5 & 1.35) of hand collected oysters, the carapace width (CW) of
pea crabs showed an interactive effect based on season and reef size (Table 2). Pea crab
CW was significantly smaller (Fp4; = 4.20, p = 0.02) on large reefs compared to small reefs
during the spring; however, in the fall pea crabs were significantly larger on small sized
reefs (Fp06 = 3.83, p = 0.03).
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Table 1. Three-way ANOVA showing the effects of season (fall and spring), reef size (small, medium,

and large), and distance from reef edge (1 m, 3 m, and interior) for oyster (Crassostrea virginica)

densities.

Effects df F Value p Value
Season 1,220 6.05 0.01
Size 2,220 4.36 0.01
Distance 2,220 29.63 <0.0001
Season x Size 2,220 1.97 0.14
Season x Distance 2,220 0.58 0.56
Size x Distance 3,220 0.57 0.63
Season x Size x Distance 3,220 0.77 0.51

Table 2. Three-way ANOVA showing the effects of season (fall and spring), reef size (small, medium,
and large), and distance from reef edge (1 m, 3 m, and interior) for carapace width of female pea

crabs. The distance represents the difference between 1 m and 3 m on the reef, as only two females

were collected from interior locations on the reef and were subsequently not included in the analysis.

Effects df F Value p Value
Season 1,63 1.36 0.24
Size 2,63 0.97 0.38
Distance 2,63 3.32 0.07
Season X Size 2,63 6.02 0.004
Season x Distance 2,63 0.76 0.38
Size x Distance 3,63 0.73 0.39
Season X Size x Distance 3,63 1.76 0.18
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Figure 1. (A) Mean density of oysters per m

2

on small, medium, and large reefs and (B) from 1 m,

3 m, and interior locations on the reef. Significant differences in densities were determined with

a SNK post hoc test and those that do not share a common superscript are significantly different

(p < 0.05).
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Figure 2. (A) Percentage of oysters on small, medium, and large reefs that contained a female
pea crab. Female pea crab utilization was significantly greater (p < 0.0001) for large sized reefs.
(B) Percentage of oysters from 1 m, 3 m, and interior of the reef that contained a pea crab. Female pea
crab distribution in the spring was significantly (p < 0.001) greater along the edge of the reef.

3.2. Xanthid Crabs and Rhizocephalans

A total of 99 out of 427 (23%) flatback mud crabs collected over the study period
had visual indications of being infected by a rhizocephalan. Season did not significantly
influence densities for non-parasitized crabs (Table 3A, Figure 3A), but parasitized crabs
had significantly greater densities during spring compared to fall (Table 3B, Figure 3A).
Reef size had no significant effect on the densities of non-parasitized crabs (Table 3A,
Figure 3B) or parasitized crabs (Table 3B, Figure 3B). The reef edge (1 m locations) had
significantly lower densities of non-parasitized crabs compared to more interior locations
(3 m and interior) (Table 3A, Figure 3C); however, parasitized crabs had no significant
edge to interior pattern based on densities (Table 3B, Figure 3C). Yet, the percentage of
parasitized crabs was comparatively lower at the reef interior compared to the 1 m and 3 m
reef locations (Figure 4).

Overall, parasitized crabs were significantly (Fj 425 = 38.21, p < 0.0001) larger (mean
=+ SE; 10.04 & 0.21 mm, range 4-17 mm) compared to non-parasitized crabs (mean =+ SE;
8.16 & 0.0.18 mm, range 4-17 mm). Neither season nor reef size significantly influenced the
CW of non-parasitized (Table 4A) or parasitized crabs (Table 4B), but the CW of both groups
varied significantly based on edge to interior reef locations (Table 4). Non-parasitized
xanthid crabs were significantly smaller along the reef edge compared to interior locations
(Table 4A, Figure 5), whereas parasitized xanthid crabs had a significantly larger CW at the
3 m location compared to other reef locations (Table 4B, Figure 5).
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Table 3. Results of three-way ANOVA for A. non-parasitized flatback xanthid mud crabs (Eury-
panopeus depressus) and B. flatback mud crabs parasitized by a parasitic rhizocephalan barnacle
(Loxothylacus panopaei) based on densities for season (fall and spring), reef size (small, medium, and
large), and distance from reef edge (1 m, 3 m, and interior).

Effects df F Value p Value
A. Non-parasitized
Season 1,219 0.70 0.40
Size 2,219 0.32 0.72
Distance 2,219 9.34 0.0001
Season x Size 2,219 2.37 0.09
Season x Distance 2,219 0.63 0.53
Size x Distance 3,219 0.50 0.68
Season x Size x Distance 3,219 0.55 0.64
B. Parasitized
Season 1,219 20.38 <0.0001
Size 2,219 0.53 0.58
Distance 2,219 1.17 0.31
Season X Size 2,219 0.42 0.65
Season x Distance 2,219 0.68 0.50
Size x Distance 3,219 0.20 0.89
Season x Size x Distance 3,219 0.18 0.90
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g °
£ Spring Fall
© 75 7 B. Reef Size
o
8 50
c
S
2 25
2
©w 0-
% Small Medium Large
L 75940
= C. Dlstanc%from reef edge A A
50
25
o 4 $
m 3m Interior

Figure 3. Differences in densities of non-parasitized flatback xanthid mud crabs (Eurypanopeus
depressus) and flatback mud crabs parasitized by a parasitic rhizocephalan barnacle (Loxothylacus
panopaei) based on (A) season, (B) reef size, and (C) distance from reef edge. Significant differences in
densities were determined with a SNK post hoc test and those that do not share a common super-
script (capitalized for non-parasitized xanthid crabs and lower case for parasitized) are significantly
different (p < 0.05).
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Figure 4. Percentage of flatback xanthid mud crabs (Eurypanopeus depressus) parasitized by a parasitic
rhizocephalan barnacle (Loxothylacus panopaei) at each distance from the reef edge. Interior locations
are 5-8 m for medium sized reefs and 14-17 m for large sized reefs from the reef edge.

Table 4. Three-way ANOVA for variation in carapace width of A. non-parasitized flatback xanthid
mud crabs (Eurypoanopeus depressus) and B. flatback mud crabs parasitized by a parasitic rhizocepha-
lan barnacle (Loxothylacus panopaei) based on season (fall and spring), reef size (small, medium, and
large), and distance from reef edge (1 m, 3 m, and interior).

Effects df F Value p Value
A. Non-parasitized
Season 1,312 0.01 0.92
Size 2,312 1.47 0.23
Distance 2,312 3.22 0.04
Season X Size 2,312 0.98 0.37
Season x Distance 2,312 0.02 0.98
Size x Distance 2,312 0.32 0.80
Season x Size x Distance 3,312 1.01 0.39
B. Parasitized
Season 1,89 0.18 0.67
Size 2,89 0.03 0.97
Distance 2,89 6.49 0.002
Season x Size 2,89 1.52 0.22
Season x Distance 2,89 0.51 0.60
Size x Distance 2,89 1.50 0.22

Season x Size x Distance 3,89 0.47 0.70
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Figure 5. Differences in carapace width (CW) for non-parasitized flatback xanthid mud crabs
(Eurypanopeus depressus) and flatback mud crabs parasitized by a parasitic rhizocephalan barnacle
(Loxothylacus panopaei). Significant differences in CW were determined with a SNK post hoc test and
those that do not share a common superscript (capitalized for non-parasitized xanthid crabs and
lower case for parasitized) are significantly different (p < 0.05).

4. Discussion

The spatial distribution of hosts and parasites examined in this study suggests that
host—parasite relationships on intertidal oyster reefs are influenced by habitat characteris-
tics, but the response is specific to the individual species and the host—parasite relationship.
Seasonal effects were observed within both host—parasite relationships but demonstrated
opposite patterns in terms of differences for the host or the parasite. Oyster densities were
significantly greater in the fall but pea crab prevalence did not significantly differ between
the seasons, while non-parasitized xanthid crabs had no seasonal effect, but densities of
parasite crabs were significantly greater in the spring. There was variation in the response
to habitat patch size, as oysters had lower densities on large sized reefs, while pea crabs
had the greatest prevalence on this size class of reefs. However, non-parasitized and
parasitized xanthids demonstrated no patch size effect for densities. Edge effects had the
strongest impact on the population dynamics of these host—parasite relationships. Oyster
densities significantly increased towards the reef interior, while female pea crabs had the
highest prevalence on the reef edges. Non-parasitized xanthid crabs had significantly lower
densities, and smaller sized crabs along the reef edges, while parasitized crabs had no
significant pattern for density between edge and interior locations but parasitized crabs
were significantly larger at 3 m from the reef edge.

Overall, species in both host—parasite relationships demonstrated seasonal effects but
varied between the hosts and parasites. First, oyster densities exhibited a strong seasonal
pattern, with greater densities in the fall compared to the spring. This result is unsurprising,
as the fall sampling captured the influx of new recruits to the reef over the spawning season
(May—October) [35]. However, pea crab counts were not significantly different between
season, which is most likely attributed to the sampling regime. Pea crabs preferentially
recruit to oyster spat [46,70] and, within the study region, it has been suggested pea
crabs have a synchronized spawning period with oyster recruitment [47]. Therefore, the
lack of seasonal differences for pea crabs may be a result of only examining oysters that
were 50-70 mm, as these oysters would only be harboring pea crabs that survived long
enough for the oysters, and subsequentially the pea crabs, to recruit into the sampled size
class. Limited seasonal effects were also found for xanthid crabs and the rhizocephalan.
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No temporal variation was found for densities of non-parasitized crabs, yet parasitized
xanthids had significantly greater densities during spring. The greater numbers of crabs
having an externae in the spring may be a strategy for the rhizocephalan to increase the
ability of their larvae to infect a host. Planktonic rhizocephalan have been suggested to
settle on, and infect, smaller crabs because they molt more frequently. Therefore, it appears
the parasite has likely synchronized reproduction with its host, as the peak time for gravid
xanthid females is April-May [55,71].

The strong spatial pattern of female pea crabs occurring primarily on large and
medium sized reefs indicates that habitat patchiness influences their habitat distribution
and, more importantly survivorship [47]. The greater number of female pea crabs on the
large reefs, despite lower oyster abundances on the large sized reefs, could be attributed to
post-settlement processes for pea crabs. Densities of oyster spat have been experimentally
demonstrated to not influence the proportion of infested of pea crabs [47], suggesting
pea crabs may not select reefs based on host densities. The greater number of observed
pea crabs on the medium and large reefs may be a result of the relationship between
patch size and the amount of edge. With increasing size, the reefs would have greater
total area of edge habitat, but overall lower ratio of edge to interior area, for female
recruitment and potentially increasing the reproductive success by increasing the chance
of a male encountering a female within an oyster. The failure to detect a response from
both parasitized and non-parasitized xanthids to varied patch sizes, at least for the sizes
examined in this study, further highlights the importance of the species level response to
habitat patchiness. Although, it may be that this host—parasite relationship did not respond
to the reef sizes examined in this study because the minimum habitat patch size threshold
for persistence is smaller than the reefs used in this study.

Edge and interior habitats have been demonstrated to be an important landscape
factor for host—parasite relationships in terrestrial habitats [11,25,26] and both host—parasite
relationships demonstrated edge effects in some fashion, indicating spatial location within
habitat patches can also influence marine host—parasite relationships. Oyster densities
increased towards the reef interior and female pea crab’s prevalence was greatest along
edges. This interesting pattern may be a result of recruitment processes for both organisms
and other ecological interactions, specifically predation. Greater prevalence of female pea
crabs in edges habitats may be attributed to their preferential recruitment based on tidal
variation on reefs. This was suggested by Beach (1969) when he observed the greatest
number of pea crabs at the low tide mark and the lowest number in the high tide area.
A recent study by Carroll et al. [72] also found the greatest pea crab recruitment in the
lower intertidal zone, further suggesting host acquisition for pea crabs would be greatest
along the reef edges because it is the first area inundated by an incoming tide. Preferential
recruitment of pea crabs to reef edges may further be attributed to the larvae preferentially
recruiting to oyster spat [46,47,50]. In southeastern North Carolina, 22-27% of oyster spat
were found to have at least one pea crab present [47], but this number can be as high as
approximately 35% [50]. Oyster recruitment is highest within the first 3 m of the reef [35],
facilitating increased pea crab settlement within the reef edge. However, oyster spat
survivorship is low along the reef edges [35], as intertidal reef edges are heavily foraged
by predators compared to the interior [41]. The presence of a pea crab could potentially
decrease predation on spat because pea crabs have been suggested to have a chemical
defense to deter predators [73], thus leading to increased survivorship for parasitized
oyster spat along the reef edge.

Edge to interior patterns varied between non-parasitized and parasitized xanthid
crabs, suggesting rhizocephalans may impact their hosts intrapatch spatial distribution.
Non-parasitized xanthids had significantly lower densities along reef edges compared
to more interior locations, likely a function of preferential utilization of habitat structure.
Meyer [61] found flatback mud crabs had a positive association with increased shell cover
and oyster shell culm volume, which they were utilizing for refuge. Intertidal reef edges
have less shell cover and three dimensional structure compared to interior locations [35],
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therefore, these non-parasitized xanthid densities are likely lower along edges due to
some combination of limited habitat structure and increased predation risk [32,41,74]. This
may explain why non-parasitized crabs were smaller along edges compared to interior
locations, as smaller individuals can utilize the limited reef structure along the reef edge
until they reach a threshold of body size and become increasingly vulnerable to predation.
Whereas non-parasitized crabs utilizing more interior locations, which have increased
reef structure compared to the edge [35], would have greater predator refuge and food
resources, potentially leading to increased overall size. Parasitized crabs, interestingly,
had no significant differences for density between edge and interior locations and had
a higher proportion of parasitism within the first three meters of the reef compared to
interior locations. Previous work with mesocosms suggests that parasitized xanthid crabs
should experience higher rates of predation within the edge habitat, leading to lower
comparative densities and proportions of parasitized crabs. First, Gehman and Byers [75]
experimentally found that parasitized xanthid crabs were preferentially preyed upon
compared to non-parasitized crabs. Further, Brothers and Blakeslee [56] experimentally
found that parasitized xanthids were completely preyed upon in habitats of low complexity,
but had similar predation rates as non-parasitized xanthids in complex habitats. These
previous experiments suggest parasitized xanthid crabs should have a similar edge to
interior pattern as non-parasitized xanthids and the deviation from this pattern may be a
result of several mechanisms. First, parasitized xanthid crabs have depressed activity levels
and lower foraging rates compared to non-parasitized crabs [57,60], potentially decreasing
predation risk along reef edges if parasitized crabs have not been actively foraging as often.
Second, parasitized crabs have greater vagility compared to non-parasitized crabs [75],
which potentially offers parasitized xanthid crabs a marginally greater chance to escape
predation within the heavily foraged reef edge [41].

It is also important to note that parasitized xanthid crabs were significantly larger
overall compared to non-parasitized crabs. This is surprising considering rhizocephalan
infections can limit host growth [55]. The greater CW of parasitized xanthids could be a
result of smaller sized crabs not having signs of infection, even though the size range of par-
asitized crabs found in this study was similar to the size range of parasitized crabs in other
studies, or the externae simply had fallen off [51,55,57,60]. Takahashi and Matsuura [76]
observed a positive size-prevalence pattern for shore crabs (Hemigrapsus sanguineus) para-
sitized by a rhizocephalan (Sacculina senta) and due to the crabs having shed the externae,
molted to a larger size, and then the parasite regenerated a new externae. If molting
continues while parasitized, then the spatial patterns of significantly larger parasitized
crabs observed at 3 m from the reef edge suggest that there may be spatial heterogeneity
in growth or survivorship of parasitized crabs, with this microhabitat functioning as an
optimal habitat for growth of the between the edge and most interior microhabitats.

Opyster reefs have become highly fragmented within the last century due to various
factors, such as over harvesting, eutrophication, disease, and many other anthropogenic
disturbances [38,39,77]. This habitat loss and fragmentation appears to also have an impact
on spatial dynamics host-parasite relationships within this marine habitat type. The high
spatial variability of the hosts and parasites observed suggests future alteration and frag-
mentation of habitat patches may become more impactful on host-parasite relationships
and local patch dynamics. Given the great spatial variability of these parasitic interactions
within microhabitats, the composition and configuration of local habitat patches may be
contributing to the high regional variability observed for these two host-parasite relation-
ships [50,53,66]. For example, both host-parasite interactions demonstrated an edge effect;
however, the response was very different. This suggests that species interactions, based on
the marine landscape, should be considered independently. Finally, this study highlights
that future preservation and restoration efforts of marine habitats should consider the
spatial context of habitat patches, as preservation or creation of specific microhabitats can
impact both host and parasite populations.
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