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Interactions between native and introduced species are complex, multifaceted, and
can have cascading effects throughout an ecosystem. While scientists have taken great
strides to understand how these dynamics change with the introduction of a novel
species, less work has been done to explore how native and introduced species inter-
actions change in the face of parasitism. I investigated these interactions using three
intertidal crab species in the Western North Atlantic; the native rock crab Cancer irro-
ratus, the introduced European green crab, Carcinus maenas, and the introduced Asian
shore crab, Hemigrapsus sanguineus along with a parasitic trematode Micropahllus spp.

C. maenas and C. irroratus are both hosts to microphallid trematode parasites in
the Western North Atlantic, but little is known about microphallid infections in H.
sanguineus in this region. In order to properly evaluate infection in these crabs, I con-
ducted two surveys along the New England coast to determine prevalence of infection
in these three species. I utilized genetic tools to determine if the microphallids infect-
ing these crabs are native to Western North Atlantic, potentially introduced from Eu-
rope with C. maenas, or a combination of both. During these surveys, I found all three
crab species to be infected with one or more trematode parasites along the Western
North Atlantic. Genetic analyses show that there are at least four distinct lineages of
trematodes infecting crabs collected in this region, two of which matched previously

identified trematodes in the region, Microphallus similis and Gynaecotyla adunca.



In conjunction with determining which parasites are infecting these crabs, I
wanted to determine what effects infection had on these different host species. To
understand the effects of infection I conducted both physiological assays on crabs col-
lected during the survey, analyzing Hepatosomatic and Gonadosomatic indices (HSI
and GSI) as well as infection experiments on the two introduced crabs, C. maenas and
H. sanguineus, as I was unable to collect enough of the native C. irroratus for these ex-
periments. I tested each species for individual behavioral responses to infection, and
performed interspecific competition trials to determine how parasites may influence
crab interactions. For my physiological assays, there was a trend for the HSI in both
C. irroratus and C. maenas to be higher in infected crabs compared to uninfected crabs,
with no difference in H. sanguineus crabs. There appeared to be a trend with lower
GSI in infected H. sanguineus that was not seen in the other crab species, however a
more robust sampling size would help determine if this trend exists in nature or is in-
stead an artifact of small sample size. For my infection experiments, I saw that while
my intensities of infection were low, there seems to be a trend for slower righting re-
sponse in infected C. maenas with a similar trend seen in exposed H. sanguineus even
though the parasite was unsuccessful in infecting H. sanguineus. During the competi-
tion trials I was able to detect a decreased level of exploratory by C. maenas exposed
to the parasite when compared to control crabs, however there were very few over-
all differences between treatments. There were differences between species, with H.
sanguineus conducting more exploratory behaviors overall and C. maenas conducting
more food based behaviors.

By using this multi-layer approach to investigate parasite effects, my study pro-
vides in-depth coverage of various changes that could be induced by infection. It also
provides data on how infection by microphallid trematodes may affect competitive in-
teractions and lay the groundwork for future studies exploring how those differences

could have community-wide effects throughout the ecosystem.
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1 Chapter1

1.1 Introduction

Throughout maritime history, humans have facilitated the introduction of non-
indigenous species (NIS) to new and previously inaccessible locations (Carlton and
Geller, 1993). These introductions can have profound effects on various enterprises in
those regions such as tourism, fisheries, or even human health (Bax et al., 2003; Pejchar
and Mooney, 2009). Considerable effort has been directed towards quantifying the mon-
etary effects of various NIS in order to better direct further eradication or management
practices (Pejchar and Mooney, 2009); however, these estimates are not always accurate
and can vary greatly (Pejchar and Mooney, 2009). While it is important to determine the
direct monetary costs introduced species may have on human industries, it is also im-
portant to understand the indirect costs of NIS through their varied effects on invaded
ecosystems (Bax et al., 2003; Katsanevakis et al., 2014).

Introduced species can have especially detrimental impacts on components of marine
habitats such as community structure, ecosystem services, and biodiversity (Molnar et al.,
2008; Katsanevakis et al., 2014; Laverty et al., 2015). Bax et al. (2003) describes one exam-
ple in which the New Zealand screwshell, Maoricolpus roseus, was introduced to Tasmania
from New Zealand, and changed the seabed habitat by populating the soft sediment and
provided hard attachment points for native and non-native species alike. This introduc-
tion is one of many that has dramatically altered the community structure from what it
once was to something that may support an entirely new suite of organisms (Bax et al.,
2003). In fact, the introduction of alien species to new environments has been identified
as one of the leading causes of endangerment and extinction of native species (Czech and
Krausman, 1997; Bellard et al., 2016). With our ever expanding economic globalization,
trade networks, and connectivity of the world’s ecosystems, we can expect the movement

and impacts of alien species to escalate (Seebens et al., 2016).



In response to the many uncertainties surrounding the introduction of new species, a
rapidly growing field of research seeks to explore why, when, and where certain species
are more successful invaders than others, with a goal toward developing a more robust
theoretical framework for predicting future introductions (Canning-Clode, 2015). Under-
standing why some species are successful or unsuccessful at invading a new area may
help prevent future introductions (Carlton, 1996; Stachowicz et al., 1999; Chang et al,,
2011). Studies have provided evidence that systems with strong community structure
and high levels of biodiversity may better resist biological introductions (Baltz and Moyle,
1993; Stachowicz et al., 1999; Kennedy et al., 2002). For example, in Deer Creek, Califor-
nia, assemblages of native stream fish resisted the introduction of various NIS despite fre-
quent attempts (Baltz and Moyle, 1993). This resistance was primarily due to the presence
of appropriate predators that prevented the establishment of a large breeding population
of non-indigenous fish (Baltz and Moyle, 1993). Further, both Stachowicz et al (1999) and
Kennedy et al. (2002) found that increased biodiversity at local levels decreased the num-
ber of introduced species that established or settled in the area, and reduced the overall
growth of the introduced species, and their survivorship.

While the biological aspects of a community are important in influencing introduction
success, there are many abiotic factors that can also be important. For example, the unpre-
dictable environment of the streams in California seemed to also favor native species suc-
cess over that of an introduced species (Baltz and Moyle, 1993). However, anthropogenic
disturbances like pollution, climate change, or habitat destruction may alter various abi-
otic components of a system too much, allowing for the successful introduction of novel
organisms that can then colonize the area and reproduce (Byers, 2002; Stachowicz et al.,
2002; Galil et al., 2015). In a theoretical example involving acid rain, Byers (2002) sug-
gested that such an extreme disturbance on such a small timescale could remove native
species entirely, so that a NIS would meet little to no biotic resistance when establishing

in a new environment. The Suez Canal has had various documented impacts through the



introduction of novel species into the native marine communities in the Red and Mediter-
ranean Seas, and there is potential for exacerbated impacts on those communities due to
the widening of the canal (Galil et al., 2015)

Another non-mutually exclusive reason that some species may experience invasion
success is the enemy-release hypothesis (ERH), wherein introduced species may leave
behind some or all of their native enemies when they invade a new region (Torchin
et al., 2003; Simmons, 2014). This would provide a potential competitive edge over na-
tive species that possess their full complement of predators, competitors, and parasites
(Blakeslee et al., 2009; Keogh et al., 2016). A review and meta-analysis testing the ERH
in native and introduced plants found that the number of herbivore species on intro-
duced plants is lower than those on their native counterparts, herbivory is decreased on
introduced plants when compared to their native counterparts (Liu and Stiling, 2006). In
another study, twenty-six different host species in native and introduced regions were an-
alyzed, and researchers found a reduction in parasites by half in the introduced regions
(Torchin et al., 2003).

Parasites are a great example of organisms that can have disproportionate effects on
the ecosystem they are a part of (Budria and Candolin, 2014). Parasites can have simple
life cycles, in which they utilize a single host, or complex lifecycles, wherein they utilize
multiple hosts (Rohde et al., 1982). They can also be host specific, where they require a
single species to reproduce, or generalists, being able to utilize a suite of organisms as
potential hosts (Rohde et al., 1982). These qualities of parasitic organisms dictate how
much influence they have on hosts and the ecosystem as a whole. This is especially true
for interactions between competing species where one or both of the interacting species
can be infected by a given parasite (Thomas et al., 1995). Further, these host-parasitic
interactions are often disrupted by the introduction of new species into that environment
(Thieltges et al., 2009).

When an introduced species becomes established in a new region, a number of poten-



tial parasitic interactions may ensue (Figure 1). Introduced species could acquire native
parasites (“parasite acquisition”) which would not only increase the parasite load of the
NIS, but could dilute the impact on native hosts, giving native species an advantage dur-
ing competitive interactions (Goedknegt et al., 2016). However, if through infection of
the introduced host the native parasite sees an increase in transmission, this could lead to
increased prevalence or intensity of infection in the native host, a process called “parasite
spillback” (Hoberg and Brooks, 2008).

If NIS are introduced to a region with their own parasites, we could see similar in-
teractions as the ones noted above. These introduced parasites could host switch to use
native species as competent hosts (”parasite spillover”) (Goedknegt et al., 2016). Not only
would this increase the parasite load in native species, which already contend with their
full complement of parasites, it could also dilute the introduced parasite’s impacts on
its introduced host. However, like the example above, when a parasite infects a novel
host, this could increase overall transmission of the parasite. As transmission, increases
the NIS could have increased prevalence and intensity of infection due to the overall in-
creased levels of parasites in the system (“parasite spillback”). While this phenomenon is
not well documented, it is possible.

The above scenarios could occur if a parasite finds a new competent host. However,
if a parasite (native or introduced) is unable to host switch but still attempts infection
of a novel host, the original host could incur a benefit. This is because as with parasite
acquisition or parasite spillover, having multiple hosts dilutes the effect of the parasite on
any single host (Civitello et al., 2015).

The nature and extent of parasite loads in a native or non-native species may signifi-
cantly influence a species ability to detect and escape predators or to acquire and handle
prey items (Lafferty and Morris, 1996; Poulin, 2010). On the one hand, strong parasite
escape may be advantageous to a non-native species, such that the new parasite-free or

parasite-reduced invader could outcompete a native species for prey resources (Fofonoff
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et al., 2003; Torchin et al., 2003). On the other hand, if the invader acquires parasites from
native species, the exotic species may now be at a competitive disadvantage, wherein as a
novel host they may not have the evolved defenses a native host may have (Van Buskirk
and Ostfeld, 1995; Kopp and Jokela, 2007).

I proposed to explore a marine system where two abundant and spreading introduced
crab species; the European green crab Carcinus maenas (hereafter Carcinus) and the Asian
shore crab Hemigrapsus sanguineus (hereafter Hemigrapsus), share the same habitat and co-
occur with the commercially valuable native rock crab Cancer irroratus (hereafter Cancer)
in the Western North Atlantic Ocean (WNA) (Williams, 1984).

Carcinus was first introduced to WNA intertidal zones from Europe, in 1817 (Carlton
and Cohen, 2003). By 1871 Carcinus ranged from New Jersey to Cape Cod, Massachusetts,
and reached southern Maine in the 1890’s (Carlton and Cohen, 2003). For almost 100
years, Carcinus remained in the southern end of the Gulf of Maine before finally reaching
Halifax, Canada in the early 1980’s (Audet et al., 2003; Roman, 2006). It was not until later
through the use of molecular techniques that it was determined that Carcinus experienced
a secondary introduction to the WNA which had facilitated its colonization of colder
waters in northern Nova Scotia and Newfoundland (Roman, 2006; Blakeslee et al., 2010).
Carcinus are common in rocky shores as well as soft- sediment areas in the mid to low
intertidal of the WNA and feed primarily on bivalves and crustaceans (Grosholz and
Ruiz, 1996). They can reach sizes of over 80mm in carapace width, though tend to fall
within 50-60mm in size (Grosholz and Ruiz, 1996).

In the southern part of its WNA range, Carcinus parasite load has been determined to
be about 40% of its native parasite load, including a complete escape from reproductively
damaging parasitic castrators like rhizocephalan barnacles (Torchin et al., 2001; Blakeslee
et al., 2009). Carcinus has shown consistent escapes from parasites in all of its introduced
ranges (Torchin et al., 2001; Zetlmeisl et al., 2011). For example, individuals collected

from South Africa have been found to have no parasitic infection at all, while in Australia



they reported low prevalence and low intensity (only one individual parasite per crab)
of two different parasite species (Zetlmeisl et al., 2011). Not only does Carcinus show an
overall decrease in prevalence of all parasite taxa across introduced ranges, it also has
been shown to have a larger body size, which may indicate greater survival or increased
growth in those introduced regions (Torchin et al., 2001). Carcinus collected in Eastern
Canada were also dissected for parasites and two species were identified, an acantho-
cephalan and trematode (Brattey et al., 1985). However, this represented collections from
two sites, Halifax and St. Andrews, Canada, in 1981 and 1982 and therefore additional
parasites may infect Carcinus at these sites.

The patterns in the WNA and other invaded regions are strongly contrasted with the
parasite load in Carcinus crabs collected from their native European range, where crabs
were infected with up to ten different species of parasite at varying prevalence and inten-
sity levels (Torchin et al., 2001; Blakeslee et al., 2009; Zetlmeisl et al., 2011; Blakeslee et al.,
2013). Due to this release from parasites, Carcinus may have a competitive advantage over
native species in these introduced regions, where it has been shown to outcompete native
species for food (Torchin et al., 2003; MacDonald et al., 2007) or even directly predate on
native species, disrupting population of commercially valuable species like the American
lobster Homarus americanus (Haarr and Rochette, 2012).

A more recent introduction, Hemigrapsus were first found near the mouth of Delaware
Bay in 1988, however, it is hypothesized that their initial introduction via ballast water
may have occurred a few years prior in the early 1980’s (Epifanio, 2013), and also appears
to have had multiple introductions (Blakeslee et al., 2017). These crabs quickly spread
throughout intertidal zones both to the north and south; ranging from Woods Hole, Mas-
sachusetts to the mouth of the Chesapeake Bay in 1993 before expanding further to Sc-
hoodic Peninsula to the north and Cape Hatteras to the south (Epifanio, 2013). Within
these regions, they are found primarily in rocky intertidal zones, and have been docu-

mented in most areas of the upper and middle intertidal (Epifanio, 2013). Their diet is



varied but overlaps with that of Carcinus, and will often include juvenile Carcinus (Epi-
fanio, 2013). Male Hemigrapsus can reach over 40mm in carapace width, while female will
occasionally reach sizes around 35mm (Epifanio, 2013)

Hemigrapsus has also escaped many of its parasites through its introduction to the
WNA, with its load being only one-third that of its native range counterparts (Kroft and
Blakeslee, 2016). One of the identified WNA parasites is a microphallid trematode be-
lieved to be Gynaecotyla adunca, which uses Tritia obsoleta, a native the eastern mudsnail,
as its upstream host (Kroft and Blakeslee, 2016). In Asia, however, there are nine parasites
that Hemigrapsus must contend with in its native range, some of which are castrating par-
asites which have severe impacts on population growth and fitness (Torchin et al., 2001).
As of 2015, Hemigrapsus in the WNA have only three parasites to contend with, none of
which castrate their host (Kroft and Blakeslee, 2016). This could be another example of
EHR, where Hemigrapsus, with fewer parasites to content with, has been able to increase
in abundance to push out native crabs or even other introduced species like Carcinus from
the intertidal (Lohrer and Whitlatch, 2002; Griffen et al., 2008, 2011). The lack of parasites
in the WNA could play a role in this shift seen in the WNA intertidal from a Carcinus
dominated system to a Hemigrapsus dominated one.

Cancer, a native crab in the WNA, ranges mainly from Labrador to South Carolina
with some seasonal differences in distribution especially in the southern portion of its
range (Bigford, 1979). These crabs can grow to be over 100mm in carapace width, though
smaller individuals are more typical in the shallow subtidal (Bigford, 1979). While Cancer
adults are found in deep waters of their ranges, juveniles are often found in the intertidal
zone (Bigford, 1979). Limited work has been conducted on parasites utilizing Cancer,
however within this range they are infected by at least four different parasites and two
pathogenic bacteria (MacLean and Ruddell, 1978; Bigford, 1979; Brattey et al., 1985).

In selecting a parasite to focus on for this study, I decided to use a microphallid trema-

tode, Microphallus spp., which has/ have been identified in both Cancer and Carcinus crabs



(Brattey et al., 1985). In the WNA, only one species of microphallid trematode has been
identified: M. similis. However, not all studies in the WNA have identified this species of
trematode specifically, instead identifying trematodes as Microphallus sp. (Brattey et al.,
1985; Blakeslee et al., 2009).

Microphallus similis has a complex life-cycle in which it infects multiple species to reach
maturity and sexually reproduce (Combes et al., 1994; Blakeslee et al., 2015). As seen in
Figure 2, M. similis utilizes gastropods, or more specifically Littorina saxatilis and Littorina
obtusata as its primary first intermediate hosts (Galaktionov et al., 2012). These snails are
castrated as M. similis asexually reproduces to create cercariae in the gonad region of the
snails. These cercariae are shed during the tidal cycles and seek out a second intermediate
host and encyst in their tissues. While these second intermediate hosts can vary from
crustaceans, fish, gastropods, bivalves, and worms; in this system, both Carcinus and
Cancer crabs are potential second intermediate hosts. Once they encyst in the tissue of
the host (usually the hepatopancreas), they form metacercarial cysts and remain dormant
until trophically transmitted from the second intermediate host (crabs) to its definitive
host, usually a fish, bird, or mammal. In this system Larus argentatus and Larus marinus
tend to act as the most common definitive hosts. Once within the gut, the parasite will
sexually reproduce and its eggs will be released into the environment through the feces
of the bird, and these eggs will be grazed upon by either Littorina species starting the life
cycle over again.

Trematodes not only use a variety of hosts (as described above), but they also fre-
quently elicit physiological and behavioral effects in their hosts, the strongest often felt by
their intermediate hosts (Lafferty, 1999). Behavioral effects can included decreased forag-
ing or lack of predator avoidance behaviors (Wood et al., 2007; Hansen and Poulin, 2005),
and physiological effects can include damage to the host tissue or elevated immune re-
sponse (Meifiner and Bick, 1999; Blakeslee et al., 2015). Prior studies have also used body

condition assays to determine whether trematodes can impact storage and gonad tissues



Figure 2: Life cycle of the trematode parasite Microphallus similis Starting at the A panel in
the figure, this trematode infects the first intermediate host, Littorina snails, where it repli-
cates in the gonads before cercariae are released into the environment and seek out the
second intermediate host (B). Once a second intermediate host is found cercariae encyst
in the tissues of Carcinus or Cancer forming metacercariae. These crabs are then preyed
upon by shore birds, Larus spps (C), where they mature and sexually reproduce, releas-
ing eggs through the bird’s feces (D) where Littorina snails will accidentally ingest them,
starting the cycle over again. (Figure from Blakeslee et al., 2015)
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compared to uninfected crabs (e.g. Blakeslee et al., 2015). These various physiological and
behavioral changes in the intermediate host may increase the hosts overall conspicuous-
ness which could help further the parasite’s life cycle by enhancing trophic transmission
via consumption by shorebirds (Choisy et al., 2003). As these three crabs species ( Can-
cer, Carcinus, Hemigrapsus) serve as intermediate hosts for Microphallus sp., utilizing this
system offered a dynamic way to test how parasites alter species interactions.

It is these effects that my study focused on in these three common intertidal and sub-
tidal crabs. Specifically, I aimed to determine how the infection may impact their indi-
vidual behaviors as well as interspecific interactions. However, before testing how infec-
tion may alter their behaviors, I first needed to determine natural prevalence of parasitic
trematodes along the WNA in all three species. I also then attempted to determine if the
parasite(s) infecting Cancer, Carcinus, or Hemigrapsus crabs were the same species, mul-
tiple species, and perhaps even species that may exist outside of the WNA. Moreover, it
is important to identify the natural prevalence of the microphallids in these crabs so that
any experiment conducted on effects that the parasite may have on the host is done at
environmentally relevant infection levels. Conducting these surveys allowed me to com-
pare infection prevalence and intensity in a native and two non-native crab species to
help understand the community dynamics of this ecosystem.

In determining which parasites are infecting these species, I used genetic techniques
to identify genetically distinct trematode lineages. In previous work, identification of a
parasitic trematode was only resolved to the genus level in Cancer, and identification in
Carcinus have either been to the genus level or as Microphallus similis (Brattey et al., 1985;
Torchin et al., 2001; Blakeslee et al., 2009). Identification of parasites to the species level
is not always easy as the morphological features at certain life cycles may be restricted,
thereby resulting in cryptic taxa (McManus and Bowles, 1996; Hung et al., 1999). Through
the use of genetic tools, cryptic taxa have been distinguished as unique species, which is

important when considering effects of infection or host susceptibility (Miura et al., 2005).
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As discussed in Figure 1, parasites can host switch to utilize other species and there is
potential for this to happen for Carcinus with a native parasite, especially since Carcinus
has been on the WNA for over 200 years. It is also possibly that Carcinus brought with
it a parasite from Europe that may have host switched to utilize Cancer as a competent
host. Therefore, another goal was to collect samples of these trematodes and using genetic
tools, identify which species were infecting each host.

Altogether, I conducted my study with three goals in mind. 1) To determine whether
and where trematode parasites are found in these three host crabs in the WNA by con-
ducting prevalence and distribution surveys (Chapter 1), 2) To determine who these
trematode(s) are in the WNA utilizing standard barcoding genetic methods (Chapter 1),
and 3) To determine what these trematode(s) are doing both individually and interac-
tively in their crab hosts, through physiological assays (Chapter 1) and behavioral trials
(Chapter 2).
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1.2 Methods

1.2.1 Determining Prevalence of Microphallid Parasites in New England

I conducted two field surveys in 2017 ranging from Maine to Rhode Island: in mid-
May and in early August, in order to determine prevalence of microphallid trematodes
in Cancer, Carcinus, and Hemigrapsus populations in the WNA. I surveyed six sites during
the first survey (Figure 3: red and green points): Camden, Maine; Orr Island, Maine; Rye,
New Hampshire; Gloucester, Massachusetts; Scituate, Massachusetts; and Weekapaug
Point, Rhode Island. During the second survey I sampled four sites (Figure 3: red and
blue points): Camden, Maine; Rye, New Hampshire; Scituate, Massachusetts; and Provi-
dence, Rhode Island. These sites were selected to provide even coverage of the WNA.

I deployed crab traps two hours before high tide using canned tuna as bait. Cans
were punctured to allow the smell of the tuna to diffuse into the water and attract crabs
to the trap. The tuna cans were then placed in a bait container to prevent crabs from
consuming the tuna so it would continue to attract more crabs during the entire time it
was set. Most traps were collected two hours after high tide, though some traps were
left overnight and collected in the morning. From the collected traps, I preferentially
selected fifteen larger individuals of each species for my prevalence study. For Cancer,
I collected all individuals as I was unable to trap more than six individuals at any one
site. For Carcinus, I preferentially selected individuals whose carapace width was at least
30mm, with the actual size of the crabs collected ranging from 20.4mm-80mm with an
average of 51.6 £ 13.03mm. For Hemigrapsus, 1 preferentially selected individuals whose
carapace width was at least 20mm, with the actual size of the crabs collected ranging
from 16.3mm-37.9mm with an average of 26.3 = 4.2mm. This was done to select older
individuals who would have had more time to accrue parasitic infection and therefore
allowed me to determine trematode prevalence in adult populations of each crab species

at each site. I transported the crabs back to ECU on ice where I then froze the crabs in a

13



447

Lab]
e
=
'E.ﬁ 431 Rye
* Gloucester
Scituate
42
Providence
* WeekapaugP eint
41 1

# Orrlsland

Camden

-73 72 -71 -70

Longitude

Survey

Both
First only

Second anly

Figure 3: Site selected for New England Survey of Cancer, Carcinus, and Hemigrapsus
crabs. Survey sites are labeled with red if they were visited on both surveys, green if
visited only during the first survey, and blue if visited only during the second survey.
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-20°C freezer until dissection.

I collected carapace width using calipers, measuring the widest part of the carapace
of each crab. I also recorded the sex of each individual before the crabs were dissected. A
razor blade was used to separate the upper and lower parts of the carapace to expose the
internal tissues. In order to determine if the crabs were infected, I removed eight snips
of tissue (Figure 4): six from the hepatopancreas (storage tissue), one from the gonads,
and one from the thoracic ganglia (nerve center). These snips of tissue were large enough
to cover the area of a 22x22mm glass cover slip. These tissue snips were placed on pre-
weighed glass slides and covered with a glass cover slip.

I then took the slides and systematically scanned them for trematode cysts using a
compound microscope at 4x magnification and counted total cysts per tissue snip using
a handheld tally counter (Figure 5). After completing the visual inspections, I weighed
each slide in order to calculate tissue snip weight. I saved all tissue snips containing
trematode cysts in a 1.5mL tube and stored the tissue in the -20°C freezer for genetic
analysis. Remaining hepatopancreas, gonadal tissue, and crab carcasses were dried in an
incubator at 70°C for one week, and then weighed to determine the dry weight of these
tissues and the remainder of the crab in order to determine the Hepatosomatic Index (HSI)
and Gonadosomatic Index (GSI) for each crab species. I was interested in looking at HSI
and GSI for each crab species as I wanted to see if parasitic infection would influence the
mass of either tissue type across all three crab species, but especially the hepatopancreas
as the metacercarial cysts tend to concentrate in that tissue. This calculation would also
allow me to estimate total number of cysts per individual, which would provide a better

comparison among species.
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Figure 4: Dissection of each crab species consisted of removing eight different snips of
tissue from different areas of the crab. Snips 1-6 came from the hepatopancreas; two from
the left side of the carapace, two from the right side of the carapace, and two from above
the body cavity. One snip of tissue was removed from the gonads and the final snip of
tissue was of the entire thoracic ganglion.
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Figure 5: Metecercarial cysts of a Microphallus spp. trematode at 4x magnification, found
in the hepatopancreas of Carcinus maenas.
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1.2.2 Determining Trematode Identity

I performed DNA extractions using a standard cetyl trimethylammonium bromide
(CTAB) protocol (France et al., 1996) on a subset of microphallid trematode metacercar-
ial cysts dissected from infected Carcinus and Cancer crabs collected from previous field
samplings in Newfoundland and the Eastern North Atlantic by the Blakeslee lab, as well
as from crabs collected during the surveys conducted in New England (Figure 3). Cysts
counted in one snip of tissue were pooled to increase amount of parasite DNA. I expanded
the range of sites used for this study in order to better understand if there were multiple
species of trematodes in the WNA and if samples from Europe could indicate if species
were brought over with Carcinus. In Newfoundland, both Cancer and Carcinus crabs from
Placentia Bay were included; however, only Cancer crabs from Conception Bay were in-
cluded, as Carcinus has not yet invaded that bay. Cercariae from first intermediate hosts
as well as metacercariae from Carcinus crabs from Europe were also included to provide
DNA from microphallid parasites found in Europe where Carcinus in native. Extracted
DNA was re-hydrated with molecular water and tested for purity and DNA concentra-
tion using a Nanodrop 8000 (ThermoFisher Scientific, Waltham, Massachusetts).

A 468-bp region of the 185 rRNA gene was amplified using primers (F: ACGGAT-
ACGGGACTCAACAG; R: TGGCATCGTTTATGGTCAGA) designed from a Microphallus
turgidus sequence (Genbank accession #: EU825773.1). PCR was performed using a total
volume of 25ul containing 7-7.5ul of water, 12.5ul of master mix, 1.51 of each primer at
a concentration of 10 uM, 1-1.5ul of MgCl,, 0-1uL of BSA, and 1ul of the extracted DNA
product using a PCR profile of: 95 °C for 2min; 30 cycles of 95°C for 30s, 55°C for 30s, and
72°C for 60s; and 72°C for 5min (Blakeslee et al. 2010). Amplicons were purified using
ExoSAP-IT (ThermoFisher Scientific, Waltham Massachusetts).

Purified samples were sequenced using the Sanger sequencing technique at Macro-
gen, Inc. (Rockville, Maryland, USA). I compared our sequences to Genbank se-

quences from other microphallids in the WNA and ENA (NCBI Resource Coordinators
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2016): M. turgidus (accession #EU825773.1), M. primas (accession #A]J287541.1), and Mi-
ratrema oocysta (accession #AJ287534.1), and other phylogenetic studies conducted in the
Blakeslee lab: M. similis, Gynaecotyla adunca, and Miratrema arenaria (Blakeslee et al. un-
published) using the software Genious 10.0.9 (http://www.geneious.com, (Kearse et al.,
2012)). All sequences were cleaned, inspected for ambiguities, and aligned to a M. similis
reference sequence. These sequences were analyzed for substitutions in order to deter-

mine different parasite haplotypes in each species as well as each population.
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1.2.3 Statistical Methods: Prevalence and Intensity of Infection

Prevalence of infection was calculated for each species of crab at each site visited dur-
ing the two New England surveys (Figure 3), by dividing the number of crabs at a given
site infected with a trematode parasite by the total number of crabs collected at that site.

HSI and GSI were calculated by finding the proportion of hepatopancreas of gonad to
the entire body weight of the crab. I corrected these indicies by accounting for any lost
limbs and adding in the weight from those limbs to the dry crab carcass weight. This was
done by obtaining dry weights of a small subset (n = 6) of Cancer limbs (walking legs and
chelipeds) and regressing limb weight with the size of the crab carapace (walking legs:
R? = 0.1624; cheliped:R? = 0.8925). For Hemigrapsus, I used the regression for cheliped
and walking legs in Kroft & Blakeslee (2016). For Carcinus, all my crabs were intact and
so no lost limb calculation were required. The corrected HSI was therefore the dried
hepatopancreas divided by the dried crab carcass (+ any missing limb weight) and the
gonad weight. Corrected GSI was calculated in a similar fashion, where the dried gonad
was divided by the combined dried carcass (+ missing limb weight) and hepatopancreas
weights. I then ran ANOVAs on the HSI and GSI of each crab species to compare between
infected and uninfected individuals using the program R R Core Team (2013).

I also estimated total cysts in each individual crab to more accurately compare cyst
intensities among crabs, since counts represented a subset of cysts in the crab’s tissue. Dry
weight was calculated by adding dry crab carcass weight to the dried hepatopancreas and
gonad weights. This was only done with Cancer and Carcinus as Hemigrapsus are small
enough that all of the gonad, hepatopancreas and thoracic ganglia is scanned under the
microscope, so for this crab species cyst counts are exact and estimates are not required.
The average hepatopancreas snip wet weight was used to estimate the number of cysts
per 1 gram of wet weight of hepatopancreas. To convert the dried weight to wet weight a
regression was created based on previous sampling of Carcinus (R? = 0.8194) (Blakeslee

et al., 2015). This regression allowed for a wet to dry ratio to be determined so that dry
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weight of hepatopancreas could be converted to wet weight. This wet weight was then
multiplied by average cysts per gram of tissue to calculate the total hepatopancreas cyst
estimates within the entire crab. These conversion and estimation methods were modeled
after Blakeslee et al. (2015). I then looked at the relationship between cyst intensity and
HSI or GSI in infected crabs using the package stats to determine (R?) and P values R Core
Team (2013). I conducted these tests on Cancer and Carcinus only due to the small sample

size for Hemigrapsus.

1.2.4 Statistical Methods: Trematode Identity

To explore the phylogenetic relationships among trematodes found in all three
species found in the survey, as well as those collected in Newfoundland, Canada,
and Europe, Genious 10.0.9 (http://www.geneious.com, (Kearse et al., 2012)) was used
to create Bayesian phylogenetic reconstructions (burn-in length: 100,000; total chain
length: 1,100,000) using MrBayes3.2.6 (Ronquist and Huelsenbeck, 2003). PopArt 1.7
(http:/ /popart.otago.ac.nz/index.shtml) was used to create a graphical haplotype net-
work (using a TCS haplotype network) and haplotypes were labeled by hosts species and
collection location. A Shannon-Weiner diversity test was used to analyze haplotype rich-

ness and relative abundance to compare haplotype diversity among crabs and regions.
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1.3 Results/Discussion
1.3.1 Determining Prevalence of Microphallid Parasites in New England

During the survey in May 2017, I visited six different locations (Table 1): Camden,
Maine, Orr Island, Maine, Rye, New Hampshire, Gloucester, Massachusetts, Scituate,
Massachusetts, and Weekapaug Point, Rhode Island. Of these sites, I was only able to
trap Cancer crabs at two sites: Orr Island and Scituate. I was assisted in our collection at
Orr Island by collaborators at Bowdoin College who placed overnight traps for us. Only
five Cancer crabs were collected from Orr Island, and four had trematode metacercariae in
their tissues (prevalence = 80%). In Scituate, I was able to collect six Cancer, and of those,
five were infected with trematode metacercarial cysts (prevalence = 83%). Through dis-
cussions with local fisherman in Maine, it was suggested that coming later in the season
may increase those numbers as Cancer tend to be further offshore in late spring, which
may help to explain why I only found Cancer crabs at two sites and in such low numbers
in May.

I found more Carcinus during the first survey than I did Cancer crabs. At Orr Island,
Maine I collected fifteen individuals, and all were infected with trematode metacercarial
cysts (prevalence = 100%). However, at Sherman Cove in Camden Maine, approximately
54 miles straight line distance northeast of Orr Island, none of the fifteen Carcinus col-
lected were infected (prevalence = 0%). Sherman Cove is less of a protected area than
Orr Island, and it is possible that more wave action could prevent cercariae from finding
hosts. A study in 2002 showed that the cercariae of M. similis were still able to swim to-
wards dark conditions in turbulent water, where their second intermediate hosts would
normally be found, but Miratrema arenaria cercariae were unable to do so, indicating that
the success of cercariae in turbulent waters could be dependent on parasite species (Mc-
Carthy et al., 2002).

In Rye, New Hampshire, I hand collected nine individual Carcinus at Odiorne State
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State Site Species Caught | Infected | Prevalence
Maine Orr Island Cancer 5 4 80%
Maine Orr Island Carcinus 15 15 100%
Maine Orr Island Hemigrapsus | 15 0 0%
Maine Sherman Cove | Cancer 0 N/A N/A
Maine Sherman Cove | Carcinus 15 0 0%
Maine Sherman Cove | Hemigrapsus | O N/A N/A
New Hampshire | Rye Cancer 0 N/A N/A
New Hampshire | Rye Carcinus 15 12 80%
New Hampshire | Rye Hemigrapsus | 15 0 0%
Massachusetts Gloucester Cancer 0 N/A N/A
Massachusetts Gloucester Carcinus 14 9 64%
Massachusetts Gloucester Hemigrapsus | 15 0 0%
Massachusetts Scituate Cancer 6 5 83%
Massachusetts Scituate Carcinus 15 13 86%
Massachusetts Scituate Hemigrapsus | 15 4 26%
Rhode Island Weekapaug Cancer 0 N/A N/A
Rhode Island Weekapaug Carcinus 0 N/A N/A
Rhode Island Weekapaug Hemigrapsus | 15 0 0%

Table 1: Table of collections made during the first New England Survey in May. State
indicates which New England state the site was located in. Site indicates the specific sam-
pling area. Species indicates which of the three species was collected. Caught denotes the
number of individuals collected and Infected indicates how many individuals I detected

metacercarial cysts in. Prevalence is reported as percent infected
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Park and used traps at Rye Harbor to collect an additional six Carcinus. Of the fifteen
collected in total, twelve of these crabs were parasitized with metacercarial cysts (preva-
lence = 80%). All nine of the individuals hand collected were infected, and only three of
the crabs caught in traps were parasitized.

I visited two sites in Massachusetts: Gloucester and Scituate. In Gloucester, I collected
tourteen Carcinus, and of those collected, nine were infected (prevalence = 64%). These
crabs were collected in much deeper water than the other traps due to the sampling loca-
tion. No hand collections were possible in this location due to the terrain. In Scituate, I
collected fifteen crabs from both traps and hand collections and thirteen were parasitized
(prevalence = 86%).

Hemigrapsus crabs were collected at the following sites: Orr Island, Odiorne State Park,
Gloucester, Scituate, and Weekapaug Point. All of these crabs (N = 15 per site) were
hand collected. All individuals were unparasitized except for four individuals collected
from Scituate (prevalence = 26%). Unlike other infections that predominately occur in the
hepatopancreas, the cysts in these four crabs were only found in the thoracic ganglia. In
addition, the cysts were not well encysted in the tissue and seemed to be resting on top
of the thoracic ganglia rather than encysted within it.

During the second survey in August 2017, I pared down my sites and visited four lo-
cations (Table 2). I revisited three sites from the first survey: Camden, Maine; Rye Harbor,
New Hampshire; Scituate, Massachusetts; and added a new site in Providence, Rhode Is-
land. During this survey I found fewer crabs overall when compared to my first survey. I
found Cancer crabs only at Rye Harbor and Scituate. I collected three un-parasitized crabs
at Rye and seven un-parasitized crabs at Scituate. I saw a similar trend with Carcinus, col-
lecting crabs from Camden, Rye, and Providence and finding no infected individuals. I
was unable to collect Carcinus from Scituate through traps or hand collecting.

During both surveys, I was unable to trap more than seven Cancer crabs at any one site.

I did limit my traps to the intertidal/shallow subtidal region at each site. This was done
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State Site Species Caught | Infected | Prevalence
Maine Sherman Cove | Cancer 0 N/A N/A
Maine Sherman Cove | Carcinus 6 0 0%
Maine Sherman Cove | Hemigrapsus | O N/A N/A
New Hampshire | Rye Cancer 3 0 0%
New Hampshire | Rye Carcinus 15 0 0%
New Hampshire | Rye Hemigrapsus | 13 0 0%
Massachusetts Scituate Cancer 7 0 0%
Massachusetts Scituate Carcinus 0 N/A N/A
Massachusetts Scituate Hemigrapsus | 14 0 0%
Rhode Island Providence Cancer 0 N/A N/A
Rhode Island Providence Carcinus 10 0 0%
Rhode Island Providence Hemigrapsus | 15 0 0%

Table 2: Table of collections made during the second New England survey in August.
State indicates which New England state the site was located in. Site indicates the spe-
cific sampling area. Species indicates which of the three species was collected. Caught
denotes the number of individuals collected and Infected indicates how many individu-

als I detected metacercarial cysts in. Prevalence is reported as percent infected
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in order to collect crabs that would have been more likely to be exposed to the cercariae
released by L. saxatilis or L. obtusata, the upstream hosts of Microphallus spp.. From prior
sampling performed in Newfoundland, we know trapping Cancer crabs in the shallow
subtidal where Carcinus has not yet invaded can yield high abundances (Blakeslee et al.
in prep). It can be hypothesized that the presence of Carcinus may have affected the
abundances of the native Cancer crabs in Newfoundland and has probably also affected
abundances in New England where the crab has invaded and spread through the region
in the 1800-1900s.

An explanation for the low Carcinus abundances at my US sites may be due to the
mating season (Berrill, 1982). Carcinus form mating pairs in which the female is guarded
by a male in their subtidal habitats, which would be far deeper than our traps would have
been set (Berrill, 1982). In Maine, mating in Carcinus peaks in the end of August through
mid-October, though occasionally mating can start in late July (Berrill, 1982). However,
even if matings started in early August in 2017, we may still expect some adult individu-
als higher in the intertidal before the peak mating season. If we consider climate change
and how that maybe shifting the mating season of Carcinus crabs, we might predict that
the mating season would have started earlier in the summer, especially since data from
Woods Hole, Massachusetts suggest that ocean water temperatures have been rising since
1970 (Nixon et al., 2004).

With these warming temperatures, it is possible that the mating season of Carcinus
has shifted earlier in the summer months so that there are not many adults left in the
intertidal or high subtidal in early August. Climate change has been implicated in tem-
perature related behaviors in other animal systems (Van Buskirk et al., 2009; Jones et al.,
2010; Jensen et al., 2018); thus it is not a stretch to suppose the same could be occurring
in this system. For example, Van Buskirk el. al. saw a significant shift in the migration of
song birds, with the spring migrations occurring earlier in several species (2009). Addi-

tionally the southern range contraction of the blue mussel Mytlius edulis, to north of Cape
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Hatteras, NC due to mass mortality along with a northern expansion were both tied to
high summer water temperatures (Jones et al., 2010). Rising temperatures have also been
linked to the feminization of green turtles in the Great Barrier Reef (Jensen et al., 2018),
in which two populations were studied and at the cooler site a slight female bias (65-
69%) was observed but at the warmer site an extreme female bias was observed (99.1% in
juveniles).

In my study, I found essentially no infection of Hemigrapsus by Micropahllus spp. dur-
ing the first or second survey, as expected, with the exception of the crabs collected from
Scituate during the first survey. I also found an overall lack of parasitized Carcinus and
Cancer crabs during the second survey. This seemed counterintuitive as several known
helminths and other macroparasites have been shown to have peak transmission or inten-
sity in the summer months (Altizer et al., 2006). Based on this prior evidence, I expected
to find more infected individuals at the study sites than were found in May; however, this
was not the case. A possible hypothesis could be that the upstream gastropod hosts were
not in high abundances, perhaps due to mortality. Fredensborg et. al. showed that in-
fected intertidal gastropods demonstrated reduced survival at both 18°C and 25 °C when
compared to their uninfected counterparts (2005). This, combined with rising tempera-
tures in the intertidal, could induce mortality of these upstream hosts, thereby reducing
transmission of the trematode to its second intermediate host.

Not only did I look at infection status of crabs collected along the coast of New Eng-
land, but I also took a subset of each crab species (Cancer, n = 11 infected and n= 9 unin-
fected; Carcinus, n = 24 infected and n = 16 uninfected; Hemigrapsus, n = 4 infected and
n = 76 uninfected) and calculated body indices (HSI and GSI) for each species. HSI and
GSI were calculated to see if there was a physiological effect of infection on these crab
hosts through alterations of the mass in these tissues when compared to uninfected crabs.
After accounting for missing limbs and estimating infection within the entire crab (see

methods), there is a nearly significant difference between the average HSI of infected and
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uninfected Cancer [F(1) = 3.999, P = 0.06] and Carcinus [F(1) = 2.268, P=0.14] with infected
individuals trending towards a higher HSI (Figure 6). This trend was not seen in Hemi-
grapsus [F(1) = 0.0657, P = 0.63). It is important to note that since I only recovered four
infected Hemigrapsus these comparisons were completed with a very small sample size
and may not be reflective of what is actually occurring in nature.

These results are interesting in terms of time spent on the WNA by each crab species
and the HSI of infected vs uninfected crabs. As a native to the WNA, Cancer crabs have
evolved with the parasites present here and therefore a native parasite could have a
more targeted effect on its native host. For example, an acanthocephalan species, Pom-
phorhynchus laevis, can alter the immune defenses and behavioral traits of a native am-
phipod host, Gammarus pluxes, with far more success when compared to the introduced
amphipod host, Gammarus roeseli (Lagrue, 2017). This co-evolutionary history could ex-
plain the trend we see with infected Cancer having on average a higher HSI than their
uninfected counterparts. Carcinus crabs invaded this region in the late nineteenth- early
twentieth century (Carlton and Cohen, 2003), and while native parasites may have host
switched (Figure 1), they probably are not as well evolved to elicit such a specific a re-
sponse from these crabs. Hemigrapsus has only been in New England since the late 1980’s
and therefore any native parasite may not be equipped to elicit any specific response from
this introduced host.

I also examined GSI in all three crabs. For this body index there was no apparent
difference between infected and uninfected individuals (Figure 7). Cancer and Carcinus
had non-significant differences [F(1)=0.202, P=0.658 and F(1)=0.516, P=0.477] between in-
fected and uninfected individuals. Hemigrapsus showed a trend indicating lower GSI in
infected crabs when compared to uninfected crabs [F(1) = 3.629, P = 0.06] however as
stated above this sample only includes four infected individuals so this may not be reflec-
tive of what is actually occurring in nature.

Finally, I examined how the estimated metacercarial cyst intensity of the infected in-
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Differences in HSI of Infected and Uninfected Crabs
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Figure 6: Plots of average corrected HSI of the three crabs collected during New England
Surveys. Corrected HSI indicates the proportion of dried hepatopancreas to total dried
body weight of the crab corrected for any missing walking legs or chelipeds. Lines rep-
resent 95% confidence intervals around mean corrected HSI values for each crab species.
Infected crabs are shown in red while uninfected crabs are shown in blue. Cancer and
Carcinus show a trend for HSI of infected crabs to be greater than uninfected crabs (P =
0.06 and P = 0.14 respectively). No difference between infected and uninfected Hemigrap-

sus (P = 0.63).
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Differences in GSl of Infected and Uninfected Crabs
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Figure 7: Plot of average corrected GSI of the three crabs collected during New Eng-
land Surveys. Corrected GSI indicates the proportion of dried gonad to total dried body
weight of the crab corrected for any missing walking legs or chelipeds. Lines represent
95% confidence intervals around mean corrected GSI values for each crab species. In-
fected crabs are shown in red while uninfected crabs are shown in blue. No significant
differences seen between the GSI of infected or uninfected Cancer and Carcinus crabs (P
= 0.658 and P = 0.516 respectively) while there is a trend for GSI of infected Hemigrapsus
to be higher than uninfected crabs. This however is based off of a small sample size and
more samples would be needed to support trend.
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dividuals may affect HSI (Figure 8) or GSI (Figure 9) across individuals. I found no sig-
nificant correlations between intensity of infection and HSI in two of the crab species
(Cancer(n=11): adjusted R? = —0.04891, p=0.484; Carcinus(n=24): adjusted R?> = —0.045,
p=0.923). When looking at GSI, there were also no relationships between GSI and es-
timated cyst intensity (Cancer: adjusted R> = —0.1013, p=0.7832; Carcinus: adjusted
R? = —0.0333, p=0.616). These analyses were not run on the HSI or GSI of Hemigrap-
sus as the sample size of infected individuals was too small (n=4).

These findings partially support those found by Blakeslee el. al. during their infection
experiment with Carcinus (2015). Neither study demonstrated a relationship between
cyst intensity and HSI or GSI. However, in my results, I demonstrated a trend between
infection status and HSI in both Cancer and Carcinus crabs. A major difference between
these two studies is that I ran these analyses on field collected individuals and the 2015
study analyzed Carcinus after being held at standard laboratory conditions for four weeks.
Since the crabs collected during my study were immediately frozen differences between

mean HSI values may be more indicative of what is seen in nature.
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Effect of Cyst Intensity on HSI

Cancer irroratus

0157
0.101
005] WA
000 *
. Carcinus maenas
% 0154 * Species
D010 . + Cancer irroratus

E 0.05 ?, < » + Carcinus maenas

r

o 0.00 + Hemigrapsus sanguineus
Hemigrapsus sanguineus
0.154
0.10
0.05 1 I
0.00+
o & & &
S o i

Estimated Cyst Intensity

Figure 8: Scatter plots of infected individuals of each crab species plotted against their
corrected HSI values. Corrected HSI indicates the proportion of dried hepatopancreas to
total dried body weight of the crab corrected for any missing walking legs or chelipeds.
Shading shows 95% confidence intervals. Top panel with the red line indicates infected
Cancer individuals (n=11), middle panel with the green line indicates infected Carcinus in-
dividuals (n=24), and the bottom panel with the blue line indicated infected Hemigrapsus
individuals (n=4).
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Effect of Cyst Intensity on GSI
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Figure 9: Scatter plots of infected individuals of each crab species plotted against their cor-
rected GSI values. Corrected GSI indicates the proportion of dried gonad to total dried
body weight of the crab corrected for any missing walking legs or chelipeds. Shading
shows 95% confidence intervals.Top panel with the red line indicates infected Cancer in-
dividuals (n=11), middle panel with the green line indicates infected Carcinus individuals
(n=24), and the bottom panel with the blue line indicated infected Hemigrapsus individu-
als (n=4).
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1.3.2 Determining Trematode Identity

To determine trematode identities of metacercarial cysts in WNA, I utilized standard
genetic techniques as it is very difficult to use morphology to identify trematodes at the
metacercarial (cyst) stage. My analysis included 216 trematode cyst sequences from 126
individual crabs collected in the aforementioned New England surveys, Newfoundland
(from Blakeslee et al., In Prep), Nova Scotia/ New Brunswick, and Europe (from Blakeslee
et al., In Prep). I compared these samples to three Genbank sequences for M. turgidus
(accession #EU825773.1), M. primas (accession #A]J287541.1), and Maritrema oocysta (acces-
sion #AJ287534.1), and sequences acquired from the Blakeslee lab: M. similis, Gynaecotyla
adunca, and Maritrema arenaria (Blakeslee et al., unpublished). These treamtodes were
identified using both sequence data from cercariae collected from the upstrem hosts (Lit-
torina spp. and T. obsoleta) as morphological identifications for cercariae using published
keys (James, 1968; Stunkard, 1983). For M. similis, sequences from cercariae from the up-
stream snail hosts were also combined with metacercarial cysts in crab hosts and were
found to be identical (or within the same M. similis lineage; see below)

Using a TCS haplotype network analysis, 20 different haplotypes were identified
across these samples (Table 3). Constructing a Bayesian tree allowed me to identify dif-
ferent lineages and to group haplotypes by lineages (Figure 10). To determine a lineage,
I grouped together haplotypes that were at least 98% similar. This number was chosen
as two known Miratrema species, M. oocysta and M. arenaria, were also mapped on our
tree and they were 97% similar. When considering these results, it is important to note
that I used a highly conserved marker. These analyses may therefore underestimate the
differences between haplotypes, making the trematode samples appear more similar than
they may actually be. Using a less conserved marker in future analyses may offer a better
resolution of these parasite lineages.

Most haplotypes fouped in Lineage A (Figure 10: blue box) with 99% similarity be-

tween haplotypes and consisted of the most sequences (N = 134). Within this Lineage
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Haplotype | CICB | CIPB | CMPB | CMNSNB | CMUSA | CIUSA | HSUSA | EU
1 21 12 30 4 32 5 0 14
2 1 16 0 0 2 0 0 0
3 0 0 0 0 0 0 0 14
4 0 0 0 1 13 0 0 0
5 0 0 6 0 0 0 0 0
6 0 4 1 0 0 0 0 0
7 0 0 0 4 1 0 0 0
8 0 0 4 0 0 0 0 0
9 0 0 0 2 2 0 0 0
10 0 0 0 4 0 0 0 0
11 3 0 0 0 0 0 0 0
12 0 0 3 0 0 0 0 0
13 0 0 0 0 0 0 0 2
14 0 0 2 0 0 0 0 0
15 0 0 0 0 0 2 0 0
16 0 0 0 0 2 0 0 0
17 0 0 0 0 0 0 2 0
18 0 0 0 0 0 0 0 1
19 0 0 1 0 0 0 0 0

20 0 0 0 0 0 1 0 0
Total 25 32 47 15 52 8 2 31

Table 3: All sequences generated from each region of collection. Regions are coded
as follows: CB=Conception Bay Newfoundland; PB= Placentia Bay Newfoundland;
NSNB= Nova Scotia/ New Brunswick, USA= United States of America and EU= Eu-
rope. Species used are coded as follows: Cl= Cancer irroratus, CM= Carcinus maenas, and
HS=Hemigrapsus sanguineous. Column headers are coded so that the first two letters rep-
resent the species so that CICB= Cancer irroratus in Conception Bay, with the exception of
EUR as there was no separation of species done for these samples.
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was HAP1, which included the reference sequence for the microphallid trematode M.
similis. This microphallid was also observed in upstream Littorina spp. snail hosts, where
morphological characteristics of cercariae have been used for identification James (1968);
Stunkard (1983); Galaktionov et al. (2012); Blakeslee et al. (2015). HAP1 was represented
from every sampled region as well as from both Cancer and Carcinus in those regions.
This haplotype was the most common in Lineage A, with 118 sequences and a frequency
of 52.3%. As this haplotype was recovered on both sides of the Atlantic Ocean, it could
indicate that M. similis is a cosmopolitan species, a possibility I will discuss further below.

The remainder of the lineages indicated in the tree contain haplotypes found either on
the WNA or ENA but not both. Lineage B (Figure 10: gray box) included HAP3 and a
Genbank sequence of a different microphallid species, Microphallus primas (100% similar).
HAP3 was only found in specimens collected from Europe, which may indicate that M.
primas, a closely related microphallid, is not in or at the very least exceedingly rare in the
WNA. In Europe, M. primas primarily utilizes the gastropod Hydrobia ulvae as its upstream
host before encysting in the hepatopancreas or gonads of its second intermediate host,
which is often Carcinus (Costa et al., 2017). As with other microphallids, M. primas is
trophically transmitted to the definitive host which is often the marine shorebird, Larus
cachinnans (Costa et al., 2017)

Lineage C (Figure 10: purple box) contained three haplotypes that were 99% similar.
This lineage was found mainly in Carcinus (81% of the sequences) and was found in both
Nova Scotia/ New Brunswick, Canada and the United States with even frequency. While
we did not recover many sequences from Cancer crabs, this could be an artifact of our
low Cancer sequence numbers from the United States (n=8) or the lack of Cancer crabs
collected in Nova Scotia/ New Brunswick. However, it could also indicate a trematode
lineage that was brought over when Carcinus was introduced and has since host switched
to infect Cancer. Additional sampling and more genetic markers could help to answer this

question.
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Lineage D (Figure 10: red box) was found in both Cancer and Carcinus crabs and was
found in crabs collected from both bays sampled in Newfoundland, Canada; Nova Sco-
tia/ New Brunswick, Canada, and the United States of America. However, it was not
found in Cancer crabs from the United States, but this could be an artifact of our low
sample size (n=8) rather than an indication that this haplotype is not present in Cancer
found in the United States. This lineage also mapped with a sequence, Gynaecotyla adunca
(Blakeslee et al, unpublished), in which all of these sequences were 100% similar. G.
adunca is another microphallid that utilizes the gastropod Tritia obsoleta as its first inter-
mediate host, generally followed by fiddler crabs or amphipods as the second intermedi-
ate host before completing its life cycle in shore birds or fish (Hunter and Vernberg, 1953;
Blakeslee et al., 2012). Additional work could be done to determine if these are incidents
of accidental infection or if G. adunca is using these two crabs as competent intermediate
hosts.

Finally Lineage E (Figure 10: green box) consists of two haplotypes, 17 and 20 which
were 98% similar. Even though these two haplotypes are within my similarity cut-off,
they are clearly more divergent from one another than the other haplotypes within my
lineage groupings for Lineages A-D. In addition, these haplotypes were also very rare.
Interestingly, one of the two haplotypes, HAP17, was only found in Hemigrapsus col-
lected from the United States and HAP20 was only found in Cancer collected from the
United States. While these two haplotypes were grouped within the same lineage, we
do not know what microphallid parasite could be infecting both Hemigrapsus and Cancer
in the WNA. What is interesting is that the cysts in these haplotypes were all recovered
from the thoracic ganglia, not the hepatopancreas. Due to the small number of individual
sequences for these haplotypes (N=3), as well as the low level infection intensity (maxi-
mum of four cysts in one crab), this could potentially indicate an accidental infection by
this mystery microphallid; however, more evidence is needed to determine this.

I also created a haplotype network to better observe how these lineages were related

38



to one another (Figure 11). Based on this network, HAP 10 appears to group with lineage
C; however I referred to the Bayesian tree while assigning lineages. This could indicate
that there are additional haplotypes that we did not recover, and the addition of those
haplotypes may better resolve the relationships of this lineage.

The haplotype network also allows for better visualization of geographic groupings.
Lineage B, which consists only of European samples, is most closely related to lineage A,
the only other lineage to contain European samples. Lineage C contains mostly samples
from Nova Scotia/ New Brunswick, Canada, though there are a few samples from the
United States also represented in this lineage. These US samples within this lineage are
from Maine and New Hampshire which, at most, are 238 miles away from the Canadian
sites with suitable habitat for Cancer and Carcinus crabs between these points. Therefore
the sharing of this lineage between these geographic region makes sense.

The haplotype map allows for a better examination of Lineage E as well. There are
several changes in the nucleotide sequence between haplotypes 17 and 20. While perhaps
this could be expected as they were found infecting two different species of crab, this pat-
tern does not occur in similar situations between Cancer and Carcinus haplotypes. More-
over, Cancer and Carcinus actually share the same haplotypes in some lineage groups.
However, Cancer and Carcinus are far more closely related to each other than either one is
to Hemigrapsus (Tsang et al., 2014).

What can be seen by both the phylogenetic tree and the network is that this system is
far more complicated than originally thought. Through the use of genetic tools, I was able
to determine that there are four different lineages in my survey sites alone (five including
Europe). Adding in additional samples from Nova Scotia/ New Brunswick, Newfound-
land, and Europe only strengthened the different lineage groupings. Many of the samples
collected from Europe are not the microphallid M. similis but instead are far more similar
to the microphallid M. primas. Additional samples from Europe would be needed in or-

der to better determine if the other lineages (C or D) found in the WNA are native to the
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WNA, or were brought over during the introduction of Carcinus. As I used a highly con-
served marker, using a less conserved marker in the future could not only help determine
the origins of lineages C or D but also help tease apart any differences between the WNA
and European haplotypes of lineage A. In addition, including data from trematodes in-
tecting Hemigrapsus in their native range could help to better understand lineage E and if
that parasite is native to the WNA or Asia.

Finally, using the final count of unique individuals per haplotype (Table 4), I cal-
culated a Shannon-Weiner diversity index pooled by region (Conception Bay, Placen-
tia Bay, Canada, United States of America, and Europe). I found Conception Bay to be
the least diverse (H=0.58), followed by Europe (H=0.74), Nova Scotia/ New Brunswick
(H=1.52), and Placentia Bay (H=1.56), with USA being the most diverse of the sampled ar-
eas (H=1.65). Itis clear that the last three regions had very similar diversity values despite
the differences in sample sizes among these regions. Interestingly, when I compared Pla-
centia Bay, Newfoundland and USA by species I noted higher diversity in Carcinus when
compared to Cancer and, in the case of the USA, Hemigrapsus. In both cases there was a
greater sample size of Carcinus used in the genetic sequencing, especially when looking
at the USA samples (Carcinus: n=29; Cancer: n=5; Hemigrapsus: n=2), and so sample size
has likely influenced the results in these comparisons.

It is possible that definitive hosts of these parasites could be increasing gene flow be-
tween the regions I explored. As Lineage A (the M. similis lineage) was recovered on both
sides of the Atlantic, it may represent a cosmopolitan species and it has been identified
in upstream snail hosts in the WNA and ENA (James, 1968; Stunkard, 1983). The final
host in M. similis are shore birds, specifically Larus argenetatus and Larus marinus serve as
the definite hosts and have impressive ranges on both sides of the Atlantic (Good, 1999;
Nisbet et al., 1999), however, these populations do not frequently mix. L. argenetatus is
often divided further into sub species; the WNA sub species, L. argenetatus smithsonianus,

and two European sub species, L. argenetatus argentatus and L. argenetatus argenteus (Nis-
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Haplotype g:;lceptlon glaaycentla Nova Scotia/ ISJtI; :Lesd Europe
New
Brunswick

1 14 20 4 16 12
2 1 10 0 2 0
3 0 0 0 0 3
4 0 0 1 9 0
5 0 2 0 0 0
6 0 4 0 0 0
7 0 0 4 1 0
8 0 1 0 0 0
9 0 0 2 2 0
10 0 0 3 0 0
11 2 0 0 0 0
12 0 3 0 0 0
13 0 0 0 0 2
14 0 2 0 0 0
15 0 0 0 1 0
16 0 0 0 2 0
17 0 0 0 2 0
18 0 0 0 0 1
19 0 1 0 0 0
20 0 0 0 1 0
Total 17 43 12 36 18

Table 4: Summary of unique individual hosts per the twenty unique haplotypes iden-
tified. Regions are pooled, combining sites from Conception, Placentia, and the United
States, and species collected in that region, to better categorize each location for Shannon-
Weiner Diversity Index.
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bet et al., 1999). This is similar in L. marinus where populations in the WNA remain there
for migration and breeding (Good, 1999). However, this species has been known to also
breed in Europe, which could drive a cosmopolitan distribution of M. similis around the
Atlantic Ocean, or potentially in a stepping stone fashion across the North Atlantic is-
lands. Sampling adult trematodes from gulls throughout the North Atlantic could help

to support this hypothesis.
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1.4 Conclusion

I had three main research questions that drove this study: 1) to determine if trematode
parasites were infecting the selected crab species, 2) to determine natural prevalence, in-
tensities, and body indices in each infected crab species, and 3) to determine if the trema-
todes found in all three host crabs were all the same species. To answer these questions
I conducted two surveys in New England, dissected hundreds of crabs, performed HSI
and GSI assays, and collected genetic data on the parasite cysts found in the crab tissues.

Focusing on my first goal, I found microphallid metacercarial cysts infecting all three
crab species, Cancer, Carcinus, and Hemigrapsus, during my surveys. Itis important to note
that I was only able to collect infected crabs during my first survey in May, as well as that
there were only four infected Hemigrapsus collected from one site. More surveys in this
area can help us to understand why parasite prevalence dropped in the second survey, as
well as see if we can collect additional infected Hemigrapsus crabs from the WNA.

Examining prevalence and intensities showed that trematode prevalence is high over-
all, and prevalence tends to be higher in Carcinus when compared to Cancer. I also saw
trends to indicate that HSI varied between infected and uninfected Cancer and Carcinus
crabs, with infected crabs having higher HSIs while there were no difference in the HSIs
of Hemigrapsus. GSls also showed no difference between infected and uninfected crabs
Caner and Carcinus, with a slight trend in different GSI of infected and uninfected Hemi-
grapsus, however the small sample size gives this result little statistical power. I also de-
termined that cyst intensity had no effect on the difference in HSI values between infected
and uninfected crabs. I believe that these data can help link infection by a trematode to
the effects felt by a host, especially behavioral effects that are explored in my next chapter.

Finally, I was able to determine that within these three crab species, there are five dis-
tinct lineages around the Atlantic Ocean, four of which are found in the WNA. I was able
to identify three of the five lineages as M. similis, M. primas, and G. adunca. In the WNA we

have M. similis and G. adunca, however M. primas was only recovered in the samples ac-
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quired from Europe. There are two additional lineages collected from the WNA, however
we are uncertain of their identity at this time. Lineage C was collected from Cancer and
Carcinus crabs while Lineage E was collected from Cancer and Hemigrapsus crabs. These
data demonstrate the there is more than just M. similis infecting these crabs in the WNA.
This is extremely important when considering the effects parasitism may have on a host

as different parasites may induce different effects.
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2 Chapter 2

2.1 Introduction

The previous chapter focused on where infected populations of crabs are found in the
WNA, as well determining identities of microphallids found infecting Cancer, Carcinus,
and Hemigrapsus. However, knowing where and which trematodes are infecting these
crabs is only part of the story. It is also important to understand what effects these para-
sites are having on their various hosts and how those effects may alter interspecific com-
petition between these hosts. In my previous chapter, I noted that there may be some
physiological effects of trematode parasitism on the body condition of Cancer and Carci-
nus crabs, specifically related to storage tissue (Hepatosomatic index, or HSI). Thus para-
sitism could play a role in influencing the physiological health of infected crabs compared
to uninfected crabs. Parasites have also been show to have significant impacts on the be-
haviors of their hosts, which may also have a role in the interactions that these hosts have
in their natural environments. I will focus on these potential behavioral effects in this
chapter. From my New England surveys, I found both Carcinus and Hemigrapsus in high
abundance in the intertidal zones, so I focused to these two NIS. As Carcinus and Hemi-
grapsus are commonly found together, understanding how trematode parasites may alter
host behavior can help us understand their competitive interactions.

There have been numerous studies published that have tested and analyzed interac-
tions between these two species for space, food, or even predation of one crab by the
other (Jensen et al., 2002; Lohrer and Whitlatch, 2002; DeGraaf and Tyrrell, 2004; Mac-
Donald et al., 2007; Griffen et al., 2008; Peterson et al., 2014). Here, I will summarize the
results of these studies, which will provide the necessary background information for
understanding whether parasites could influence factor in their interactions.

Several studies have found Hemigrapsus to outcompete Carcinus, whether it is in the

acquisition of preferred shelter or choice prey items. Lohrer and Whitlatch conduced



tield surveys which not only saw a steep decline in Carcinus abundance coupled with
a steady increase in Hemigrapsus abundance, but also saw a decrease in young of the
year recruitment and survival of Carcinus when exposed to Hemigrapsus adults (2002).
This shift in abundances was also seen along the North Sea where Carcinus is native and
Hemigrapsus has recently been introduced (Jungblut et al., 2017).

Jensen et. al. reported similar displays of dominance by Hemigrapsus both in securing
preferred shelter as well as feeding (2002). When Hemigrapsus were present, Carcinus were
rarely found beneath rocks, which is their preferred habitat and where they were found
in the absence of Hemigrapsus (Jensen et al., 2002). In competitive displays, Hemigrapsus
were able to reduce feeding times and take food from Carcinus with a higher success rate
than Carcinus crabs were able to take food from Hemigrapsus competitors (Jensen et al.,
2002).

Further investigations have found feeding rates to be influenced by competitive in-
teractions between the two species. In one study, as size of the prey item increased, the
biomass of prey items consumed by Hemigrapsus was greater than the biomass consumed
by Carcinus (DeGraaf and Tyrrell, 2004). In addition, Griffen et. al. reported that feed-
ing rates of Carcinus were negatively impacted by the presence of Hemigrapsus but that
Hemigrapsus were unaffected by the presence of Carcinus (Griffen et al., 2008). Not only
do Hemigrapsus seem to eat more and decrease the feeding rates of Carcinus crabs when
present, but Lohrer and Whitlatch also saw that Hemigrapsus crabs will often (50-80%) eat
a Carcinus crab at least 10mm smaller than itself (2002). This behavior was not observed at
similar rates when Carcinus crabs were paired with Hemigrapsus crabs 10mm smaller than
them. In those trials predation only occurred 10-40% of the time (Lohrer and Whitlatch,
2002).

In contrast to these competition and feeding studies, MacDonald et. al. found that
Carcinus found prey items faster and consumed more food when compared to Hemigrap-

sus in individual trials (2007). This trend continued in their interspecific competitions
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between both species, where Carcinus outcompeted Hemigrapsus when it came to finding
and consuming food (MacDonald et al., 2007). They also found that while Hemigrapsus
were more likely to instigate fights compared to Carcinus, there was no significant differ-
ence in which species won those fights (MacDonald et al., 2007).

While these studies seek to understand competition between these two introduced
species, none of them have addressed how parasites may alter their competitive interac-
tions. Parasites are an important part of the community ecology of any system and can
impact processes including interspecific interactions, host ecology, ans food web structure
(Hudson and Greenman, 1998; Lefevre et al., 2009). One particularly important concept
is that of apparent competition, wherein a parasite impairs the fitness of one species at a
higher degree than another (Hatcher et al., 2006; Lefévre et al., 2009). This uneven effect
of infection can also lead to an increase in biodiversity, as species which may normally be
extirpated from an area through competition may persist through apparent competition
(Lefevre et al., 2009). In 1948, this idea was demonstrated through the use of two species
of flour beetles, Tribolium castaneum and Tribolium confusum (Park, 1948). Park showed
that when together T. castaneum would outcompete T. confusum to the point to extinction
(1948). However, this trend was flipped when a parasite, Adelina tribolii, was introduced
to the two beetles leading to T. confusum outcompeting T. castaneum (Park, 1948).

Understanding how parasites may mediate interactions between native species in an
ecosystem is necessary to understanding community dynamics. Equally important is un-
derstanding how parasites affect native versus introduced species interactions in the face
of increased globalization (Seebens et al., 2016). Several studies have been conducted on
how parasites mediate the success of introductions, either through the introduced species
escaping their native parasites (Torchin et al., 2001; Blakeslee et al., 2009; Simmons, 2014),
the co-introduction of host and parasite (Lymbery et al., 2014; Goedknegt et al., 2016), or
the acquisition of native parasites by a non-native species (Prenter et al., 2004; Goedknegt

et al., 2016).
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When studying parasites and their effects on competition in the context of the enemy
release hypothesis, we could predict that newer introductions would have fewer para-
sites and therefore potentially an advantage over previously introduced species (Torchin
etal., 2001; Simmons, 2014). This is not always the case, as was seen in a 2002 study which
observed no difference in infection prevalence of the trematode, Cercaria batillariae in the
introduced gastropod, Batillaria cumingi or the native gastropod Cerithidea californica, but
a difference in the number of infecting trematode species was found between the two host
species (B. cumingi:n=1, C. californica: n=10) (Torchin et al., 2005). This difference in para-
site pressure is also seen when comparing parasite load in the crab species I have chosen
for my study, with Carcinus escaping sixty percent of parasites found in its native range
and Hemigrapsus escaping sixty-seven percent (Blakeslee et al., 2009; Kroft and Blakeslee,
2016).

If we consider competition in the context of a NIS bringing along a parasite from its
native range, there could be two main outcomes: either the co-introduced parasite suc-
cessfully host switches to use a native species as a host (parasite spillover), or the parasite
does not switch to use a native host (Goedknegt et al., 2016). If the introduced parasite
does switch to use a native species as a host, it can lead to devastating effects on naive
hosts (Bauer et al., 2002; Prenter et al., 2004). For example, the rapid decline of sturgeon in
the Aral sea was linked to the introduction of a monogenean gill fluke after another stur-
geon species was introduced in hopes of recovering the population (Bauer et al., 2002).
There are numerous studies showing that introductions of hosts that can lead to the co-
introduction of various diseases that native species have no prior immunity to and can
lead to devastating effects (Anderson and May, 1986; Holdich and Reeve, 1991; Kohler
and Wiley, 1997; Harvell et al., 1999; Daszak et al., 2000). However, if the parasite does
not host switch, the native species could incur a competitive advantage over the NIS
(Goedknegt et al., 2016).

We can also examine how native parasites host switching to introduced species may
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alter competitive interactions. By gaining a new parasite (parasite acquisition) the in-
troduced species could be at a disadvantage, in that being a naive host without any co-
evolutionary history with the native parasite could lead to increased effects of infection
(MacNeil et al., 2003). For example, MacNeil et. al. found that the acanthocephalan
parasite Echinorynchus truttae had higher prevalence in and greater influence on an intro-
duced amphipod than on a native amphipod, altering competitive outcomes (MacNeil
et al., 2003). However, host switching could ultimately lead to increased prevalence in
native populations (parasite spillback), with the introduced hosts acting as a reservoir for
the native parasites (Goedknegt et al., 2016).

In my study, I wanted to determine which (if any) of these varied responses to infec-
tion may be occurring in the WNA between these two common intertidal crabs (Carcinus
and Hemigrapsus). In particular, I first wanted to test how a microphallid trematode may
alter an individual crab’s behavior in the two species. Previous research demonstrated
that infection initially delayed the righting response (Figure 12), or the ability for a crab
to flip right side up after being flipped onto its back, of parasitized Carcinus (Blakeslee
et al., 2015). Thus far, this particular trematode (M. similis) has not been found infecting
Hemigrapsus but I wanted to test if there was a behavioral response to being exposed to
these parasites (even if not ultimately successfully infected by it). As these two crabs
are commonly found in the intertidal together, I also wanted to test how exposure to a

microphallid trematode would influence the interspecific competition between them.
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Figure 12: Crab species are placed ventral side up (left side of image) and a stopwatch is
used to see how long it takes each individual to flip back ventral side down (right side of
image). This was done three times to calculate average righting response time
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2.2 Methods

2.2.1 Exposure Experiment: Individual Responses

In order to test how infection by a microphallid trematode may alter host behaviors, I
used crabs collected from areas of low microphallid trematode prevalence and high crab
abundance. Carcinus were collected from Cape Cod, Massachusetts by a collaborator (Dr.
Carolyn Tepolt) while I collected the Hemigrapsus from Jackson Estuarine Marine Lab in
Durham, New Hampshire. Using the methods described in section 1.2.1, fifteen Carcinus
crabs received from Cape Cod were dissected and found to have no microphallids present
(prevalence=0%). For the Hemigrapsus crabs I collected specifically at Adam’s Point where
crab abundances were high and parasite prevalences were known to be low based on
prior field research there by Dr. Blakeslee (Blakeslee et al., 2009, Blakeslee unpublished).

Forty-eight Carcinus and forty-eight Hemigrapsus crabs were collected from their re-
spective sites. Using established protocols (Blakeslee et al., 2015), I divided each species
of crab into 2 treatment groups (n= 24 crabs each), and exposed (see methodology below)
one of the groups to microphallid trematodes for 72 hours to induce infection. Control
groups were composed of unexposed crabs. All groups contained equal numbers of sim-
ilarly sized adult males and females kept at standard conditions throughout the experi-
mental duration.

For the exposure treatment, I exposed crabs to 800 Littorina obtusata and Littorina
saxatilis snails, which serve as the upstream host for these microphallid trematodes
(Blakeslee et al., 2015). These snails were collected from York, Maine, and 100 individuals
of each species were dissected to determine prevalence of M. similis at this site(prevalence
=5%). Snails were then desiccated for 12 hours before being placed in a small strainer (to
prevent predation by the crabs) and re-hydrated for 12 hours in the exposure container
(Figure 13). This was done to simulate a tidal cycle and induce shedding of the cercariae

These strainers were tied below the water line at the top of the exposure tanks, which
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Figure 13: Diagram of exposure tank used in infection experiment. Crabs were placed at
the bottom of container with Littornia spp. contained in strainers to prevent predation.
These snails act as the upstream host and released cercariae into the water column. The
snails were switched out with a new set of snails every 12 hours until the end of the 72
hour exposure period. Control tanks were identical to exposure tanks however, strainers
did not contain snails.
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allowed for the release of trematode cercariae into the water and for the cercariae to en-
ter the crabs in the exposure tanks through the gills. These steps follow the successful
methodologies of induced infection in Blakeslee et al. (2015). In addition to changing
the snails every 12 hours I also removed 5mL of water from the four corners of the expo-
sure tanks as well as from the center and looked at the water under a dissecting scope.
This was done to confirm the presence of M. similis cercariae in the water using morphol-
ogy. After the 72 hours in the exposure or control tanks, crabs were moved to individual
aquaria and housed in climate controlled incubators for the duration of the experiment
and kept at the following standard conditions: 20 °C air temperature, a 12 hour day/
night cycle, 32 ppt salinity and fed every two days.

I conducted behavioral trials at two time intervals: Immediately post infection (TO)
and three and a half weeks (T3.5) post-infection. At each interval, I conducted a behav-
ioral trial testing righting response (Figure 12) on all Carcinus and Hemigrapsus crabs. This
behavioral response was found to differ in infected /uninfected treatments in prior inves-
tigations (Blakeslee et al., 2015)

For the behavioral trial, crabs of each species were placed in a tray dorsal side down
and timed for how long it took them to flip back over, dorsal side up (Figure 12). Number
of walking legs and claws missing were noted for each individual. To account for vari-
ation in righting response times, each crab was tested three times to acquire an average
righting time. Trials were stopped if after five minutes a crab had still not righted itself.
Each crab was measured and given an identification number and a tag placed on the out-
side of the aquaria it was placed in so all individuals could be followed throughout the
experiment.

Following the behavioral trials after time point 3.5 weeks I dissected all crabs in the
experiment and counted newly formed microphallid cysts. Newly formed cysts were
easily distinguished from naturally acquired cysts based on the presence of a thick cyst

wall in older cysts (Figure 5) as opposed to the extremely thin cyst wall in newly formed
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Figure 14: Picture of newly developed cysts in the hepatopancreas of Carcinus at 4x mag-
nification. Red arrows indicate where these newly formed cysts are located in the tissue.
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cysts (Figure 14). All cysts found were saved in 1.5ml micro centrifuge tubes at -20 °C for

later genetic analysis.
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2.2.2 Exposure Experiment: Competition Trials

Interspecific competition trials were performed one week post-infection. As with the
individual and immune response trials (section 2.2.1). I used Carcinus crabs collected from
Cape Cod, Massachusetts and Hemigrapsus crabs collected from Jackson Estuarine Marine
lab in Durham, New Hampshire. Sixteen Carcinus and sixteen Hemigrapsus crabs were
collected from their respective sites and I divided Carcinus crabs into 2 treatment groups,
exposed and unexposed. In this particular study, I did not divide Hemigrapsus into these
two treatments due to sampling and timing constraints, so all Hemigrapsus crabs were
unexposed (Figure 5).

Crabs were exposed using the same methodology described in section 2.2.1, using the
same snails. Infections were staggered over seven days to give the snails one full day to
recover from any stress. After 72 hours in the exposure or control tank crabs were moved
to individual aquaria and housed in climate controlled incubators for the following week
and kept at standard conditions (described above). During that week crabs were only
fed flake food and no crab was fed for 24 hours leading up to their competition trial.
Crabs were visually paired together based on chelae size rather than carapace width as
Carcinus are known to grow up to 90mm in carapace width (Grosholz and Ruiz, 1996)
whereas Hemigrapsus males can reach a maximum of 40mm and females rarely exceed
35mm (Epifanio, 2013).

For these competition trials, we used both males and females of both species. Av-
erage carapace width of male Hemigrapsus used in these trials was 29.6 £ 3.3mm while
average carapace width of Carcinus was 55.5 + 3.9mm. Average sizes for females of both
species were similar to their male counterparts, with average carapace width of female
Hemigrapsus being 28.2 & 2.9mm and average carapace width of female Carcinus being
55.9 £ 2.5mm. In addition to size matching chelae of each crab to their competitor, all
crabs were checked to ensure all limbs and chelae were intact before the start of the trials

so that neither crab started at a disadvantage.
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Treatment | Carcinus | Hemigrapsus Sex Replicates
1 Unexposed | Unexposed | Males 3
2 Unexposed | Unexposed | Females +
3 Exposed Unexposed | Males 4
4 Exposed Unexposed | Females 3

Table 5: Treatments for Interspecific Competition Trials. There were four different treat-
ments types with different combinations of treatments and sexes. Under each species
name, treatment type is indicated: either exposed or unexposed. Sex of both of the crabs
used in the trial indicated, and sexes were matched so there was never a male: female
pairing. Replicates indicates how many times that treatment type was replicated.
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Competition trials were run two at a time in a low light setting (Figure 15). Tanks
were set up with a single rock with Fucus spp. attached to it using fishing line. Each
trial used a different rock and a different sample of Fucus spp. attached. Fucus spp. was
weighed prior to being attached to the rocks to ensure the same amount of cover was
allotted to each trial pair (80-85g of Fucus spp. per rock). In order to look at prey capture
and consumption, two small Mytilus edulis (blue mussel, a very common prey item in
natural settings) were added to the tanks. These mussels were cracked with a hammer
before being placed across from the shelter in the tanks, so that the crabs could scent the
prey more easily.

Prior to filming, I placed one Carcinus and one Hemigrapsus crab on either side of
the tank in individual containers to allow them to acclimate to the environment for 10
minutes. After the 10 minutes, I removed each crab from their cage and placed them
on either side of the tank with the shelter and prey items between them. Video cameras
were affixed above the tanks; recording started before the crabs were released from their
individual cages and stopped 30 minutes after both crabs had been released. Due to
mortality and to ensure trials were even between treatments, 7 trials per treatment were
recorded for 30 minutes. Videos were watched after the trials so as not to disturb the
crabs. Behaviors related to aggression, shelter-use, foraging time and consumption were
analyzed (Table 6) and an ethogram was filled out to catalog all behaviors within the 30
minutes period at 30 second intervals. Figure 16 shows a sample of the ethogram filled
out for the first 12 minutes of a trial.

After the competitions, crabs were placed back in individual aquaria for three weeks to
allow for the cysts to fully develop. After that time I dissected all crabs in the experiment
and counted newly formed microphallid cysts. Newly formed cysts were easily distin-
guished from naturally acquired cysts based on the presence of a thick cyst wall (Figure
5) as opposed to the extremely thin cyst wall in newly formed cysts (Figure 14). All cysts

found were saved in 1.5ml micro centrifuge tubes at -20 °C for later genetic analysis.
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Figure 15: Tanks were set up with a single rock with Fucus spp. attached to it using
fishing line. Two small Mytilus edulis were used as prey items and were broken with a
hammer and placed across from the shelter. Crabs were dropped in individual containers
acclimate to the tank for 10 minutes before they were released and filmed for 30 minutes
in a low light environment.
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Category Behavior Description
Neutral Behaviors Walking Movement around tank
. . 3. Movement or attempts to move up
Neutral Behaviors Climbing Walls the walls of the tank
Neutral Behaviors Standing Still Crab is stationary in tank, chelae may
move but walking legs do not
Movement on or under other crab
. Walking under/ over w1jchout apparent thlce of other crab
Neutral Behaviors Other Crab being present. Action not accompa-
nied by grabbing, fighting, or other
antagonistic displays
Shelter Behaviors Beside Standing or walking adjacent to the
shelter provided
Shelter Behaviors On top of Standing or walking on top of the
shelter provided
Shelter Behaviors Underneath Standmg or walking beneath the shel-
ter provided
Feeding Behaviors Handling Hold?ng, mtampulatu‘lg, o breaking
prey item without eating it
Feeding Behaviors Eating Consuming prey item
Hording food items by standing on
Feeding Behaviors Monopolizin top of both or dragging them away
& p & from other crab without engaging
with other crab
. . Antagonistic dis- Charging or ‘moving toward§ other
Interactive Behaviors lavs crab, sometimes accompanied by
play chelae raised
Grappling with other crab; some-
Interactive Behaviors | Fighting Flmes accompamed by pulh.ng a.t prey
items, pulling of chela, or climbing on
other crab
Interactive Behaviors | Grab carapace Using chela to grab or pull at carapace
Interactive Behaviors | Grab walking legs }i;lsng chela to grab or pull at walking
Interactive Behaviors | Flee Escaping from other crab, usually
through quick movements away

Table 6: Table of behaviors and definitions used in ethogram during experimental trials.
Behaviors were marked so that multiple actions could be tallied at the same time point.
This allowed me to capture information on a crab that was both under the shelter and
consuming a prey item, for example
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2.2.3 Statistical Methods: Exposure Experiments

I used the package stats in the program R to determine the mean flip times for each
species in each treatment as well as to compare between average flip times by species and
treatment using a regression to allow me to look at how righting response changes by
treatment type. (R Core Team, 2013).

Boxplots were made to compare between all behaviors of crabs under different treat-
ments as well as behaviors pooled by category (neutral, shelter, food, or aggressive). A
model was made using the Ime4 package in R using a Poisson distribution to determine if
treatment affected the frequency at which any given behavior was documented (R Core
Team, 2013). I examined the frequency of a behavior by the treatment type (ie: Control
Hemigrapsus, Control Carcinus, Exposed Carcinus, Hemigrapsus competing with exposed

Carcinus) to determine differences between treatments and species.
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2.3 Results/Discussion
2.3.1 Exposure Experiment: Individual Responses

After calculating the average righting response of each species per treatment, I created
a graph showing mean flip time with a 95% confidence interval around the mean (Figure
17). Interestingly, there is a trend to suggest that exposure to parasite does slightly slow
the righting response in Hemigrapsus at TO (TO: P = 0.184, T3.5: P = 0.362). This was
surprising since after all the trials there were no infections found in the crabs. However,
could indicate an attempt of infection that was ultimately unsuccessful.

I did not see a significant difference in the righting response of infected or uninfected
Carcinus, contrary to previous work Blakeslee et al. (2015). While not significant, I saw
a weak trend suggesting that righting response increased with infection (T0: P=0.345;
T3.5: P=0.594). When I accounted for crabs with missing chela and walking legs, I saw a
strengthening in support of this trend (T0: P=0.225, T3.5: P=0.586). While I hypothesized
a difference in righting response at the initial time point for these crabs I also hypothe-
sized too that this would disappear over time given prior work demonstrating such an
effect (Blakeslee et al., 2015). In my study I did see some weakening of that response.

While I observed a trend but not a significant difference in righting response, it is
important to note that the crabs in my study had very low levels of infection intensity
compared to the aforementioned 2015 study. While I was not able to calculate an estimate
of total cysts in the crabs for these trials because I did not weight hepatopancreas tissue
as I did for the survey crabs (see above), I was able to compare the number of cysts found
in the six hepatopancreas tissue snips between both studies. In the six hepatopancreas
snips of tissue that were collected in this study, I found a maximum 28 new cysts (Table
7). For comparison, the greatest number of new cysts found in the hepatopancreas snips
during the 2015 study at the 72hr exposure time point was over 2200 (Blakeslee et al.,

2015). That study also reported crabs with natural infection (Appledore Island, Maine)
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Average Righting Responses by Species and Treatment
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Figure 17: Average Righting Response of both crab species post 72hr incubation period
either in control set-up, or exposure set-up. Averages are of the three replicate flip trials
per individual. Bars represent 95% confidence intervals around the mean. Crabs in ex-
posure treatment are indicated in blue, while crabs in control treatment are indicated in

red
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having a maximum infection level of 784 cysts in the hepatopancreas snips, almost thirty
times more than I saw in the crabs in my study.

There is a remarkable difference between the infection levels I was able to obtain in my
study crabs and those seen by Blakeslee et.al in 2015. One likely reason for this difference
is the drop in prevalence in the upstream gastropod hosts, L. saxatilis and L. obtusata. Dur-
ing the 2015 study, prevalence levels of M. similis were found to be at 9% (Blakeslee et al.,
2015), while during my experiment prevalence levels were around 4%. I did try to control
for this by using smaller exposure tanks to increase the likelihood of M. similis encoun-
tering a crab host. While this likely had some effect, increasing the number of parasites
would of course increase likelihood of infection as well as intensity of that infection.

However, what is noteworthy about my study is that even with low intensity levels,
I still observed a trend that newly infected crabs have a slower righting response. It also
seems likely that infection intensity is a contributing factor influencing righting response
in infected crabs (i.e., I noted a trend with lower infection intensity and Blakeslee et al.
(2015) had a significant effect). Overall, these results could indicate that this parasite ex-
erts some amount of stress on its host upon infection (slower response time), which could
lead to increased trophic transmission of this parasite to the definitive host, especially if
this makes the crab more conspicuous and vulnerable to predation. If left with its ventral
side exposed, a crab could be at greater risk of predation by various shore birds like L.
argentatus or L. marinus, thereby continuing the parasites life cycle. In fact, research per-
formed by a summer intern at the Shoals Marine Lab (Appledore Island, Maine) advised
by Dr. Blakeslee in 2017 explored this question and found more vulnerability to predation
by gulls with time since infection (Love & Blakeslee, in prep).

It is important to note, however, that my lab experiments detected an artifact of lab
confinement in Carcinus crabs during the course of my experiments (Figure 17). It is likely
the increase in response time is linked with the aquaria the crabs were being housed in.

Every Carcinus had been housed in its own aquarium but perhaps these were too small to
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Species | Crab ID | Treatment | Total Pre-Existing Cysts | Total New Cysts
Carcinus | CMCC02 | Control 0 0
Carcinus | CMCC04 | Control 0 0
Carcinus | CMCCO06 | Control 0 0
Carcinus | CMCCO08 | Control 1 0
Carcinus | CMCC11 | Control 3 0
Carcinus | CMCC15 | Control 0 0
Carcinus | CMCC21 | Control 0 0
Carcinus | CMCC22 | Control 1 0
Carcinus | CMCC25 | Control 0 0
Carcinus | CMJELO3 | Control 3 0
Carcinus | CMCCO05 | Exposed 0 7
Carcinus | CMCCO07 | Exposed 0 8
Carcinus | CMCC09 | Exposed 0 0
Carcinus | CMCC10 | Exposed 0 0
Carcinus | CMCC12 | Exposed 1 11
Carcinus | CMCC13 | Exposed 0 28
Carcinus | CMCC17 | Exposed 0 0
Carcinus | CMCC19 | Exposed 0 2
Carcinus | CMCC26 | Exposed 0 0
Carcinus | CMJELO2 | Exposed 0 23

Infection Intensities of microphallid trematode counted in Carcinus after exposure exper-
iment. Pre-existing are indicated to show background level of infection from site. New

Table 7: |

Cysts are indicated to show induced infection induced during experiment
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allow for freedom of movement. This lack of moving over the course of three and a half
weeks could be why we are seeing an overall increase in righting response in all Carci-
nus crabs. Since Hemigrapsus are smaller crabs, being housed in a similar sized aquaria
probably allowed for sufficient space to move, and therefore they were not affected by
confinement like Carcinus seemed to be. However since the increase in righting response
time affected both exposed and control Carcinus crabs, it does not affect the comparisons

within time points.
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2.3.2 Exposure Experiment: Competition Trials

I graphed the average occurrence of each behavior by species and treatment resulting
in fifteen plots. However, discussions within the body of my thesis will focus on pooled
behaviors by category (Table 6) and comparisons of infected and uninfected individuals
within each category. All of the specific behavioral plots not discussed in detail here can
be viewed in the thesis Appendix. The first category of behaviors was neutral behaviors
(Figure 18). This consisted of walking around the tank, climbing on the walls, standing
still, or moving over or under the other crab without any interaction with that crab. There
is a clear difference between species and this is statistically significant (P=2.78e-05), where
Hemigrapsus engaged in neutral behaviors at a much higher frequency than Carcinus, do-
ing so for most of the 30 minute trial. Carcinus rarely engaged in these neutral behaviors
and instead tended to interact with objects (food or another crab).

Hemigrapsus were more frequently seen walking around the tank, climbing the walls
of the tank, and remaining stationary when compared to their Carcinus counterparts re-
gardless of treatment (See Appendix, Figures: 26, 27, 28). Neither species engaged in
“walking over or under the other without an accompanying aggressive interaction”. We
do see that unexposed Carcinus conduct neutral behaviors more frequently that exposed
Carcinus and this observation is very close to significant (P=0.0549). This may indicate
that unexposed Carcinus are more active, or less likely to interact with other objects as
these neutral behaviors were not paired with feeding behaviors or aggressive interac-
tions. These neutral behaviors were often paired with Shelter based behaviors which I
will address next.

The next category of behaviors was shelter based behaviors (Figure 19), which con-
sisted of remaining beside, under, or on top of the shelter. Unlike neutral behaviors there
were no significant differences between species or treatments when it came to use of shel-
ter. This is interesting since previous work had noted that Hemigrapsus outcompeted

Carcinus when it came to shelters (Jensen et al., 2002), but I did not see that here. Both
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Average Frequency of Neutral Behaviors during Competition Trials
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Figure 18: Frequency of Neutral behaviors shown by treatment. Treatments are indicated
on the x-axis with the frequency of the behavior on the y-axis. Carcinus are shown in red
(CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Shelter Behaviors during Competition Trials
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Figure 19: Frequency of Shelter behaviors shown by treatment. Treatments are indicated
on the x-axis with the frequency of the behavior on the y-axis. Carcinus are shown in red
(CM) and Hemigrapsus are shown in blue (HS).
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species tended to use the shelter for no more than a third of the trial, though there is a lot
of variation in these data. Interestingly, exposed Carcinus would hide under the shelter
more frequently than control Carcinus (Figure 20). While not significant (P=0.1343) there
is a trend that suggests exposed crabs appear to be less conspicuous than control crabs.
This is a little counterintuitive since we may expect exposed crabs to be more conspicu-
ous. However, early on in the infection process, being less conspicuous may in fact be in
the parasite’s best interest. This is because the parasite needs time to develop within the
host.

I also examined the behaviors associated with feeding between species and treatment
(Figure 21), which consisted of prey handling, feeding, and monopolizing prey items.
While there are no differences with exposure, there are striking and significant differences
between species (P=5.54e-07). These results are very interesting, since I hypothesized that
Hemigrapsus would outcompete Carcinus, especially when Carcinus was exposed to M.
similis. Previous experiments had found that Hemigrapsus was better at acquiring food
when compared to Carcinus (Jensen et al., 2002; Griffen et al., 2011), however during these
competition trials Hemigrapsus spent no more than a third of the time handling, eating,
or monopolizing the food. In contrast Carcinus spent nearly the entire trial engaged in
tfeeding based behaviors.

Looking at the specific breakdown of behaviors that go into feeding, the behavior that
seems to be driving this difference is the actual eating itself (Figure 22). This behavior
alone is also highly significant between species (P= 4.37e-07) which, as stated previously,
is in contrast with what was found by many of the previous studies. This finding does
agree with a 2007 study that found Carcinus to be more likely to first find prey items and
consume some amount of those prey items than Hemigrapsus (MacDonald et al., 2007).
This study also noted that Carcinus required very little time, often no more than two
minutes, to find the prey item in their experimental set ups (MacDonald et al., 2007).

While I did not record ’first to food’, anecdotally, I repeatedly observed Carcinus find the
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Average Frequency of Hiding under the Shelter during Competition Trials
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Figure 20: Frequency of hiding under the shelter by a crab shown by treatment. Treat-
ments are indicated on the x-axis with the frequency of the behavior on the y-axis. Carci-
nus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Feeding Behaviors during Competition Trials
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Figure 21: Frequency of Feeding behaviors shown by treatment. Treatments are indicated
on the x-axis with the frequency of the behavior on the y-axis. Carcinus are shown in red
(CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Feeding during Competition Trials
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Figure 22: Frequency of eating prey items shown by treatment. Treatments are indicated
on the x-axis with the frequency of the behavior on the y-axis. Carcinus are shown in red
(CM) and Hemigrapsus are shown in blue (HS).

75



food in the tank quickly, and usually before Hemigrapsus.

The last group of behaviors I examined was interactive/ aggressive behaviors (Figure
23), which consist of aggressive displays, fighting, grabbing at the carapace of the other
crab, grabbing the walking legs of the other crab, or fleeing from the other crab. While
there were no strictly statistically significant effects of species or treatment, there was one
interaction that was extremely interesting. When paired with exposed Carcinus, Hemi-
grapsus were more likely to engage in interactive/ aggressive behaviors (P=0.115). While
not statistically significant, this trend is very interesting. Looking at the break down of
the behaviors that comprise interactive/aggressive behaviors we can see that the specific
behavior driving this difference is fighting (Figure 24).

This behavior alone is also nearly significant (P=0.168) and could point to a change in
behavior of these crabs due to some cue or change in the exposed Carcinus that the Hem-
igrapsus competitors were able to pick up on. While Hemigrapsus did this behavior more
frequently than Carcinus, it was still not a common behavior. What was not captured
by this ethogram is that during these fighting interactions Carcinus was always feeding
(n=3) and Hemigrapsus was never able to steal the prey item from Carcinus. These findings
differ from a previous experiment that reported that Hemigrapsus took food from Carci-
nus with more success than Carcinus could remove a prey item from Hemigrapsus (Jensen
et al., 2002). However, it is in agreement with a more recent study that found that while
Hemigrapsus were more likely to instigate conflict between their competitor, they were no
more likely to win said conflict than Carcinus (MacDonald et al., 2007).

As I alluded to earlier, my experimental design was different than others conducted.
Many experiments tethered their prey items down to prevent the crabs from moving
away with the items, but I did not. I wanted to allow the crabs to be able to flee with
prey items, and see if the other individual would pursue or give up. I also size matched
these crabs based on chelae size rather than body mass or carapace width. I did this

so each crab would have similar offensive and defensive capabilities since the chelae to
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Average Frequency of Interactive Behaviors during Competition Trials
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Figure 23: Frequency of interactive behaviors shown by treatment. Treatments are indi-
cated on the x-axis with the frequency of the behavior on the y-axis. Carcinus are shown
in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Fighting during Competition Trials
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Figure 24: Frequency of Fighting shown by treatment. Carcinus are shown in red (CM)
and Hemigrapsus are shown in blue (HS).
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body size ratio of Hemigrapsus is larger than that of other crabs of a similar size. Like the
2007 study, we also completed our competition trials in low light conditions instead of
complete darkness (MacDonald et al., 2007) due to constraints of the equipment.

Matching crabs by chelae may have unintentionally given Carcinus an advantage dur-
ing these competitive trials. Since I matched by chelae, the actual size of Carcinus was
larger than the size of the Hemigrapsus they were competing against. This size difference
could have made it easier for these crabs to win the fights for food, as well as monopolize
the prey items. As stated, I wanted to put each crab in similar offensive standings which
is why I decided to pair by chelae and not body size. While there were not many aggres-
sive interactions, perhaps if the crabs had been more similar in body size the number of
aggressive interactions would have increased. Moreover, Caricnus may have been able to
better monopolize prey items by using its larger body size to block Hemigrapsus from the
prey.

Even with these differences in experimental design I do see clear differences with
Carcinus regardless of parasite exposure. When pitted against Hemigrapsus one on one,
Carcinus appear better able to find and consume the prey items. While Hemigrapsus in-
stigates aggressive interactions, these conflicts do not results in Hemigrapsus gaining the
prey item from Carcinus. These findings are in agreement with the 2007 study which saw
similar behaviors (MacDonald et al., 2007).

One caveat to conducting one on one competition experiments with these crab species
is that it may not be environmentally relevant. Hemigrapsus shows strong aggregation
behaviors (Epifanio, 2013; Fofonoff et al., 2003), and when hand collecting these crabs
during the surveys I could often find ten or more individuals under a rock (personal ob-
servations). Therefore it is unlikely that a Carcinus would ever be in competition with
a single Hemigrapsus at any given time. Peterson et al. (2014) conducted an experiment
looking at how density of Carcinus and Hemigrapsus altered proportion of prey items con-

sumed and found that Carcinus did seem to consume more prey items than Hemigrapsus.
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This experiment, like mine, had an even number of individuals of each species and to be
more environmentally relevant, it would be good to conduct a competition trial in which
there are more Hemigrapsus than Carcinus to better simulate the WNA intertidal zones.
Another potential experimental design change I could make in future studies would
be to count out a set number of cercariae per crab and expose each crab individually. This
may have prevented my low levels of infection intensity and could also potentially result
in more similar infection intensities in exposed crabs. However, this would be unrealistic
in natural settings where crabs are never exposed to cercariae in such a controlled way. I
wanted to maintain an infection process that would have been similar to how these crabs
would be exposed in nature. The aim was to make these results more environmentally
relevant and not overinflate our intensities. We also would have no guarantee that alter-
ing our exposure process would increase infection intensities as there is a lot about the
infection process that we do not understand. While having a large number of cercariae in
the water is important, it is not possible at this point to replicate the behavioral aspect of

the infection process in such a controlled way and also ensure infection.
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2.4 Conclusion

My previous chapter explored the distribution, prevalence, and identities of trematode
parasites in three host crabs along the WNA. In that chapter, I also noted the influence the
trematodes had on body condition in the crab. For this chapter I tested what behavioral
effects trematode parasites have on a host. I conducted these experiments with two pri-
mary research questions: 1) does this trematode parasite induce any behavioral changes
to an individual host and 2) does infection by this parasite alter competitive interactions
between two species?

I saw a trend indicating that there may be an increase in righting response of exposed
Hemigrapsus when compared to control crabs at the initial time point. This may indicate
that the crabs are experiencing some stress when placed in tanks with this trematode
parasite that may relate to the attempt of infection. Unexpectedly, I did not see a signifi-
cant difference between control and exposed Carcinus. However in the context of a prior
study (Blakeslee et al., 2015) demonstrating a significant difference in righting response, it
seems likely that the limited response was due to much lower infection intensity. In fact,
the maximum number of new cysts recovered during my infection trials was 28, whereas
in the 2015 study the maximum number of new cysts they recovered was 2200 (Blakeslee
et al., 2015). This could indicate that it is not only infection that is important when con-
sidering the effects a parasite has on its host but also the intensity of that infection.

When testing how infection may alter competitive interactions between two species
I found very little differences between exposed and unexposed treatments. There was a
nearly significant trend that indicated exposed Carcinus engaged in less exploratory be-
haviors compared to their unexposed counterparts. This could allow the crab to engage
more with its environment, such as a shelter, prey items, or other competitors. Most of
the differences I saw was between species, were Hemigrapsus spent more time overall con-
ducting exploratory behaviors and Carcinus spent nearly the entirety of a trial consuming

prey items compared to the less than a third of a trial Hemigrapsus spent consuming a prey
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item.

While I did not find significant differences in the behaviors of exposed crabs, I was
able to demonstrate that there are trends in how this trematode parasite may be altering
its hosts behaviors. I hypothesize that my lack of significant results is due to the low
intensities of infection that were achieved during my individual and competition trials.
Despite low intensities, observed trends in my study could help motivate more research

the determines the threshold in intensity that results in a strong response.
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3 Conclusion and Future Directions

3.1 Conclusions

Altogether, this thesis had three main objectives: 1) to look at natural distribution,
prevalence, and intensity of trematodes in three species of crab, Cancer irroratus, Carci-
nus maenas, and Hemigrapsus sanguineus along the WNA, 2) to determine the identities of
microphallid trematodes infecting those crabs, and 3) to understand how infection may
affect the host, through change in body condition or behavior. Understanding how para-
sites may affect the interactions between native and introduced species is extremely im-
portant since parasites have a disproportional effect on the ecosystem (Budria and Can-
dolin, 2014) and parasites have been linked to the success or failure of new introduced
species (Torchin et al., 2003; Blakeslee et al., 2009; Simmons, 2014; Keogh et al., 2016).

To address the first objective, during my two surveys, I found a wide range of preva-
lences of a trematode parasite. In the first survey in May, I found prevalence in Cancer
to be at least 80% (Table 1), with prevalence dropping to 0% during the second survey in
August (Table 2). This drop could be due to mortality in the upstream gastropod hosts
(Fredensborg et al., 2005), or even mortality of infected Cancer. Of note is that in general I
had a difficult time collecting sufficient numbers of Cancer during these surveys. It could
be that this represents the influence of introduced crabs in the region, as seen in the re-
cent introduction of Carcinus to Newfoundland where its presence has already impacted
abundance of the native Cancer (Blakeslee et al., prep).

Carcinus had infection levels ranging from 0-100%, though when we found parasites
at a site infection ranged from 64-100%. There was only one site, Sherman Cove, Maine,
in which we collected Carcinus but did not find any individuals infected by a trematode.
This was likely due to the lack of definitive host (personal observations) as without the
definite host, the parasite can not sexually reproduce (figure 2). As with Cancer I was un-

able to collect any infected crabs during our second survey (Table 2) which I hypothesize



has to do with a shift in their peak mating season earlier in the summer than previously
documented (Berrill, 1982). This shift may have to do with warming waters, driving in-
dividuals to seek their deep subtidal habitats where our traps would have been unable to
capture them.

I only recovered four Hemigrapsus during the first survey infected with a trematode
parasite. What is especially interesting about those infections is that the metacercarial
cysts were not found in the hepatopancreas, as was the case in infections of both Cancer
and Carcinus, but was instead found in the thoracic ganglia. This seems to indicate, along
with my genetic data (objective 2), that this probably represents a different species of
trematode, and Hemigrapsus may not be its most suitable host, given the low prevalence
found (26%) and the fact that we only found infected crabs at one site during our survey.

Addressing the second objective, I was able to use genetic tools to compare trematode
sequences collected during my surveys with those collected from crabs in Noa Scotia/
New Brunswick, Newfoundland, and Europe (Table 3). From these sequences I was able
to create a phylogenetic tree that identifies five different lineages, four of which were
found in crabs collected during my surveys (Figure 10). This demonstrates that the trema-
tode parasite we have been collecting on the WNA and identifying as M. similis may not
just be M. similis. Lineage A does contain the reference sequence of M. similis but that
leaves three other lineages in the WNA. One, lineage D, grouped with a GenBank se-
quence of G. adunca but what species the other two lineages are is still unknown.

For my third objective was further broken down into three parts, analyzing body con-
ditions of infected and uninfected crabs, conducting individual behavioral trials, and con-
ducting interspecifc competition trials. To address the first part, I compared body condi-
tion between crabs collected during the surveys as well as conducted behavioral trials
in the lab. There was a trend in both Cancer and Carcinus that showed elevated HSI in
infected crabs compared to uninfected crabs. I saw no difference in GSI for these crabs

though these was a slight trend in Hemigrapsus having a lower GSI in infected crabs when
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compared to uninfected crabs. However, due to the small Hemigrapsus sample size more
infected crabs would need to be collected to determine the strength of this trend.

When comparing behavior of exposed Carcinus and Hemigrapsus 1 did see a slight
trends of an increased righting response in both crabs species. In Carcinus, while this
was only a trend, I do think this is meaningful, as the experimental infection levels in the
crabs was very low when compared to the previous study looking at effect of infection on
Carcinus (Blakeslee et al., 2015). To see any difference between these two groups with a
low level of infection is really interesting, and speaks to the stress the crabs may be under
during infection. With Hemigrapsus, this slower righting response could indicate that the
parasite is attempting infection and that there is a cost of infection on these crabs.

Finally, during the competition experiments I was only able to find an effect of infec-
tion on the exploratory behaviors of Carcinus with infected crabs engaging in these be-
haviors less than control crabs. The differences I saw where mainly through comparisons
between species. These differences included Carcinus being more successful at finding
and consuming the prey items when compared to Hemigrapsus, as well as Hemigrapsus
instigating more aggressive interactions with exposed Carcinus. While these results were
not in line with several previous studies (Jensen et al., 2002; DeGraaf and Tyrrell, 2004;
Griffen et al., 2008), my findings were similar to those in a 2007 competition study (Mac-
Donald et al., 2007). While I was able to look at differences across species, the objective of
these trials was to see how infection affected competition between these introduced crabs.
I was unable to see any differences between infected and uninfected crabs, possibly be-
cause my experimental infection levels were very low.

Introduced species have and will continue to have detrimental effects on various com-
ponents of marine habitats (Molnar et al., 2008; Katsanevakis et al., 2014; Laverty et al,,
2015). While the field has focused on understanding the success of introduced species
in order to prevent future introductions (Canning-Clode, 2015), some key components

of a community such as parasites are often overlooked. Parasites, or perhaps more ap-
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propriately the lack of parasites, has aided in the success of various non-native species
(Lafferty and Morris, 1996; Torchin et al., 2003; Poulin, 2010; Simmons, 2014), but when
evaluating the competitive advantages of introduced species the parasites they may or
may not be infected with are rarely considered. By understanding which parasites are
infecting native and non-native species, the interactions between those species and the
advantages or disadvantages parasites might impose on the individuals of a community

can be identified.
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3.2 Future Directions

In the future I would like to survey sites along the WNA on a more continuous basis
during the summer months. This would enable greater detection of any changes in par-
asite abundance over the course of the summer. I would be able to document the shift in
Carcinus” mating season if that is what led to the reduced numbers collected during my
second survey.  would also like to combine these crab surveys with a survey of upstream
gastropod hosts (L. saxatilis and L. obtusata) at each collection time. This would allow me
to identify if the parasite is in the upstream hosts in that area and how prevalence may
change over the course of the summer months.

In combination with a more thorough survey, I would like to supplement my cur-
rent HSI and GSI analyses with additional samples so that we would have close to equal
numbers of infected and uninfected individuals. Especially when it comes to Hemigrap-
sus, these numbers are not even and having equal and larger sample sizes could help
to determine what trends actually exist between HSI/ GSI and infection / intensity of
infection.

To combine genetic techniques with morphological identifications, in the future I
would want to perform digestion of these metacercarial cysts to simulate entry into the
definitive hosts” stomach. I could then identify the species of trematode through their
adult morphologies, which have more distinguishing characteristics than the metacercar-
ial cysts and has been done in previous work (Srisawangwong et al., 1997). If we did
this work in addition to the surveys of upstream hosts, we would also be able to identify
possible trematodes in this area by their cercariae morphology.

To strengthen this genetic work I would also like to add addition samples from trema-
todes collected from Carcinus in its native European region. I was able to use some sam-
ples but only recovered two haplotypes. I suspect if I was able to collect more samples
throughout Europe I might have been able to find evidence for whether certain lineages

are native to the WNA or were also introduced to the WNA from Europe. In addition
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to samples from Europe, samples of trematodes collected from Hemigrapsus throughout
Asia may help in to understand if Lineage E includes a trematode that was introduced
from Asia.

I think conducting these competition and behavioral trials again with either smaller
exposure tanks or using snails collected from an area where parasite prevalence is high
is necessary. While there were significant differences in the behaviors of the two com-
peting crabs, these behaviors did not seem to be related to exposure to parasites. It is
possible that parasites may not alter the interactions between Carcinus and Hemigrapsus,
but achieving higher intensities of infection would allow for a more thorough study of
this interaction.

As the goal of my behavioral and competition trials was to see how a trematode par-
asite may alter the behaviors of its host, the next step would be to look at the gene ex-
pression of these crabs post infection to determine if there are genes being differentially
expressed between exposed and unexposed crabs. My advisor and I are currently con-
ducting this experiment with a set of crabs that were exposed for 72hrs using the same
protocol outlined above. To see if the parasite is altering behaviors we removed the tho-
racic ganglia from the crabs as this serves as the nerve center and is where I hypothesize
differentially expressed genes to be concentrated. We collected tissues from a total of
48 individuals (Table 8 ) The thoracic ganglia was stored in RNAlater (Sigma Aldrich;
Darmstadt, Germany) in a -20 °C freezer.

The RNA was extracted from the tissues using TRIzol (Invitrogen, Carlsbad, CA, USA)
following the manufacturers suggested protocol (Simms et al., 1993). At the end of the ex-
traction the DNA pellets were resuspended in 50uL of RNase-free water and stored in a
-20 °C freezer overnight. Total RNA was quantified using the RNA BR assay on a Qubit
4.0 fluorometer (Invitrogen, Carlsbad, California) and no more than 4ug of RNA was used
to construct a cDNA library for each sample. We removed one sequence from each treat-

ment due to low concentrations of cDNA. To construct these libraries, I used the TruSeq
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Treatment Species Time Point | Replicates
Unexposed | Carcinus 0 8
Exposed Carcinus 0 8
Unexposed | Hemigrapsus 0 8
Exposed | Hemigrapsus 0 8
Unexposed | Carcinus 5 weeks 8
Exposed Carcinus 5 weeks 8

Table 8: Outline of treatments for individuals used in the RNA experiment. Treatment
indicates if crab was exposed to parasites or not. Species indicates species of crab used.
Time point indicates time since the end of the 72hr the exposure/ control treatments.
Replicates indicate how many crabs were used in each treatment
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RNA Sample Prep Kit from Illumina (San Diego, California). No in-line control reagents
were used and sampled were tagged with one of 20 different adapters for multiplexing.
Libraries were then sent to University of California at Berkley where they were quan-
tified using a Bioanalyzer (Agilent, Santa Clara, California). We decided to remove two
samples due to low cDNA concentrations and ran two lanes, with nineteen samples each.
The samples were sequenced using an [llumina HiSeq 4000 sequencer. We are currently
waiting to receive our data to determine any differences in gene expression due to infec-
tion of Carcinus and any genomic-level effects of exposure on Hemigrapsus. To complete
this study exploring how trematodes may alter the gene expression of its host, I think that
adding in Cancer would help to determine the roles parasites have played in dominance
shifts and perhaps will continue to play, especially with the constant movement of species

to novel environments (Carlton and Geller, 1993).
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Average Frequency of Walking during Competition Trials
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Figure 26: Frequency of a given crab walking around the tank shown by treatment. Carci-
nus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Climbing the Walls during Competition Trials
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Figure 27: Frequency of a crab climbing the walls of the trial tank behaviors shown by
treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Remaining Still during Competition Trials
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Figure 28: Frequency of a crab remaining still during a trial shown by treatment. Carcinus
are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Walking over/under other Crab during Trials
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Figure 29: Frequency of one crab walking under or over the other crab without any ac-
companying display of aggression shown by treatment. Carcinus are shown in red (CM)
and Hemigrapsus are shown in blue (HS).
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Average Frequency of being Beside the Shelter during Competition Trials
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Figure 30: Frequency of a crab remaining beside the shelter during a trial, shown by
treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of being on Top of Shelter during Competition Trials
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Figure 31: Frequency of a crab remaining on top of the shelter during a trial, shown by
treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Handling Prey ltems during Competition Trials
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Figure 32: Frequency of a crab handling a prey items during a trial, shown by treatment.
Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Monopolizing Prey ltems during Competition Trials
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Figure 33: Frequency of a crab monopolizing a prey item during a trial, shown by treat-
ment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Aggressive Displays during Competition Trials
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Figure 34: Frequency of a crab engaging in aggressive displays during a trial, shown by
treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Grabbing Carapace during Competition Trials
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Figure 35: Frequency of a crab grabbing at the other crab’s carapace during a trial, shown
by treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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Average Frequency of Leg Pulling during Competition Trials
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Figure 36: Frequency of a crab grabbing at the other crab’s walking legs during a trial,
shown by treatment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue
(HS).
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Average Frequency of Fleeing during Competition Trials
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Figure 37: Frequency of a crab fleeing from the other crab during a trial, shown by treat-
ment. Carcinus are shown in red (CM) and Hemigrapsus are shown in blue (HS).
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