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ABSTRACT

PARASITES OF TWO CLOSELY RELATED POECILIID SPECIES ACROSS A SALINITY
GRADIENT ON THE ISLAND OF TRINIDAD: IMPLICATIONS FOR GEOGRAPHIC

RANGE LIMITS

Parasite communities can vary greatly both within and amongst host populations. Many
factors may be responsible for this variation in parasite diversity, and parasite-host relationships
are of great ecological importance as parasites can alter host behavior, impact population
demography, and drive co-evolutionary dynamics. One long-standing ecological question is how
these parasite-host interactions shape mutual geographic distributions, which are also impacted
by various abiotic and biotic factors. However, few studies have investigated how parasite
communities change across environmental gradients and different host species, or how parasite
abundance changes within and outside the host geographic range.

The island of Trinidad provides a model system that can be used to address these
questions. On this island, the tropical fish Poecilia reticulata inhabits mountainous and lowland
freshwater streams but avoids brackish waters. A close relative, Poecilia picta inhabits both
lowland freshwater and brackish water streams. To date, no study has investigated how internal
parasite communities vary across this salinity gradient or between these two closely related host
species with overlapping geographic ranges. In lab studies, P. reticulata has been shown to be
physiologically tolerant of brackish water, suggesting some other environmental factor may limit
their dispersal and range expansion into brackish waters. Here we investigated how internal

parasite diversity changes between 1) natural P. reticulata and P. picta populations in freshwater,



2) natural populations of P. picta in fresh and brackish water sites, and3) P. reticulata,
experimentally exposed to fresh and brackish water conditions.

We found the prevalence of digenean trematode metacercariae to be 100% across three
different river systems for both host species, however, mean metacercarial abundance differed
significantly by river. Based on morphological differences in the metacercariae, we identified
three distinct morphospecies. All three morphospecies were found in freshwater P. reticulata and
P. picta. However, mean abundance of parasites varied across the two host species with P.
reticulata harboring more parasites, on average, compared to P. picta. All three morphospecies
were also found in P. picta in brackish water, but the total mean metacercarial abundance of P.
picta was found to be increased in brackish compared to freshwater sites. Collectively, these
results suggest that the three morphospecies utilize both hosts and they are limited in their
geographic distribution by salinity. Still, the internal abundance of parasites varies between the
two hosts depending on the salinity.

We tested whether these same parasites may be limiting the distribution of P. reticulata
to freshwater, by experimentally exposing P. reticulata populations to field-collected brackish
water. We assumed field-collected brackish water contains live cercaria and conducted exposures
for a period of seven days. Compared to controls exposed to field-collected freshwater, there
was a significant increase in the internal metacercarial abundance, along with an increase in
mortality amongst the brackish water exposed group. These results suggest that movement of P.
reticulata into novel brackish environments may be inhibited by increased parasitism; however,
further investigations are warranted to better understand the mechanisms that determine the

geographic distributions of parasites and their hosts.
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CHAPTER 1: DISTRIBUTION OF DIGENEAN TREMATODES AMONGST COEXISTING
POECILIID HOST SPECIES IN ADJACENT FRESH AND BRACKISH WATER SITES

INTRODUCTION

Understanding the factors that shape geographic distributions of species is a central question
in evolutionary ecology (Gaston 2009; Sexton et al. 2009; Bozick and Real 2015; Heads, 2015).
Yet, progress towards answering why a species has a given geographic distribution remains a
fundamental challenge, and the ecological, physiological, and evolutionary causes of range limits
remain untested for most groups of organisms (Dynesius and Janssen; 2000; Paradis et al., 2002;
Gaston 2009; Sexton et al. 2009). In theory, geographic range limits occur when environmental
conditions reduce population size through a reduction in survival, reproduction, or emigration
(reviewed in Gaston 2009). Typically, studies investigating the causes of species distribution
focus on abiotic factors such as temperature, salinity, and rainfall (Van der Putten et al., 2010).
Biotic interactions such as predation, food availability, and parasitism are known to play a role in
a species distribution as well (e.g. Price and Kirkpatrick 2009; Wisz et al., 2012). However,
while it is generally acknowledged that geographic range limits should be shaped by the
combined influence of abiotic and biotic factors, few studies have explored how multiple factors
interact to influence population dynamics at the range boundaries (Gaston 2009).

Parasites are some of the most abundant organisms on earth (Windsor, 1998), and their
intimate relationship with host species pose unique challenges when examining the factors that
shape their geographic distributions (Horwitz and Wilcox, 2005; Bozick and Real 2015).
Parasites are simultaneously dependent on their hosts to complete their life cycles, while also
potentially negatively impacting host health, survival (Ebert, 2005), and fecundity (Minchella

and Scott, 1991). Because parasites will spend at least a portion of their lives on or within their



host(s), distribution and diversity of potential host species is closely tied to the distribution and
diversity of parasite assemblages within a host population (Blasco-Costa and Poulin, 2013).
Thus, while parasites present an interesting system to investigate how distributions change across
environmental gradients and different host species, little is known about how parasite
assemblages change within and across host species occupying a range of environments.

The host specificity and life cycle of parasites ultimately determine their geographic
distributions, but spatial distributions of parasites cannot easily be predicted by simply
examining the distribution of their hosts (Bozick and Real 2015). Parasites exhibit varying levels
of specificity when it comes to suitable host species (Galaktionov and Dobrovol'skii, 2003).
While some species can infect a wide range of host species (i.e. a parasite generalist), others may
only be suited for one host species at a certain life cycle stage (i.e. a parasite specialist) (Fried
and Graczyk, 1997). For instance, among the digenean trematodes in the genus Diplostomum,
some species are highly specialized to only infect the eye lens of their fish hosts, but are
considered generalists with regard to their hosts, and infect a wide range of fish species. In
contrast, other Diplostomum species that infect other tissues are known to parasitize only a few
closely related fish host species and are thus considered host specialists (Locke et al., 2010).
Despite such characterizations, the relationship between host and parasite geographic
distributions is less than clear; for example, a parasite may infect a number of host species but be
limited to a narrow geographic area, or infect a single host that occupies a broad geographic area
(Bozick and Real 2015). Unlike many other organisms, the host environment may act to buffer
the parasite against changes in the external environment, which may either limit or broaden the
geographic distribution of a parasite (Cwiklinski et al. 2014). For example, internal parasites

embedded within the host’s tissue (e.g. liver, muscle) are buffered from the external environment



compared to external parasites (e.g. skin, scales). Parasites that encyst within the tissues of their
hosts (e.g. the formation of metacercaria) may be even further buffered from the external
environment and the hosts” immune system (Martinez and Merino, 2011). In aquatic species, the
primary stage of the life cycle where the external environment has the greatest potential to act
directly on the parasite is during the free-swimming stage (e.g. cercaria), when parasites move
between host species. Yet, relatively little is known about how variation in the external
environment and the internal host environment alter the distribution of different parasite species
(Mostowy and Engelstadter, 2011).

Digenean trematodes, a group of parasites with complex multi-host life cycles that often
utilize both aquatic and terrestrial environments to complete their life cycle (Galaktionov and
Dobrovol'skii, 2003), provide a model system to investigate the correlates of parasite geographic
range limits. Digenean trematodes are a common parasite of freshwater and saltwater fish
species, and have been shown to impact host species in several ways (Probst and Kube, 1999).
For instance, several physiological changes can be attributed to digenean infection such as
alteration of metabolic rate (Minguez et al., 2012), neuromodulation (Lafferty and Shaw, 2013)
and reduction in reproductive tissues (Hurd, 1990). Additionally, environmental factors such as
temperature (Thieltges and Rick, 2006) and salinity (Lei and Poulin, 2011) have been shown to
influence digenean infection rates and development within aquatic environments.

Here we ask how digenean trematode assemblages change within and across host species and
across a freshwater-saltwater gradient. We focused on two closely related host fish species,
Poecilia reticulata and P. picta occupying lowland freshwater and brackish water rivers on the
island of Trinidad. Populations of P. reticulata are restricted to freshwater sections of lowland

rivers, whereas their sister species, P. picta, inhabits both fresh and brackish waters on the island



(Torres-Dowdall et al. 2013). This system allowed us to ask: 1) Do digenean trematodes exhibit
host species preference in a freshwater environment, and 2) Do digenean trematode infection
rates differ between P. picta in freshwater and brackish water environments. If P. reticulata and
P. picta share the same set of parasites and have similar infection rates within freshwater, we
would conclude the distribution of the parasites is not limited by their host species. Similarly, if
we find no difference in the parasites of P. picta found in fresh and brackish water we would
conclude that salinity does not pose a barrier to the distribution of the parasites.

MATERIALS AND METHODS

COLLECTION AND PARASITE ANALYSIS

We collected P. picta and P. reticulata from three river systems on the island of Trinidad:
the Caroni, Caparo, and Cunupia rivers (Figure 1.1). To test if parasite assemblages differed
between P. picta and P. reticulata where they coexist in freshwater, we sampled localities that
were within a kilometer upstream of the fresh/brackish water interface in the Caroni, Caparo and
Cunupia rivers. To test if parasite composition differed between P. picta populations inhabiting
freshwater and brackish water sites, we compared the freshwater populations in the Caroni and
Cunupia rivers to adjacent downstream locations: The Cunupia river sampled at 8ppt salinity,
and the Caroni river sampled at 4ppt salinity (Figure 1.1).

At each site, we collected adult female Poeciliids from the banks of each river utilizing
butterfly nets. Because P. reticulata and P. picta are small fish, we focused on adult females
ranging from 2 to 3 cm, because they are larger than males and provided a potentially larger
habitat for parasites to target. All fish were euthanized utilizing MS-222 just prior to analysis.
Weight of the fish was obtained utilizing an Ohaus SP-602 Scout Pro Digital Balance, and

standard length was obtained by placing the individual on a ruler and taking a digital picture with



an embedded scale. We used the software package ImageJ (Rueden et al. 2017) to calculate
standard length. Individuals were analyzed microscopically for parasite species present and for
total parasite abundance through fin clippings of pectoral and caudal fins, skin scrapings, whole
gill squash preps, squash preps of abdominal viscera (GI tract, liver and gonads) using a
compound microscope [American Optical fiftyOne] (Yanong 2003, Leung and Poulin 2011,
Weber and Govett 2009). Due to the overwhelming abundance of visceral digenean trematode
metacercariae present in both host species, we used this stage of the life-cycle as the focus of our
survey.

In the process of quantifying metacercariae prevalence (presence or absence) and
abundance (number of parasites per individual) (Bush et al. 1997), we noted three distinct
morphological types (hereafter morphospecies). Metacercariae were easily categorized into three
morphospecies based on size and characteristics noted by light microscopy (Figure 1.2).
Morphospecies 1 was 2,418.58 microns on average and spherical with an “X” shaped excretory
duct. Morphospecies 2 was 475.86 microns across with oral spines. Morphospecies 3 was ovoid
(2,421.03 by 1,217.89 microns) and had a distinct anterior and posterior region.

STATISTICAL ANALYSIS

All analyses were performed in R 3.3.1. Parasite prevalence and mean abundance were
quantified to assess how the parasite assemblage changed across host populations and across
fresh and brackish water sites. We compared how the parasite prevalence changed across the two
host species and between fresh and brackish water sites by comparing the percentage of fish
parasitized by each of the morphospecies.

In order to test if parasite abundance differed between host species we used a generalized

linear model (GLM) using the total abundance of visceral metacercariae as the response variable



(i.e. all three morphospecies combined), and host species, and population as predictor variables.
We then ran the same model for each morphospecies separately to test if they differed between
the two hosts.

To test if parasite abundance differed between fresh and brackish water we used a
generalized linear model with total parasite abundance as a response variable and host location
and population as predictor variables. As above, we then ran the same model for each
morphospecies separately. In all cases, fish mass and length were not found to be significant
predictors of parasite mean abundance and thus were not included in any model. We used a
Poisson distribution in all our models because parasite abundance was not normally distributed
and skewed with some individuals having very high abundances and the majority having few

(see Figure 1.3), which is typical of parasite count data (Anderson and Gordon, 1982).

RESULTS

METACERCARIAL MORPHOSPECIES PREVALENCE

When the total metacercaria abundance of all three morphospecies combined was
examined, we found P. reticulata and P. picta had one hundred percent prevalence rates across
all three drainages examined (Figure 1.4). However, the percentages of each morphospecies
varied between hosts. Morphospecies 2 was the most common as it was found in all rivers and in
both P. reticulata and P. picta (Figure 1.4). Morphospecies 1 had relatively low prevalence rates
among P. reticulata populations compared to that of P. picta in both freshwater populations,
while morphospecies 3 had a higher prevalence rate among P. reticulata compared to that of P.
Pict across both populations compared (Figure 1.4).

When we compared the mean prevalence of morphospecies within P. picta between the

freshwater and brackish water types, again we found morphospecies 2 had one hundred percent



prevalence in both freshwater and brackish water (Figure 1.5). Morphospecies land 3 had
relatively high prevalence with a trend to be higher in freshwater compared to brackish water
(Figure 1.5).

METACERCARIAL MORPHOSPECIES ABUNDANCE

Where P. picta and P. reticulata were sampled together in freshwater the total
metacercarial abundances differed significantly between the two host species (z=2.37, df=1,
p<0.017) and between drainages (z=4.52, df=2, p<.0001), while there was no host x drainage
interaction (z=-0.58, df=2, p=0.56). When we tested each morphospecies separately, we found
morphospecies 2 was by far the most abundant parasite in freshwater for both host species, but
was significantly more common in P. reticulata than P. picta (z=2.85, df=1, p<0.001; see Figure
1.6). Morphospecies 2 differed significantly between drainages (z=4.83, df=2, p<0.0001)
however there was no host x population interaction (z=-0.96, df=2, p=0.34). In contrast,
morphospecies 1 and 3 were not found to be different between host species (Figure 1.6), while
the drainages differed for morphospecies 3 (z=2.3, df=2, p=0.02), but not morphospecies 1 (z=-
1.22,df=2, p=0.22). No drainage x host relationship was detected for morphospecies 1 or 3.

When we tested the effect of salinity on relative overall metacercarial abundance between
P. picta populations in fresh and brackish water we found a significantly higher parasite
abundances in brackish water (z=-8 .4, df=1, p<0.0001), and this difference varied between
drainages (z=-6.14, df=1, p<0.0001). Additionally, we found a drainage x salinity interaction
(z=7.02, df=1, p<0.0001). When we examined each morphospecies separately, we again found
morphospecies 2 to be the most abundant parasite (Figure 1.7), with a significantly higher mean
abundance in brackish water populations (z=-8 4, df=1, p<0.0001; Figure 1.7). However, we also

found these differences varied amongst drainages (z=-5.3, df=1, p<0.0001) and detected a



population x salinity interaction (z=6.73, df=1, p<0.0001). There was no difference between
freshwater and brackish water populations for morphospecies 1 or 3 (Figure 1.7), additionally we
found these differences varied amongst drainages for morphospecies 1 (z=-3.12, df=1, p<0.01).
DISCUSSION
Due to their complex life cycles, the propagation and dispersal of digenean trematodes is

highly linked to their hosts dispersal and ecology (Maze-Guilmo et al., 2016). Yet, parasites and
their hosts may be constrained in their distributions by different environmental factors. In this
study, we found that based on morphological characteristics there are three primary digenean
trematodes able to parasitize both P. reticulata and P. picta in freshwater. These same parasites
are also found in P. picta populations in fresh and brackish water environments. Thus,
differences in host species and differences in salinity do not appear to limit the distribution of
these parasites. However, the abundance of each morphospecies did vary depending on the host
and salinity levels, suggesting hosts and salinity levels are not equally optimal environments.
Morphospecies 2 was far more abundant in P. reticulata than P. picta where they coexist in
freshwater (Figure 1.6), suggesting P. reticulata is a better host species in freshwater. However,
in P. picta, Morphospecies 2 is significantly more abundant in brackish water compared to
freshwater populations (Figure. 1.7). Such results suggest an interesting interaction between the
host species (P. reticulata vs. P. picta) and the external salinity (fresh vs. brackish). Below, we
discuss these and other patterns in more detail.

We found three morphologically distinct metacercaria within P. reticulata and P. picta.
While there have been extensive studies of the monogenean parasite Gyrodactylus on
Trinidadian Poeciliids (Harris and Lyles, 1992; Scott and Anderson, 1989; Dargent et al. 2013),

to our knowledge this is the first description of Digenean trematodes in Poeciliids on the island



of Trinidad. We have yet to confirm the species of these trematodes, but based on the
morphological features we suspect morphospecies 1 is in the genus Centrocestus, morphospecies
2 is in the Order Echinostome, and Morphospecies 3 is in the genus Posthodiplostomum
(Galaktionov 2003, Skrjabin 1964). Future work is needed to confirm the identity of the three
morphospecies, and characterizing the life cycle of these parasites also remains a major goal. For
example, we do not know the species that serve as definitive and first intermediate hosts for the
three morphospecies examined. How these hosts are distributed along the freshwater-brackish
water continuum and the degree to which the different morphospecies utilize these hosts has
obvious implications for shaping the distribution of the parasites. We also do not know if what
we are describing as a single morphospecies is in fact made up of more than one cryptic species
(e.g. Hebert et al. 2004), which may actually vary between host species or between fresh and
brackish water. For the purposes of this study we assume each morphospecies is the same, but
future DNA barcoding is being planned to test this assumption.

Digenean trematodes of fish can be host specialists or generalists (Galaktionov and
Dobrovol'skii, 2003). We found that where these two closely related host species coexist in
freshwater, all three parasite morphospecies were detected in both hosts, however the prevalence
of each morphospecies varied (Figure 1.4). For example, all individuals sampled had 100%
prevalence rate of metacercarial morphospecies 2, whereas the prevalence of morphospecies 1
and 3 differed between the two closely related host species (Figure 1.4). Prevalence was not a
good predictor of parasite abundance. For example, despite equal prevalence in the two host
species, morphospecies 2 achieves significantly higher abundance in P. reticulata (Figure 1.6).
This variation in morphospecies prevalence and abundance among the coexisting host species

could indicate a difference in host preference by each parasite (Galaktionov and Dobrovol'ski,



2003), the suitability of each host (Stokke et. al, 2018), or may indicate a difference in exposure
rates of the host species to infective stages of digenean trematodes (Webster et. al, 2017).
Morphospecies preference for their host may be due to differences in resistance or immune
activity amongst hosts, or even differences in host behavior that may expose one host to infective
cercariae more than another (Klemme and Karvonen, 2016). Despite the variation between the
two hosts, these results indicate that these parasite morphospecies are not constrained by host
type in freshwater where the two host species coexist.

Fish host species that inhabit the freshwater-brackish water interface typically do not
harbor as many, or the variety of parasites species, compared to their freshwater or saltwater
counterparts (Moller, 1978). The degree to which salinity poses a barrier to the movement or
survival of free-living cercaria relative to their hosts should determine the geographic range
limits of parasites (Moller 1978). We found that all three morphospecies were present in P. picta
populations occupying fresh and brackish water (Figure 1.5, 1.7), suggesting both the parasites
and the host species are tolerant of a wide range of salinities. We observed variation among
morphospecies in that P. picta populations were less commonly infected in brackish water (i.e.
they had lower prevalence) than their freshwater counterparts (Figure 1.5). However, when these
brackish water individuals are infected they tend to harbor more parasites than their freshwater
counterparts (Figure 1.7). One hypothesis for why individuals in brackish water have more
parasites could be related to the hormonal control of osmoregulation. Cortisol plays a key role in
osmoregulation of euryhaline fish (McCormick et al., 1989; Gonzalez, 2012), and has also been
linked to decreased immune response to pathogens (Espelid et al., 1996) by influencing
lymphocyte numbers and antibody production capacity (Barton, 1991). Thus, these results could

indicate that exposure to brackish water may decrease a host’s ability to ward off cercarial
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infection. An alternative hypothesis is that the free-living stage of these parasites (cercariae) are
simply more common in brackish environments leading to differences in exposure between the
two environments.

CONCLUSIONS

The geographic distributions of parasites are shaped by a variety of limiting factors
(Bozick and Real 2015). Here we asked if different host species occupying a gradient from
freshwater to brackish differed in their parasite assemblages. We found three distinct Digenean
trematodes morphospecies, and while there was variation in the prevalence and abundance of
each morphospecies across the hosts and the different levels of salinity, there was no evidence
that any of these factors limit the distribution of the parasites. These results serve as a first step in
answering this question, and further study is needed to test whether salinity has any influence on
the life cycle of the parasites, and the degree to which the parasites and their hosts may show

population level differences between fresh and brackish water.
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FIGURES

Figure 1.1- SAMPLING LOCATIONS: Map of sampling sites in Trinidad are indicated by circles: A=Caroni,

B=Cunupia and C=Caparo
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a ) o b ) o ‘ . c o )
Figure 1.2- MORPHOSPECIES CLASSIFICATION: a) Morphospecies 1 has “X” shaped excretory ducts (arrow),
and a spherical cyst shape. b) Morphospecies 2 has oral spines (arrow). ¢) Morphospecies 3 has distinct anterior and
posterior body regions indicated by the black arrows
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Figure 1.3- METACERCARIAL AUNDANCE ACROSS ALL INDIVIDUALS: Metacercarial abundance across all
individuals followed a Poisson distribution, with most individuals harboring few parasites and a few harboring many
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Figure 1.4- PREVALENCE OF MEATCERCARIAL MORPHOSPECIES IN P. RETICULATA AND FROM
FRESHWATER SITES: Shown is the percentage of fish sampled with at least one parasite present.
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Figure 1.5- PREVALENCE OF METACERCARIAL MORPHOSPECIES IN P. PICTA FROM FRESH AND
BRACKISH WATER: Shown is the percentage of fish sampled with at least one parasite present.
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Mean Parasite Abundance (+/- SE)
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Graph A depicts overall metacercarial abundance and graph B depicts abundance
by population.
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CHAPTER 2: DO TREMATODE PARASITES SHAPE THE RANGE LIMITS OF
TRINIDADIAN GUPPIES?

INTRODUCTION

All species exhibit geographic range limits, or geographical boundaries beyond which they
are not found. Range limits are complex in origin and understanding their causes and
consequences are of major importance in the field of evolutionary ecology (Barber et al., 2000;
Sexton et al. 2009). While some species have abrupt changes in their distribution that are
associated with specific environmental features, others appear to have a gradual waning of
potential habitat that they occupy (Gaston, 2009). Because populations at the edges may
experience unfavorable conditions, understanding how these edges are defined can give insight
into the limits of population growth and sources of natural selection Identifying the abiotic and
biotic factors that impose physiological limits on contemporary time scales, can also inform the
selective pressures that prevent adaptation beyond the current boundaries of a population’s
geographic distribution (Bozick and Real, 2015).

Many biotic and abiotic factors are responsible for the observed patterns of species
distribution (Case and Taper 2000; Holt 2003; Price and Kirkpatrick, 2008). While these biotic
and abiotic factors are often examined in isolation, they can also interact on many levels to
influence the habitats and communities occupied (Dunson and Travis 1991; Warner et al., 1991).
For example, interactions between pH or salinity can alter the structure of aquatic communities
in a variety of different habitats (Dunson and Travis 1991; Selleslagh and Amara, 2008; Jovem
da Silva Azevedo et al.; 2015 McCreadie and Alder, 2012). Yet, most studies examining a role

for biotic factors in shaping species distributions have focused on either competition or predation
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(Dunson and Travis 1991; Holt and Barfield 2009), whereas the role of parasites has largely been
ignored (Biers 2003).

Parasites can limit host ranges through a number of mechanisms that act either independently
or through interactions with abiotic conditions (e.g. Holt 2003; Holt et al. 2005). Host species
may actively avoid certain habitats to reduce parasite exposure or abundance. For example,
several fish species actively avoid parasites through microhabitat selection (Poulin and
FitzGerald, 1989), shifting position in the water column (Karvonen, 2004), or through shoaling
behavior (Mikheev et al. 2013). Alternatively, if stressful abiotic conditions near the host’s range
boundary reduce immunity, higher rates and prevalence of parasitism could negatively impact
host population growth and locomotor performance (Lafferty and Kuris 1999; Kiesecker and
Skelly 2001; Deaton, 2009, Iwanowicz, 2011 and Stephenson et al., 2006). For example, Santos
et. al (2011) found that increasing metacercarial abundance can negatively impact swimming
behaviors. Similarly, Briers (2003) found that freshwater snails had higher parasite abundances
at the range boundary where populations are calcium limited.

Salinity is an abiotic environmental factor that limits the distribution of both plants and
animals (Nielsen et al., 2003; Josefson, 2016; Cornelia et al., 2011). Salinity is thought to be
especially important in restricting the distribution of freshwater fish (Bruno et al., 2013). When
freshwater fish are exposed to an increasing amount of salt in their environment many hormonal
and physiological changes take place which can alter biotic interactions (Gonzalez, 2012;
McCormick, 1996; Kumai and Perry, 2012). For example, a major hormone involved in
osmoregulation is cortisol (McCormick, 1996). Cortisol has also been linked to behavioral
changes in fishes and has been shown to decrease host immune response to parasites and other

pathogens (Espelid et al., 1996) by influencing lymphocyte numbers and antibody production
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capacity (Barton, 1991). For aquatic organisms that encounter a salinity gradient or fluctuating
salinity levels these changes in immunity pose interesting questions about potential interactions
with parasites and shaping of range limits.
STUDY SYSTEM

Poecilia reticulata on the island of Trinidad are an ideal model organism for ecological and
evolutionary studies (Magurran, 2005), and for the study of parasite-host interactions (Dargent
et. al,2013). In Trinidad, the Northern Range mountains form the headwaters of numerous rivers
that flow to the Atlantic and Caribbean Oceans. As these mountain streams reach coastal areas
the salinity of the water gradually increases. P. reticulata is found in nearly every freshwater
stream in Trinidad (Magurran, 2005; Torres-Dowdall et al., 2013), but P. reticulata populations
are completely absent when any salt is present in the water (Torres-Dowdall et al., 2013). Such
patterns are surprising, because P. reticulata is known to physiologically tolerate high levels of
salinity (Shikano and Fujio, 1997) and has successfully colonized brackish waters in other
geographic locations (Magurran, 2005). Such observations suggest other factors may be
influencing the avoidance of brackish water environments.

Digenean trematodes are the major parasite of P. reticulata in Trinidadian rivers (Chapter
1) and could interact with salinity to restrict P. reticulata distributions to freshwater
environments. Digenean trematodes are a group of flatworms that utilize multiple hosts to
complete their life cycle, and the same morphospecies infect both P. reticulata and Poecilia picta
at the freshwater-brackish water interface (Chapter 1).

In order to determine if P. reticulata avoids brackish water, because of higher parasite
loads, we experimentally exposed P. reticulata from fresh water to field-collected brackish and

freshwater assumed to contain live digenean metacercariae. If higher parasitic infections prevent
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P. reticulata from dispersing into brackish water, then exposure to field-collected brackish water
will lead to higher parasite abundance compared to field-collected freshwater.
METHODS AND MATERIALS

FISH COLLECTION

Butterfly nets were used to collect forty female P. reticulata from the banks of four
different freshwater sites from three independent river systems on the island of Trinidad: Caparo
(10.5174,-61.4319 DD), Caroni (10.6191,-61.4269 DD), the Cunupia (10.5547,-61.4380 DD),
and El Cedro (Figure 1.1). The Caparo, Caroni, and Cunupia sample sites were near but
upstream from the freshwater-brackish water boundary. The ElCedro site was approximately
20km upstream of the brackish water boundary of the Caroni river sampling site. Unlike the
three other sites, previous sampling of P. reticulata from the El Cedro river revealed no digenean
trematode metacercariae among the 30 fish sampled (Robison et al. in prep).

EXPERIMENTAL DESIGN
Fish were transported from the field to the laboratory, where they were acclimated for 24 hours
in glass tanks containing five gallons of filtered lab-prepared freshwater. Fish from each river
location were then randomly split into two groups, one designated as a freshwater control group
(n=20) and the other a brackish water exposure group (n=20). After the initial 24 hour
acclimation time, the brackish-water exposure groups were gradually acclimated to increasing
amounts of salinity at 5ppt per day, for a total of six days, using lab-filtered salt water. The
freshwater group also received equal volume changes of filtered and prepared fresh water. Once
the brackish water exposure groups were acclimated to 30ppt salinity they were exposed to
unfiltered water (5 gallons) collected from the Caroni river, which measured 30-32ppt salinity.

Freshwater individuals were exposed to unfiltered freshwater collected from the Caroni. Fish
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were exposed to this freshly collected river water each day for a total of seven days. Mortality in
each group was monitored and recorded. To control for population density between the treatment
tanks in response to mortality, if a fish died in one treatment group, an individual in the control
group was chosen at random and removed.

All fish that survived the freshwater and brackish water exposure were euthanized on the
seventh day using MS-222. Weight was obtained utilizing an Ohaus SP-602 Scout Pro Digital
Balance, and standard length was obtained by placing the individual on a ruler and taking a
digital picture with an imbedded scale. We used the software package ImageJ (Rueden et al.
2017) to calculate standard length (cm). Fin clippings of pectoral and caudal fins were obtained
along with skin scrapings and whole gill squash preps to analyze external parasites. Internal
parasite abundance was analyzed through squash preps of abdominal internal structures that were
categorized by tissue type (Yanong, 2003; Leung and Poulin, 2011; Weber and Govett, 2009).
All tissues were examined for parasite prevalence and mean abundance. Internal tissues
examined utilizing microscopy were GI tract, liver and gonads. Metacercariae were categorized
by morphospecies described in Chapter 1 (Figure 1.2).

STATISTICAL ANALYSIS

All analyses were performed using R 3.3.1 open source software. The data were non-
normally distributed (Figure 2.1) and thus a generalized linear model was used with a Poisson
distribution for each analysis. In order to test the fixed effect of brackish water exposure total
parasite abundance with all morphospecies combined was used as a response variable with
population and the interaction of treatment and population as predictor variables. To test the how
each morphospecies varied between treatments, we then ran the same model for each

morphospecies separately.
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RESULTS

FISH MORPHOMETRICS

Female P. reticulata weight from the Caparo river had an average weight of 0.18¢g (+0.01),
Caroni 0.15g (£0.009) and Cunupia 0.12g (£0.01). Standard length of P. reticulata from the
Caparo river was 2.4cm (£0.05), Caroni 2.27cm (+0.04) and the Cunupia 2.2cm (1£0.04).

MORTALITY

All populations exposed to brackish water suffered at least fifty percent mortality. Fish from
El Cedro, Caparo, Caroni, and Cunupia suffered 80%, 70%, 60%, and 50% percent mortality
rates, respectively (Figure 2.2). Mortality rates were highest between days 5 and 7 of river
collected brackish water exposure. In contrast, there was almost no mortality in the freshwater
exposure group. Only one individual died in the freshwater exposure group during the
acclimation period. No individuals died in response to exposure to field collected freshwater.

METACERCARIAL ABUNDANCE

Due to their high mortality rate and reduced sample size, the El Cedro population was
removed from further analyses of metacercarial abundance (Figure 2.2). When assessing the
effect of treatment on the total parasite abundance we found a significantly higher metacercarial
abundance in fish exposed to brackish water compared to the freshwater exposed individuals
(z=6.06, df=1, p<0.0001, see Figure 2.3). Further, we found that this pattern was consistent for
each river population. However, the degree of difference between the treatments across each
population varied, resulting in a significant population by treatment interaction (z=-7.2, df=2,
p<0.0001; Figure 2.4).

While morphospecies 2 (z=1.9, df=1, p=0.05) and 3 (z=5.57, df=1, p<0.0001) both showed a

significant increase in the brackish water treatment, morphospecies] showed no difference
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between treatments (Figure 2.5). These differences between morphospecies varied amongst
populations (Caroni: z=1.11, df=2, p<0.01; Cunpia: z=-1.23, df=2, p<0.05, see figure 2.6);
however, there was no indication of a population interaction with treatment.
DISCUSSION

An important role for parasites in shaping host species range limits and distributions has
largely been overlooked despite the fact that parasites can result in major physiological costs and
reduce host population growth rates (Boulinier et al., 2001; Briers, 2003; Altizer et al., 2003).
The impact of parasites on host populations may be particularly strong at range boundaries,
where suboptimal abiotic conditions can weaken host immunity (Briers, 2003; Lazzaro and
Little, 2009; Martin et al., 2010). Here, we show that digenean trematodes are a common parasite
of P. reticulata and that they contribute to shaping P. reticulata range limits by restricting them
to freshwater environments. Under laboratory conditions we found that P. reticulata readily
acclimates to filtered brackish water with little to no mortality. However, exposure to unfiltered
brackish water collected directly from the river results in an increase in total metacercarial
abundance and high mortality. These results are consistent with the hypothesis that salinity is
associated with higher parasite loads and may shape the range boundary of Trinidadian guppies.
Similar patterns have been described for explaining the geographic range limits of freshwater
snails in relation to their parasites (Biers, 2003). However, the causal links between salinity,
parasites, and P. reticulata distributions remain unresolved.

Few empirical studies have been able to experimentally test the causes of range limits in
mobile aquatic animals because they do not easily lend themselves to transplant experiments
beyond their native ranges (Brown, 1984; Angert and Schemske, 2005; Gaston, 2009; Sexton et

al., 2009). Here we mimicked range expansion by exposing lab acclimated guppies to field-
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collected brackish water. Compared to the control group which was exposed to field-collected
freshwater from the same river, P. reticulata exposed to field collected brackish water suffered
higher mortality and higher parasite loads (Figures 2.2-2 .4).Because the guppies were able to
successfully acclimate to 30 ppt salinity during the acclimation period with no mortality (Figure
2.2), salinity alone was not responsible for the mortality and the parasites, or a combination of
salinity stress and parasite load was responsible for the higher mortality rates.

The present study has a few weaknesses. We could not determine the difference in parasite
load in fish that died following brackish water exposure because the dead fish rapidly
decomposed. Similarly, while we have no reason to suspect a bias, we cannot be certain that
guppies in the brackish water group did not already have higher parasite loads compared to the
control group. Lastly, we assume the repeated exposure of field collected water exposed the
guppies to the free living cercaria of the trematode parasites. Unfortunately, we were not able to
verify the presence of cercariae in the river water despite several attempts. Though the increase
in total metacercariae indicates that parasitism was a factor, it is also possible that pollutants and
other aquatic pathogens in the river water may also have been introduced and contributed to the
patterns observed. Further studies will be needed to understand the linkages between salinity, the
abundance of the parasites, and the consequences of infection.

Theoretical models suggest that abrupt geographic range boundaries can occur in species that
behaviorally avoid unfavorable environments (e.g. Holt et al., 2005). Past work has shown that
throughout Trinidadian rivers, P. reticulata actively avoids even small increases in salinity
caused by fluctuating tidal and rainfall effects, such that the sharp range boundary is likely due to
behavioral avoidance (Torres-Dowdall et al., 2013). If the association between salinity and

parasites provide a reliable cue, such results could explain how behavioral avoidance would
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evolve. Indeed, other studies have found that fish will exhibit behavioral changes to avoid
parasitism (Poulin and FitzGreald, 1989; Karvonen, 2004), suggesting they have the ability to
recognize and respond to appropriate cues. However, it is less clear whether exposure to salinity
reduces P. reticulata immunity (e.g. Espelid et al.; 1996; Barton, 1991), or whether there are
simply more parasites in brackish water. Among the parasites, morphospecies 2 and 3 were
responsible for the higher parasite abundances in the brackish water exposure group (Figure 2.5),
thus it is possible these species are more common compared to freshwater sites. Previous work
has shown that morphospecies 2 is also the most common parasite of P. reticulata in freshwater
sites on Trinidad (Chapter 1). Morphologic speciation has its limitations and in particular it is
unclear if morphospecies 2 in brackish water is genetically distinct from the freshwater form,
which would have made the exposure to these parasites novel to P. reticulata and consequently
more vulnerable to infection (Lyles and Dobson, 1993). Nevertheless, future work will need to
explore the degree to which P. reticulata in fresh and saltwater can fight off infection of
invading cercariae (Mostowy and Engelstadter, 2011), and whether guppies avoid the cercariae,

the salinity, or their combination.
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Figure 2.1- METACERCARIAL ABUNDANCE ACROSS ALL INDIVIDUALS: Metacercarial counts followed a
Poisson distribution, with most individuals harboring few parasites and a few harboring many.
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50% mortality rate
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