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ABSTRACT
The effects of road de-icing salts on two amphibian species, Rana sylvatica and Rana pipiens,
and their trematode parasites
Master of Science
2016
Dino Milotic
Molecular Science
With ongoing amphibian declines, it is essential to determine possible contributors such
as diseases and environmental contaminants that may increase susceptibility. A potential
contaminant is road salt (mainly NaCl), which leaches into aquatic environments. | examined
whether road salts make larval amphibians (tadpoles) more susceptible to trematode parasite
infection, and also how these affect free-living trematode infectious stages (cercariae). | exposed
Rana sylvatica (wood frogs) and R. pipiens (northern leopard frogs) to control, medium (400
mg/L), and high salt (800 mg/L) treatments, and then to trematodes. High salt tended to reduce
wood frog anti-parasite behaviour and resistance to infection but the opposite was seen for R.
pipiens, although these tadpoles had elevated lymphocyte counts in high salinity. Trematodes
were differentially affected by increased salinities. The results suggest that host-parasite-
environment interactions are complex, with species differentially affected by contaminants,

which may lead to community shifts in predominant hosts and parasite species.
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CHAPTER 1: GENERAL INTRODUCTION

Amphibians are of particular research interest because they are undergoing global
declines and as many as 41% of all amphibian species are in danger of extinction (Stuart et al.,
2004; Hoffman et al., 2010). Factors that are contributing to their decline are land-use change
(Stuart et al., 2004), disease (Wake and VVredenburg, 2008) and climate change (Li et al., 2013).
In particular, a disease caused by a chytrid fungus (Batrachochytrium dendrobatidis) has
contributed extensively to amphibian declines (Fisher et al., 2009), but other disease-causing
organisms such as various macroparasites are also known to negatively affect amphibians at the
individual-and population-level (Koprivnikar et al. 2012). However, these factors do not occur
independently, and in conjunction can have interactive effects (Sih et al., 2004).

Anthropogenically-introduced chemicals may increase infection in hosts by affecting
their susceptibility and/or tolerance to pathogens. For example, it was found that exposure to
atrazine (an herbicide) increased the susceptibility of larval amphibians to infection by trematode
parasites (Koprivnikar et al., 2007), which are flatworms with complex multi-host life-cycles
(see below) that can have various detrimental effects on amphibians (Johnson et al., 1999;
Schotthoefer et al., 2003; Holland et al., 2007). With such a complex interplay between disease
and larval amphibians, it is crucial to determine environmental agents may render amphibians
more susceptible to infections.
Amphibian diseases

While amphibian larvae experience abiotic stressors such as contaminants, they
encounter additional challenges such as various predators and parasites. Among those of interest
are the trematodes — flatworms with complex life cycles (Figure 1.1). Adult trematodes utilize a
vertebrate, typically a bird or mammal, as a final host in which sexual reproduction and egg
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shedding occurs. In an aquatic environment, the trematode eggs hatch into motile infective stages
called miracidia which locate and infect aquatic mollusks such as snails as their first intermediate
host. This trematode undergoes asexual reproduction in infected snails, which shed the second
‘form’ of the parasite called cercariae. These cercariac are motile, and locate second intermediate
hosts such as fish and larval amphibians to infect. Cercariae form metacercariae (cysts) on
certain locations on the second intermediate host. Upon predation by a vertebrate final host, the
cyst hatches and a mature worm develops to complete the life cycle (Olsen, 1986).

Two trematode species, Ribeiroia ondatrae and Echinostoma trivolvis, are of focus in this
thesis because they are known to cause mortality and morbidity in amphibians in natural systems
(Blaustein et al., 2012). For example, R. ondatrae encysts where hind limb buds develop in
tadpoles, which causes malformations of limbs in up to 100% of infected amphibians at some
natural sites (Johnson et al., 1999; Koprivnikar et al. 2012). Malformed amphibians have a
disadvantage when escaping predation and may be predated upon more easily than uninfected
tadpoles (Johnson et al., 1999). E. trivolvis encysts within tadpole kidneys and pronephroi in
which it can disrupt renal function and increase mortality (Schotthoefer et al., 2003; Holland et
al., 2007). In the natural environment, a single tadpole may have hundreds of cysts and
additional stressors such as contaminants may further exacerbate the decline of amphibians.

However, the free-living stages of parasites, such as those of trematodes, are often subject
to the same environmental conditions as the hosts. In this case, cercariae and miracidia are
exposed to various environmental factors such as fluctuations in pH, oxygen, temperature,
salinity, and heavy metals (Pietrock and Marcogliese, 2003) which may influence cercarial
longevity and activity. For example, salinity and warmer temperatures in combination were
detrimental when cercariae were exposed to these for long periods of time (Koprivnikar et al.,
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2010). As the infective period is approximately 8 h for many species, which is shorter than the
cercarial lifespan, reduced longevity reduces the infective period overall (Pietrock and

Marcogliese, 2003).



Figure 1.1: Life cycle of the trematode parasite Ribeiroia ondatrae.

http://www.ecologia.ib.usp.br/ssmb/doku.php?id=2015:groups:g3:start



Road salts in the environment

Each year, 592 932 tonnes of road salt are applied to roads in the province of Ontario
(Environment Canada, 2001), and approximately 2,112,870 tonnes are used Canada-wide
(Environment Canada, 2001; Deonél et al., 2010). The most common type of road salt in Canada
consists of ~ 98% sodium chloride (NaCl), with the remaining 2% comprised of CaCl and/or
MgCl, (Environment Canada, 2001; Sanzo and Hecnar, 2006). Road salt leaches into aquatic
environments in many ways, including spring rain and snow melt that wash residues into streams
and soil (Findlay and Kelly, 2006; Lax and Peterson, 2009). Further, a buildup of de-icing salts
in the soil may displace heavy metals and promote chronic release of NaCl that may end up in
aquatic environments (Findlay and Kelly, 2006). Lastly, road salts may enter aquatic
environments through groundwater (Lax and Peterson, 2009). The resulting salt concentrations
in aquatic ecosystems can vary specially and temporally among sites, but also temporally. In
urban environments, which have a greater proportion of hard surfaces and thus more road salt
applied per square meter, nearby waterbodies have elevated chloride content (Howard and Beck,
1993; Williams et al., 1999; Van Meter et al., 2012). Salt concentrations can range from 150
mg/L in rural lakes to 5000 mg/L in urban impoundment lakes and snow cleared from streets
(Sanzo and Hecnar, 2006). Concentrations in ponds and wetlands can reach as high as 4000
mg/L, while streams can reach 4300 mg/L (Sanzo and Hecnar, 2006). Conductivity, a measure of
dissolved solutes, may be 20 times higher in water bodies near roads than those in forests
(Karraker et al., 2008). In Wappinger Creek in New York State, salinity levels were found to be
higher than ambient in the summer months (Findlay and Kelly, 2011). Table 1.1 lists various

NaCl values from environmental measurements, as well as those used in various toxicity assays.



Table 1.1: Concentrations of Road Salt in Freshwater Aquatic Systems Taken From the

Literature, as Measured in (CI) and NaCl

NaCl Concentration

Study Type or Waterbody

Type

Reference

1) 0- 9750 mg/L and 0.00 -
1030.00 mg/L
2) 4000 — 4300 mg/L

3) 150 and 5000 mg/L

1) Acute and chronic studies
2) Ponds, wetlands and
streams 3) Rural lake and

urban impoundment lake

Sanzo and Hecnar, 2006

500, 1000 and 1500 mg/L

Behavioural studies

Denoél et al., 2010

(CI) in mg/L

2-159 mg/L, 4-261 mg/L (CI) Stream Todd and Kaltencker, 2012
645 mg/L Urban pond Van Meter et al., 2012
1-298 (Na*) and 1-573 mg/L Stream Daley et al., 2009

>250 mg/L (CI")

Northeast rural stream

Jackson and Jobbagy, 2005

2 to 1200 mg/L(CI")

Various springs in Greater

Toronto Area

Williams et al., 2000

2840 mg/L (CI)

Urban spring

Howard and Beck, 1993

164 to 1907 mg/L

Don River (Toronto)

Warren and Zimmerman,

1994

28 mg/L to over 2000 mg/L

and 370 mg/L

Stream

Meriano et al., 2009

4000 — 4300 mg/L

Ponds, wetlands and streams

Sanzo and Hecnar, 2006




Chloride is often used as a proxy for how much road salt has entered water bodies, as ~
60% of NaCl is chloride by weight, which more readily leaches into aquatic environments (Lax
and Peterson, 2009). Elevated chloride can have negative effects on vertebrate and
macroinvertebrate community structure, as well as on algae and protozoans (Findlay and Kelly,
2011). Freshwater organisms are hyperosmotic relative to the aquatic environment and chloride
regulation occurs through either active pumps or bicarbonate exchange pumps on gills, and when
this mechanism is overwhelmed by excess chloride, then it becomes toxic (see Elphic et al., 2011
for more details). Canadian water quality guidelines predict 95% of species will not be adversely
harmed if chloride levels are maintained below 212.6 mg/L, using a species sensitivity
distribution curve (see Elphic et al., 2011 for more details). For instance, a significant number or
protozoans and plants did not germinate at salinities (NaCl) of 300 — 5000 mg/L (Brock et al.,
2005), while Chand et al. (2015) found that a prawn (Macrobrachium rosenbergii) had survival
rates of 6 — 17 % and 79 — 83% in 25 — 26 ppt and 21 — 22 ppt (NaCl) respectively. The
mechanism for negative effect for the latter was suggested as energy allocation from protein and
lipid production into osmoregulation (Chand et al., 2015). Organisms that breed in the summer,
or are in relatively sensitive stages in the life cycle, are more likely to be harmed by exposure to
elevated salinity (Findlay and Kelly, 2011). Species richness is negatively correlated with
chloride concentrations, but positively correlated with distance from roads, implying that
elevated chloride deters or eliminates species (Sanzo and Hecnar, 2006).

Amphibians also show detrimental effects of high NaCl exposure (Brand et al., 2010).
For example, wood frogs (Rana sylvatica) experience 50% mortality at 4300 mg/L, and this
occurs for American toads (Bufo americanus) at 10 000 mg/L over 96 hours (Brand et al., 2010).
Moreover, tadpoles of wood frogs and southern toads (Anaxyrus terrestris) reared in road salt
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solutions were found to have reduced activity and responsiveness to prodding, had accelerated
metamorphosis, and physical abnormalities (Sanzo and Hecnar, 2006; Findlay and Kelly, 2011;
Wood and Welch, 2015). Exposure to road salt places larval amphibians in an osmotically
adverse environment which could cause stress. As a response to osmotic stress, hormones might
be released in tadpoles that are known to act as immunosuppressive agents in amphibians
(Bennet and Johnson, 1973; LaFonte and Johnson, 2013). Moreover, stressful conditions might
shift energy allocations such that more energy is invested into osmoregulation and less in
behaviour, and behaviour is known to play a key role in avoiding parasites for larval amphibians
(Koprivnikar et al, 2014).

Freshwater parasites are harmed by increased salinities as well, while saline-inhabiting
(marine) parasites are harmed by dilution (Shostak, 1993; Pietrock and Marcogliese, 2003;
Studer and Poulin, 2012). Furthermore, terrestrial species, such as plants and other sessile
organisms experience increased mortality by exposure to saline conditions (Munch, et al., 2009).
High levels of NaCl can also have indirect effects on water quality. For example, Na* may
displace potassium (K), magnesium (Mg), lead (Pb), and other positively charged ions in soil,
and the displacement of NH4* which is readily taken up by primary producers and converted to
NOs", and NOs™ leaches more easily through soil (Findlay and Kelly, 2011). In this form, it
travels through the soil and into the water and may deplete local nitrogen concentrations (Findlay
and Kelly, 2011).

Main questions

Because of its common presence in freshwater, and the importance of parasites for
amphibian populations, | wanted to study how road salt might affect the interaction between
larval amphibians and their trematode parasites that are known to be common throughout North
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America and cause harm (Koprivnikar et al. 2012). Does road salt affect the susceptibility of
tadpoles to trematode parasites, and if so, what is the underlying mechanism? Will road salt
stress tadpoles and act as an immune suppressant, or will it act through lowering anti-parasite
behaviour? It is known that anti-parasite behaviour is effective in reducing parasite loads
(Koprivnikar et al., 2014), and that stress lowers immunocompetence in amphibians which leads
to greater parasitism (LaFonte and Johnson, 2013).

In Chapter 2, | examined behaviour, growth, and infection of wood frogs (Rana sylvatica)
by Ribeiroia ondatrae, as well as growth, blood profiles, and infection by Echinostoma trivolvis
in northern leopard frogs (Rana pipiens). | hypothesized that road salts would increase
susceptibility of larval amphibians to trematode infections by acting as an immunosuppressant
through the stress of elevated salinity, and also by lowering their anti-parasite behaviour. In
Chapter 3, | examined how road salt might affect the activity and survival of trematode cercariae
(Ribeiroia ondatrae, Echinostoma trivolvis, armatae-type and strigeid-type cercariae). |
anticipated that relatively high salinity based of literature values (up to 800 mg/L of NaCl) would
be detrimental to the freshwater trematodes used in this study, reducing their longevity and

activity
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CHAPTER 2: EFFECTS OF ROAD SALTS ON LARVAL AMPHIBIAN
SUSCEPTIBILITY TO PARASITISM
Introduction:

Amphibian habitats are undergoing anthropogenic disturbances that are related to
degradation and the introduction of contaminants (Semlitsch, 2000; Koprivnikar et al., 2007).
As a result, amphibians may be more susceptible and/or less tolerant to diseases. For example, a
pesticide used in agricultural fields has been shown to increase amphibian susceptibility to
parasite infection by reducing immunocompetence (Kiesecker, 2002). For example, the herbicide
atrazine has been shown to increase susceptibility of larval amphibians to trematode infection
(Koprivnikar et al., 2007). This is important because amphibians are undergoing global declines,
and infectious diseases have been implicated (Daszak et al., 1999, Daszak et al., 2003). Two
trematode species, Ribeiroia ondatrae and Echinostoma trivolvis, are of particular interest
because of the mortality and pathology associated with infection (Johnson et al., 1999;
Schotthoefer et al., 2003). R. ondatrae encysts around developing hind limb buds which results
in deformities that reduce amphibian viability and increase mortality (Johnson et al., 1999). E.
trivolvis encysts in the kidney and proneprhoi, which disrupts renal function and often leads to
mortality at high intensities of infection (Schotthoefer et al., 2003). Factors that impact host
susceptibility to infection by trematode parasites are important to consider in this context
because they could further drive declines in amphibian populations.

Human encroachment often occurs on natural habitats used by amphibians to breed and
develop during their aquatic larval stage (Haynes et al., 2010). These water bodies are often close
to roads that require the use of road salts during winter months. During the spring snow melt, the
road salts and other contaminants end up in these aquatic habitats, with soil and forests also
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serving as an ongoing source of salinity owing to salt retention and later release (Bastyiken et al.,
2006; Lax and Peterson, 2009; Findlay and Kelly, 2011). Concentrations found in nature as a
result of anthropogenic introduction of road salts range from 0 — 4, 300 mg/L, with lower values
in rural areas and higher values in urban areas (see Chapter 1, Table 1). The resulting increases
in conductance (overall dissolved solutes) and salinity have known detrimental effects on larval
amphibians. For example, conductance may affect competition outcomes, mating behaviour,
growth, development, osmotic regulation, and survivorship (Wallace 1991; Jgrgensen, 1997;
Gomez and Tejedo, 2002; Karraker et al., 2008; Snodgrass et al., 2008). Amphibian skin is
highly permeable, and ions that enter can disrupt the nervous system and other physiological
functions (Denoél et al., 2010). As a whole, amphibians cannot tolerate more than 30% of the
salinity that is found in marine environments (Sanzo and Hecnar, 2006). For example, Rana
sylvatica (wood frog) tadpoles metamorphosed sooner in saline conditions (Sanzo and Hecnar,
2006), and tadpoles of southern toad (Anaxyrus terrestris) reared in elevated salinity were
smaller, less active, and had a smaller size at metamorphosis (Wood and Welch, 2015).

In general, detrimental effects on amphibians may be expected beginning at salt
concentrations of 686 mg/mL (Findlay and Kelly, 2011). The lethal concentration for 50% of
mortality to occur (LC50) over 96 hours for wood frog tadpoles was 4, 300 mg/L, while that for
the American toad (Bufo americanus) was 10, 000 mg/L over 96 hours (Brand et al., 2010).
Further, amphibian larvae are particularly sensitive to elevated salinity in their early
developmental stages as it may interfere with water regulation as well as embryonic development
(Padhye and Ghate, 1992). In another study, wood frogs were exposed to NaCl concentrations of
0 -9, 750 mg/L for acute toxicity assays, and 0.00, 0.39, 77.50, 1030.00 mg/L for a chronic
assay (Sanzo and Hecnar, 2006). The LC50 values in 96 hours for this study were 2, 636 mg/mL
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and 5, 109 mg/mL, respectively (Sanzo and Hecnar, 2006). Tadpoles were less active, had
reduced weight, accelerated metamorphosis, and also had physical abnormalities (Sanzo and
Hecnar, 2006).

When environmental conditions are no longer optimal, organisms often experience stress
as a mechanism to cope with certain physiological needs. For example, stress is associated with
glucocorticoid hormones such as corticosterone, which tends to reduces growth and increase
energy utilization (metabolism) in amphibians by tapping into energy reserves (Glennemeier and
Denver, 2002). Corticosterone also causes changes in behaviour (Moore and Miller, 1984),
which is a major consideration for the ability of animals to carry out day to day tasks. Other
factors such as growth and development (Glennemeier and Denver, 2002) and components of the
immune system (Tournefier, 1982; Ducoroy et al., 1999) are altered. Furthermore, increased
levels of corticosterone are implicated in pathways that regulate osmotic stress (Ultsch et al.,
1999), which is important if one considers the potential effects of road salts on aquatic
vertebrates.

Since amphibian larvae are hyperosmotic relative to their ambient concentrations, the
maintenance of Na* levels becomes crucial when faced with more saline conditions (Ultsch et al.,
1999). The total Na* content of Rana pipiens whole body content found to be 1365 - 1815
micromolar/g and is 400 — 800 micromolar/g of dry body weight for R. sylvatica. Cl" content is
unavailable for Rana pipiens, but was 300 — 825 micromole/g of dry body weight for Rana
sylvatica (Freda and Dunson, 1984). These values suggest that amphibians are hyperosmotic to
their freshwater environment. The plasma of Litoria caerulea was found to have 102.8
milimoles/L of Na”and 79 milimoles/L of CI, and the osmolality was found to be 217.2 mmol/L
(Voyles et al., 2007. These values are generally consistent with other studies examining different

18



amphibian species (Hronowsi and Armstrong, 1977; Gomez-Mastre, et al., 2004). The uptake of
Na" is replaced by the expulsion of Na* from the body in hypersaline conditions and this
regulatory shift causes stress, including an increase in corticosterone (Ultsch et al., 1999). The
energy used in more demanding osmoregulation could thus otherwise be used in other processes
such as growth and development

Increases in stress hormones such as corticosterone have important implications for many
animals, including amphibians, because organisms typically have limited energy reserves and
allocation of energy for a physiological response due to stressors may leave less energy for
maintenance of a normal system. For example, elevated glucocorticoids promote energy
utilization for critical functions that enhance survival under adverse conditions, but at the
expense of growth and reproduction (Moore and Jessop, 2003). Furthermore, corticosterone
levels in larval northern leopard frogs (R. pipiens) increased in the presence of competition,
which reduced growth but not development (Glennemeier and Denver, 2002). Chronically-
elevated glucocorticoids may influence cytokine synthesis (Maule and VanderKooi, 1999),
reduce antibody production and T-cell proliferation (Ottaviani and Franceschi, 1996; Maule and
VanderKooi, 1999), and reduce inflammatory responses (Mastorakos et al., 1999). In northern
leopard frogs and bullfrogs, exogenous hydrocortisone treatment caused an increase in
neutrophils and a decrease in lymphocytes, but levels normalized within three days (Bennet and
Johnson, 1973).

Alterations of stress hormones not only impact the composition of white blood cells, but
also have implications for the ability of animals to resist and tolerate pathogens such as parasites,
which has been demonstrated in larval amphibians. For instance, exogenous corticosterone
increased the susceptibility of grey tree frog (Hyla versicolor) tadpoles to infection by the
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trematode parasite Alaria sp., and was associated with a decrease in eosinophil leukocytes — an
indication of a suppressed immune system (Belden and Kiesecker, 2005). In another study,
application of corticosterone tripled the susceptibility of grey tree frog tadpoles to three different
trematode species, with R. ondatrae being especially virulent (LaFonte and Johnson, 2013).
Corticosterone treatment caused immunosuppression that was characterised by a 62% reduction
in eosinophils (LaFonte and Johnson, 2013). Thus, elevated levels of stress hormones such as
glucocorticoids may suppress the immune system and increase disease susceptibility, which may
play a role in recent declines and parasite-induced malformations in amphibians (Belden and
Kiesecker, 2005; LaFonte and Johnson, 2013).

Environmental perturbations cause stress, and stressed animals exhibit atypical actions
such as reduced activity, interest in mating, and foraging, which implies that stressful conditions
have implications for animal behaviour (Ditchkoff et al., 2006; Dantzer et al., 2008). Moreover,
infected animals exhibit these types of behaviours as well because they are stressed. Many
animals that are infected with pathogens or parasites may start to behave unusually, including
changes in foraging behaviour, reduced activity levels, and reduced interest in sexual
reproduction (see review by Moore, 2002). Such “sickness behaviour” can be triggered by
changes in corticosterone levels (Johnson et al., 1996), as well as the production of pro-
inflammatory cytokines which are produced by activated leukocytes (Kent et al., 1992).
However, aside from innate immunity, animals also exhibit highly-effective anti-parasite
behaviours. For example, larval amphibians employ anti-parasite behaviours in the presence of
parasites, which includes increased activity levels and rapid tail movement which has been
shown to greatly reduce infections rates in tadpoles that exhibit this behaviour compared to those
that do not (Taylor et al., 2004; Koprivnikar et al., 2014).
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Because road salts can accumulate in very high concentrations in water bodies used by
amphibians for breeding, and are known to have various detrimental effects on their survivorship
and development during short-term acute exposures, | decided to examine potential sub-lethal
effects of chronic exposure with respect to host susceptibility to parasitism. Using
environmentally-realistic concentrations, | exposed larvae of R. pipiens and R. sylvatica to
chronic treatments of road salt that might be expected to cause stress which could be
immunosuppressive, and investigated tadpole growth and resistance to infection by trematode
parasites. | hypothesised that road de-icing salts would act as an immunosuppressant and also
reduce anti-parasite behavior, resulting in a higher susceptibility of larval amphibians to
trematode infections.

Materials and methods:
Animal care

Wood frog (Rana sylvatica) egg masses were obtained from a commercial supplier
(Boreal Science) and were reared in 15 L plastic tubs containing dechlorinated water on a 14:10
light/dark cycle until hatching. Hatched tadpoles were separated into twelve aerated tubs
containing dechlorinated water at densities of approximately 70 tadpoles per tub. Tadpoles were
fed 2-3 pieces of rabbit chow every other day for about three weeks after which their diet was
replaced with boiled spinach and fish flakes ad libitum until the majority reached Gosner
developmental stage 28 (Gosner, 1960) and were then fed raw spinach. All tubs received water
changes every two days, with alternating half and full water changes. Northern leopard frog (R.
pipiens) tadpoles (stage 24/25) were acquired from egg masses obtained by an experimental
breeding study conducted by another lab (see Trudeau et al., 2013) and maintained separately in
the same way as the wood frog tadpoles.
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Parasite acquisition

Aguatic snails (Helisoma trivolvis) were acquired from a field site in St. Catherines,
Ontario and screened for trematode infection by placing individuals into a Petri dish with
dechlorinated water under a 60W incandescent lamp for one hour. For snails harbouring
infections (i.e. confirmed by cercariae emergence), the trematode species were identified using a
compound microscope and identification keys (Schell, 1985), and the snails were separated
according to which cercariae they carried. Snails that released Ribeiroia ondatrae cercariae were
then kept separately in a 2 L container of dechlorinated water and fed raw spinach, with water
changes every 4 days. When R. ondatrae cercariae were needed for experimental procedures,
snails were left overnight in Petri dishes in the dark and cercariae were collected early next
morning (7 a.m.). Snails were also collected from a field site near Cambridge, Ontario and were
screened for infection by the same methods, with those infected with Echinostoma trivolvis also
kept separately. Cercariae of E. trivolvis were then obtained when needed by placing infected
snails under lamps as described above, the morning of the experiment.
Road salt field data

Field road salt concentrations were gathered from 10 ponds near Guelph (ON) at
two times in 2015 (Figures 2.1 and 2.2). A conductance probe and a NaCl probe (VWR
Traceable® Salinity Meter and VWR Traceable® Conductance Meter) were used at each
site to measure littoral zone conductance and NaCl values in May and June. In addition to
NaCl measures, the following information was obtained for each site: mean agricultural
distance (using the closest crop/pasture field to the north, south, east, and west of the
pond), and distance to the closest agricultural field (any direction). These data were
obtained during a previous using the same 10 sites (see Koprivnikar and Redfern, 2012
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for details) and are summarized in Table 1.2. Because the sites that were categorized as
agricultural had a mean distance of 35.3 m (+ 21.3 S.D.) to the nearest crop/pasture field in any
in any direction (range 13.4-70 m), while the non-agricultural ones were an average of 211.1 m
away (+ 64.9 S.D; range 104.9-280 m), this information also justifies the classification of all
ponds >75 m from such fields as non-agricultural, in addition to maintaining consistency with
other studies in this respect (King, et al., 2007, 2008; Meyer, et al., 2015). In other words, a clear
set of ponds was less than 75 m from agricultural activity while the other set was at least 105 m
away, and often more, with a significant difference between the two site classifications in this

measure (t = 5.755, df = 8, P < 0.001).
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Figure 2.1: Field NaCl values measured in May and June of 2015. Numbered sites indicate
ponds with agricultural fields nearby (see text for definitions) and lettered ponds indicate ponds

non-adjacent to agricultural fields.
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Figure 2.2: Locations of ponds for field-collected NaCl values in 2015.
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Table 2.1: Locations and surrounding agricultural activity for ten field sites. Abbreviations: ID =
site identification corresponding to Figure 2.2 map (letters and numbers correspond to non-
agriculture and agricultural sites, respectively), CA = distance to closest agricultural activity (m),
and AA = average distance to agricultural activity (m), and SA = pond surface area (m?). Refer

to text for methodology and detailed descriptions.

Pond ID CA AA Site location
E 210.7 589 43°30'47.71"N
80° 8'4.60"W

A 237.3 867.9 43°27'35.05"N
80°13'15.06"W

B 280 848.3 43°27'43.97"N
80°13'12.57"W

C 104.9 853.8 43°29'53.13"N
80° 7'14.60"W

D 222.4 429.6 43°31'35.84"N
80° 5'16.75"W

1 70 1114 43°13'6.47"N
81° 0'18.07"W

2 24.9 113.1 43°13'4.95"N
81° 0'15.54"W

3 30.4 79.1 43°28'20.43"N
80°14'23.11"W

5 13.4 335.4 43°33'40.29"N
80° 8'12.15"W

4 37.7 45.5 43°28'17.75"N
80°14'26.76"W
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Experimental design

The study consisted of three treatments that each had 20 replicates: 1) control
(dechlorinated tap water), 2) medium (target concertation of 400 mg/L road salt), and 3) high
(target concentration of 800 mg/L road salt). The concentrations reflected potential chronic
conditions in rural and urban environments based on my field data which ranged from 120 mg/L
—560 mg/L, and literature concentrations as high as 4300 mg/L in urban environments. The
wood frog and northern leopard frog experiment were conducted separately and with different
trematode species owing to temporal availability of both hosts and parasites. A probe (VWR
Traceable® Salinity Meter and VWR Traceable® Conductance Meter) measuring both NaCl and
conductivity was used to confirm treatment concentrations, which were made by dissolving
commercially available Windsor Safe-T-Salt® in 20L water containers. The actual concentrations
of NaCl for each treatment to be as follows: treatment 1 = 160 mg/L, 2 = 600 mg/L, and 3 =
1050 mg/L for wood frogs; treatment 1 = 270 mg/L, 2 = 580 mg/L, and 3 = 1140 mg/L for the
northern leopard frogs. Each replicate consisted of a single tadpole housed in a 1.5 L plastic
container filled with 1 L of the assigned treatment solution and their placement was randomly
distributed among shelves of a single rack using a random sequence generator with numbers 1-
60. Northern leopard frog tadpoles were selected randomly such that an approximately equal
number of individuals approximately Gosner developmental stage 30 were selected from each
communal tub. Half of tadpoles were exposed to treatments for a total of 14 days and half for a
total of 15 days, with one water change after 7 days, and were fed boiled spinach ad libitum.
Wood frog tadpoles followed the same protocol but selected tadpoles were at Gosner
developmental stage 35. In both experiments, behavioural recordings and infection occurred at
day 12 and day 13 such that half of individuals were exposed on day 12 and half on day 13. The
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tadpoles were euthanized two days after parasite exposure so half of the tadpoles were in
treatment conditions for 14 days, and half for 15 days.
Parasite exposure and behavioural recording

The portion of the experiment carried out with wood frogs involved recording their
behaviour during their exposure to cercariae. Half of the wood frog tadpoles were recorded after
12 days of treatment, and the other half after 13 days. Snails were left overnight to shed R.
ondatrae cercariae that were then collected under a dissecting scope beginning at 7 a.m. the day
of the experiment. Actively swimming cercariae were picked randomly from the snails to
account for variation in cercariae age and genetic diversity and were individually pipetted into
microcentrifuge tubes until each tube contained 20 cercariae. Two digital camcorders mounted
on tripods were used such that five of the individual 1.5L tubs fit under each camera. The two
cameras were separated by white cardboard blinds to isolate the tadpoles from their
surroundings. Tubs were selected systematically according to their ID and tadpoles were kept in
their treatment solutions. Once placed under the camera, 15 minutes of acclimatization was
allowed before commencing recording. After the acclimatization period, 15 minutes of recording
without any parasites occurred. At this time, each tub received the dosage from a single
microcentrifuge tube containing 20 cercariae and 15 minutes of recording were carried out. After
this recording period, each individual container was returned to its position (i.e. cercariae
remained in the container). Two days after exposure to parasites, tadpoles were weighed and
euthanized in a buffered solution of 1% MS-222, wood frog tadpoles were preserved in 70%
ethanol, while northern leopard frog tadpoles were preserved in formalin.

For the experiment conducted with northern leopard frogs, E. trivolvis cercariae were
collected by placing snails under a 60 W incandescent lamp in petri dishes with dechlorinated
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water and a piece of spinach to stimulate sunlight conditions. After cercariae emerged, they were
also pipetted into microcentrifuge tubes such that each contained 20 cercariae. The behaviour of
the northern leopard frog tadpoles was not recorded. Rather, each tadpole received a dose of 20
cercariae by adding the contents of an individual tube to its container. The elapsed time (48h) is
sufficient time for metacercariae to fully form (Friend et al., 1997) and stimulate an
inflammatory response to these (Martin and Conn, 1990), which is a rapid response (Morales et
al., 2010). After 48 h, tadpoles were euthanized as above and weighed before placement into a
Petri dish, dorsal side facing down with the ventral side exposed upward. Scissors were used to
make an incision at the point at which the tail meets the body such that the major artery was cut.
Blood was collected using a standard plastic pipette and transferred onto a glass slide, following
the procedure of Davis (2008), and the blood spread with another clean slide to create a smear.
The slide was left to air-dry and was then fixed with methanol by immersion into a methanol
solution for one minute. To visualize the blood cells, the slides were immersed into Giemsa stain
for 30 seconds, and then dipped in one solution of distilled water for 10 seconds, transferred to
another solution of distilled water for 10 seconds, and then left to air dry. The tadpole was placed
then placed into a solution of 10% neutral buffered formalin solution for preservation.
Data gathering and analysis

During dissections, | quantified the number of cysts in each tadpole for both the wood
frog and northern leopard frog experiments, and also determined the Gosner developmental
stage. To count E. trivolvis cysts in R. pipiens, the kidneys and pronephroi were removed and put
on a slide before examination with a compound microscope. Counts of R. ondatrae cysts in
wood frogs were done by external examination. For wood frog behavioural data, I classified each
tadpole as moving or not at every 20 second interval for each individual recording, converted this
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into percentage of time points active, and then arcsine squareroot-transformed the proportional
data to meet the assumptions of normality. Growth for both experiments was calculated as final
(mass — initial mass)/initial mass and met the assumption of normality, as did cyst counts.

Blood smears were quantified following Davis (2008) using the 1000x (oil) objective on
a compound microscope to examine either 100 fields of view, or examine until 100 leukocytes
were counted. | found 100 fields of view to be sufficient, not 150 as Davis (2008) suggested.
Moreover, identification of specific leukocytes such as eosinophils and lymphocytes was done
(Hadji-Azimi et al., 1987). Ratios of total white blood cells (WBC) to red blood cells (RBC) and
each specific white blood cell to red blood cell were calculated. The ratio of white blood cells to
red blood cells, lymphocytes to red blood cells, and eosinophils to red blood cells was also
arcsine squareroot-transformed.

The data for the wood frog experiment was analyzed with a multivariate analysis of
variance (MANOVA) using a General Linear Model (GLM) procedure because our outcome
measures were not necessarily independent of one another. Treatment (salt level) was entered as
a categorical fixed effect and developmental (Gosner) stage as a covariate, with number of cysts
(infected and uninfected individuals both included), growth, and activity level in the presence of
cercariae as the dependent variables. | also used a MANOVA for the leopard frog experiment in
the same way as for the wood frog tadpoles but only growth and number of cysts were used as
dependent variables. The blood profiles of the leopard frogs were examined using a separate
MANOVA with treatment as the fixed factor and development stage as a covariate, and included
the following dependent variables (all arcsine squareroot-transformed): ratio of WBC to RBC,
ratio of eosinophils to RBC, ratio of neutrophils to RBC, and ratio of lymphocytes to RBC. I also
examined the relationship between number of cysts (Poisson distribution with log link function)
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and blood profiles using Generalized Linear Mixed Models (GLMM). The fixed effects were
ratio of WBC to RBC and ratio of lymphocytes to RBC, with treatment and developmental stage
entered as random effects. Non-significant predictors were dropped and the model run again. All
analyses were performed with SPSS 23.1.
Results:
Wood frog infection and behaviour

Fifty-five of the surviving 58 wood frog tadpoles were infected with R. ondatrae (95%),
with a mean (+S.D.) infection intensity of 4.36 + 2.5 (range of 0-11). When considering the
overall outcome (i.e. all 3 dependent measures), there was a marginally insignificant effect of
road salt exposure on wood frogs (Wilk’s A = 0.812, Fg 104= 1.902, P = 0.087). The between-
subjects tests showed that there was no significant effect of road salts on tadpole growth (F254=
2.386, P = 0.102), or on cyst abundance (F2,54 = 1.918, P = 0.157), but there was a marginally
insignificant effect on tadpole activity in the presence of parasites (F254 =2.598, P = 0.084).
Tukey posthoc tests indicated a significant difference in tadpole growth between the control and
medium salt treatments (P= 0.043) (Figure 2.3), a marginally insignificant difference between
cyst abundance between these two treatments as well (P = 0.074) (Figure 2.4); growth was
greatest in the control tadpoles and they also had the fewest cysts. With respect to the effect of
road salt on tadpole activity in the presence of cercariae, there was a significant difference
between the control and medium treatments (P = 0.038), and a marginally insignificant
difference between control and high treatments (P = 0.082); activity was lower in both the salt
treatments (Figure 2.5). Using a separate univariate ANOVA, there was no difference between

treatments for tadpole activity in the absence of parasites (F254 = 0.911, P = 0.408).
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Figure 2.3: Mean percentage logio growth (+ S. E.) of R. sylvatica tadpoles in road salt treatment

conditions (control = 160 mg/L, medium = 600 mg/L, high = 1050 mg/L of road salt).
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Figure 2.4: Mean (+ S. E.) infection intensity (# of cysts) of R. ondatrae in wood frog (R.
sylvatica) by road salt treatment conditions (control = 160 mg/L, medium = 600 mg/L, high =

1050 mg/L).
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Figure 2.5: Mean proportion of time (+ S. E.) active for R. sylvatica tadpoles exposed to road
salt treatment conditions (control = 160 mg/L, medium = 600 mg/L, high = 1050 mg/L) in the

presence of the trematode parasite R. ondatrae.
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Leopard frog infection and blood profiles

Forty-six of the surviving 56 leopard frog tadpoles were infected with E. trivolvis (82%),
with a mean (+S.E.) infection intensity of 4.23 + 0.477 (range of 0-12). The results of the GLM
indicated that road salt had no overall effect on tadpole condition considering both growth and
cyst abundance (Wilk’s A = 0.901, F4102 = 1.362, P = 0.252). When considering the individual
dependent variables, road salt had no effect on cyst abundance (F252 = 2.206, P =0.102),
although posthoc tests indicated a greater number of cysts in the control than medium treatment
(P = 0.041) (Figure 2.6). There was no effect of road salt on growth (F2s2 = 0.490, P = 0.616)

(Figure 2.7).
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Figure 2.6: Mean (+ S. E.) E. trivolvis infection intensity (# cysts) in R. pipiens exposed to road

salt treatment conditions (control = 270 mg/L, medium = 580 mg/L, high = 1140 mg/L).
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Figure 2.7: Mean (+ S. E.) proportional growth (mass change over 14 and 15 days) of northern
leopard frog (R. pipiens) tadpoles in road salt treatment conditions (control = 270 mg/L, medium

= 580 mg/L, high = 1140 mg/L).
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| was able to examine blood slides from 27 tadpoles because insufficient blood was
collected to make a proper blood smear for some tadpoles. The GLM for tadpole white blood cell
profiles found no overall effect of treatment (Wilk’s A = 0.692, Fg3s = 0.960, P = 0.481);
however, the individual between-subjects tests indicated a marginally insignificant effect on the
ratio of lymphocytes to RBC (F2,22 =2.863, P = 0.079). Posthoc tests showed significantly more
lymphocytes relative to RBC in high vs low salt treatment (P = 0.027), and a trend for more in
medium vs low salt (P = 0.091) (Figure 2.8). While there was no significant effect of treatment
on the overall ratio of WBC to RBC (F222 = 1.677, P = 0.210), the pair-wise comparisons
indicate a trend for more WBC relative to RBC in treatment 3 compared to 1 (P = 0.085) (Figure
2.9). The ratio of lymphocytes to RBC was not a significant predictor of cyst number (P = 0.270)
in the initial model and was dropped, and the final model only containing the ratio of WBC to

RBC was not significant either (F123 = 0.965, P = 0.336).
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Figure 2.8: Mean (+ S. E.) ratio of lymphocytes to red blood cells in R. pipiens tadpoles reared
in road salt treatment conditions (control = 270 mg/L, medium =580 mg/L, high = 1140 mg/L)

and infected by E. trivolvis.
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Figure 2.9: Mean (+ S. E.) leukocyte to red blood cell ratio of R. pipiens reared in road salt
treatment conditions (control = 270 mg/L, medium = 580 mg/L, high = 1140 mg/L), infected by

E. trivolvis.
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Discussion:

Exposure of larval amphibians (R. sylvatica and R. pipiens) to environmentally-realistic
concentrations of road salts did not affect their growth, but had some influences on infection with
trematode parasites, host anti-parasite activity, and host white blood cell profiles, that merit
further investigation. There was no overall effect of road salts on amphibian growth but when
considering pairwise comparisons, it was seen that wood frog tadpoles reared in the medium salt
treatment had a significant reduction in growth compared to the control treatment. Larval
amphibian growth reduction in saline conditions has been reported in literature (Findlay and
Kelly, 2011; Wood and Welch, 2015), possibly because increased saline concentrations mimic a
drying pool of water (Denver et al., 1998), whereby larval amphibian development is increased
at the expense of mass gain to escape drying conditions in ponds (Denver, et al., 1998; Kiesecker
and Skelly, 2001; Koprivnikar, et al., 2014). Reduced growth results in smaller frogs at
metamorphosis that have a lower fecundity, are less competitive, and are more vulnerable to
predation (Sanzo and Hecnar, 2006). This has implications for the population at large, especially
if it allows other amphibian species that are not impacted by road salt to outcompete wood frogs.
In this experiment, R. pipiens growth was not affected by road salt concentrations, suggesting
this species may be more tolerant of higher salt concentrations. In addition, infection with R.
ondatrae tends to reduce tadpole growth and increase time to metamorphosis (Johnson et al.,
2012). Road salts were also found to increase mortality in tadpoles chronically exposed to
elevated salinity (Sanzo and Hecnar, 2006). The LC 50 (50% mortality) for wood frogs was
found to be ~4300 mg/L (Brand et al., 2010), but no effect was on mortality was seen here.

My results are consistent with findings that increased salinity will reduce growth
considering the medium salt exposure; however, the lack of effect at the high salt concentration
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is not clear and might reflect a non-monotonic response, as has been seen with other
contaminants such as atrazine in which higher concentrations were less detrimental than lower
ones (Storrs and Kiesecker, 2004), and it warrants further study. In other studies, higher NaCl is
more harmful to larval amphibians. For instance, as NaCl concentrations increased from 3,000 —
9,000 mg/L, mortality increased until all R. sylvatica tadpoles died at a concentration of 9,750
mg/L (Sanzo and Hecnar, 2006). These results followed a curve with mortality increasing as
NaCl concentration increased. Similar results were observed in Collins and Russel (2009), where
50% of R. sylvatica tadpoles died at 1721.4 mg/L (CI"). However, both studies used rock-salt and
not commercially available road salt as in the present study.

Endocrine disruptors often affect organisms in this non-monotonic way whereby high
levels of contaminants have less negative effects than medium concentrations (Lagarde et al.,
2015). Alternatively, since both the parasite and larval amphibian were exposed to the same
treatment conditions, it is possible that the ability of cercariae to successfully infect the host was
impeded at high salt. However, further studies need to be done to disentangle the exact
mechanism of why the high salt (800 mg/L) condition exhibited a non-monotonic response.
Non-monotonic responses for contaminants may be explained by molecular mechanisms,
whereby all of certain type of receptors’ active sites are occupied by their ligands in medium
concentrations such that excess of the chemical cannot produce any further effects (Lagarde et
al., 2015). Similarly, larval amphibians may have a threshold level at which protein pumps are
produced to mitigate osmotic stress and medium concentrations do not elicit this response,
causing greater stress.

My hypothesis that road salts would increase infection rates due to stress was also
consistent with the medium treatment in wood frogs, but not the high salt treatment. The
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increased activity of tadpoles in the presence of cercariae has been demonstrated to be an
effective way to reduce infection by trematode parasites (Taylor et al., 2004; Koprivnikar et al.,
2014), and a reduction in this anti-parasite behaviour may be the mechanism by which these
tadpoles acquired more infections in the present study, i.e. by being hindered in their ability to
avoid and dislodge cercariae. As a result, tadpoles in the medium salt treatment that had the
lowest activity level in the presence of cercariae had the greatest number of cysts. Decreased
activity by larval amphibians is consistent with previous findings that tadpoles moved slower and
responded less to prodding in a salt solution (Sanzo and Hecnar, 2008; Deonél et al., 2010). In
addition, I found a marginally insignificant result toward reduced activity in the high salt
treatment relative to the control, and a trend for more cysts in the high salt treatment as well.
However, there was no difference in activity or cyst number between the medium and high
treatments. A reduction in activity may suggest that the tadpoles in treatment conditions were
stressed and had lower energy reserves to employ parasite avoidance behaviour, as it has been
suggested that limited energy reserves result in shifts of energy utilization away from non-vital
functions (Romero, 2002).

In contrast to the wood frog results, there was a trend for greater infection by E. trivolvis
in northern leopard frog tadpoles from the control solution, and this difference was significant
with the medium-level salt treatment. This might be because the high variation in number of
infected individuals, and therefore cysts, within the medium and high salt treatments.
Interestingly, every leopard frog tadpole in the control was infected but 6/19 were not in the
medium salt treatment, and 4/19 were not infected in the high salt treatment. This suggests that
elevated salt levels may hinder the parasite’s ability to successfully infect tadpoles. Salt may
affect the ability of cercariae to locate hosts, act as a repellant to penetration if prominent in host
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tissue, impair encystment success, or it may be that the host’s immune system is activated and
not suppressed because of stress. Notably, both the hosts and cercariae were exposed to salt in
this study. As (Pietrock and Marcogliese, 2003) explain, cercariae are fragile and environmental
conditions may readily affect them. For example, temperature may increase cercarial activity but
increase energy deletion, thus reducing lifespan (Pechenik and Fried, 1995; McCarthy, 1999)
while other factors such as pH and heavy metals may increase mortality (Pietrock and
Marcogliese, 2003). However, road salt affected R. ondatrae and not E. trivolvis cercariae in a
related study of mine (see Chapter 3), suggesting there could be a hindrance to their infection
success of wood frogs, and perhaps other host species, rather than increased cercariae mortality.
The pattern of higher infection intensity for leopard frog tadpoles in the control solution
relative to the salt treatments might be explained by their white blood cell profiles. There was a
strong trend for elevated white blood cell counts in tadpoles exposed to salt, which was
especially evident for the ratio of lymphocytes to red blood cells. Vertebrates typically have five
white blood cell types: monocytes, basophils, lymphocytes, neutrophils and eosinophils (Davis et
al., 2008). Neutrophils and heterophils operate by phagocytosis to clear infections and respond to
stimuli such as pathogens, inflammation, and stress (Belden and Kiesecker, 2005; Davis et al.,
2008; LaFonte and Johnson, 2013). Lymphocytes are signalling cells that trigger immunological
responses such as production of immunoglobulins and enhance the immune response (Campbell,
1995). Eosinophils are involved in inflammation processes (Jain, 1993) and attack parasitic
infections (Maxwell, 1987; Rupley, 1997; Kiesecker, 2002), while monocytes play a role with
infection of bacteria (Campbell, 1995; Davis et al., 2004). Enhanced numbers of all of these
would presumably decrease tadpole susceptibility to parasitic infections, such as those by
trematodes. Importantly, the ratios of heterophils or neutrophils to lymphocytes is an effective
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way to determine stress hormone levels (Belden and Kiesecker, 2005; Davis et al., 2008;
LaFonte and Johnson, 2013), with high ratios positively associated with glucocorticoids. Because
glucocorticoids are stress hormones (Belden and Kiesecker, 2005), it is possible that salt
exposure caused physiological stress to the northern leopard frog tadpoles in this study, thereby
elevating their white blood cell counts and reducing susceptibility to parasitism — contrary to my
expectations. However, certain limitations must be noted with blood smears. They do not reveal
if lymphocytes or heterophils are found in other non-blood compartments at any given time, or
the release potential of these into the blood. For example, (Cathers et al., 1997) looked at
leukocyte profiles of bullfrogs (Rana catesbeiana) and found lymphocyte and neutrophil
proportions to be at 63% and 22%. A study looked at the same species and found 27% and 61%
for the same parameters (Coppo et al., 2005). Such contrasting results suggest that there may be
large fluctuations in ratios among white blood cells at any given time. However, studies
involving immunosuppression as measured by white blood cell profiles are generally considered
rigorous, with changes in eosinophils, neutrophil and lymphocyte counts corresponding to
different infection outcomes such as increased infection in tadpoles (Bennett and Johnson, 1973;
Belden and Kiesecker, 2005; LaFonte and Johnson, 2013).

Wood frog and northern leopard frog tadpoles showed different responses to road salt
exposure in this study, and this might have occurred for various reasons. Firstly, species with a
“fast” or “slow” pace of life invest differentially in their immune systems (Johnson et al., 2012).
Slow species take longer to develop and have longer life spans, and also tend to invest more in
immunological defenses (Schmid-Hempel and Ebert, 2003; Martin et al., 2006; Lee et al., 2008);
in contrast, fast species are thought to invest less in immunological defenses and more into
behavioural defenses (Martin et al., 2006; Lee et al., 2008; Johnson et al., 2012). Notably, wood
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frogs develop much more rapidly than northern leopard frogs (Johnson et al., 2012), which could
explain why their impaired anti-parasite behaviour in the medium level of salt led to more
infections, i.e. if their primary mode of avoiding infections is through behavioural means. In
contrast, northern leopard frog tadpoles might invest more in immunological defences. Immunity
comes at the cost of other things like growth and reproduction, and such trade-offs in fast and
slow-paced species have been seen in many taxa (Martin et al., 2006; Lee et al., 2008), with the
same has observed in slower species that encounter more parasites and also have greater immune
investment (Schmid-Hempel and Ebert, 2003; Martin et al., 2006; Lee et al., 2008).
Unfortunately, | was not able to gather both behavioural and immunological data for either
species. In addition, wood frogs often inhabit temporary ponds compared to the permanent ponds
typically preferred by leopard frogs (Koprivnikar et al., 2014), and so their ability to detect
variations in salinity and escape drying habitats may be better-developed such that they
responded differently to elevated salt in this study.

While interspecific differences might have played a role here, the wood frog and
northern leopard frog tadpoles were at different developmental stages at the time of their
experimental exposures. Larval amphibians are known to be most susceptible to infections by
both E. trivolvis and R. ondatrae at early stage of development (Schotthoefer et al., 2003;
Holland et al., 2007; Johnson et al., 2011). The wood frogs used here had a mean Gosner
developmental stage of 38 (presence of hind legs with toes), while the mean developmental stage
of the northern leopard frog tadpoles was 28 (early limb buds) meaning that wood frogs were
more resistant to trematode infection. In addition, differences between host species could be
attributable to the use of two different trematode species that may have been differently affected
by road salt.
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The implications of my findings are different for the two host species used. The anti-
parasite behaviour of R. sylvatica was negatively impacted by medium road salt concentrations
resulting in higher infection rates. If similar results are observed in other amphibian species, then
there are far-reaching implications on the susceptibility of naive amphibian populations to
infection. In contrast, R. pipiens experienced the greatest infection rates in the control treatment
which suggests that road salt impacted a mechanism by which cercariae infect tadpoles. It is not
known if the differences between R. sylvatica and R. pipiens are due to parasite species
differences, behaviour, or host species. However, differential impact might lead to amphibian
community in natural habitats. Conversely, if E. trivolvis ability to infect is impacted by road
salts, it may lead to parasite community shifts and differential infection success. Lastly, higher
concentrations of road salt must be used to explore host-parasite interactions in urban ponds,
such as the 1500 mg/L documented in such sites (see Table 1.1), as well as chronic long term
experiments in which tadpoles are reared in elevated salinities and then infected. Cercarial ability
to infect hosts may also be examined by exposing cercariae to different salt concentrations and

infecting tadpoles.
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CHAPTER 3: EFFECTS OF ROAD SALTS ON A TREMATODE PARASITE
INFECTIOUS STAGE
Introduction:

Human encroachment on previously unaltered habitats continues to increase as once
pristine environments have become degraded and their ecosystems shifted away from
equilibrium (Sih et al., 2004). One indirect mechanism by which human activities can harm
organisms is by the introduction of contaminants into the ecosystem, such as pesticides, heavy
metals, and road salts (Stuart et al., 2004; Kaushal et al., 2005; Koprivnikar et al., 2007). Some
of these chemicals have been shown to increase susceptibility of larval amphibians to trematode
(flatworm) parasite infection (Koprivnikar et al., 2007). However, this chapter focuses on the
parasite’s perspective; specifically, the potential effects of environmental contaminants on the
mortality and activity of free-swimming parasite stages, such as those of trematodes. It is also
important to consider the possible differential effects on various trematode species as this can
drive parasite community shifts in polluted sites if they vary in their tolerance to contaminants.

Trematodes have complex life cycles that utilize multiple hosts and involve free-living
infectious stages (see Chapter 1). Briefly, an infected vertebrate carries adult worms which
sexually reproduce and release eggs that are excreted through the feces. The eggs hatch in an
aquatic environment, forming a free living stage called miracidia, which infects aquatic snails.
Asexual reproduction occurs within the aquatic snail to produce a motile stage called cercariae,
which infects various second intermediate hosts depending on the species, including larval
amphibians. Successful infection results in the formation of cysts (metacercariae) in specific
locations in/on the second intermediate host. However, the miracidia and cercariae of trematodes
are fragile and have limited energy reserves (Pietrock and Marcogliese, 2003).
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During their free-living aquatic stage, cercariae and miracidia are exposed to various
environmental factors such as fluctuations in pH, oxygen, temperature, salinity, and heavy metals
that could affect their survival, activity or ability to infect hosts (see review by Pietrock and
Marcogliese, 2003). Not all species of trematodes will have equal phenotypic plasticity so a
differential response curve to environmental conditions may be exhibited, thus it is important to
consider pollutants that may drive community shifts. For example, the survival of some species
may be negatively affected by certain pollutants while other species tolerate the conditions,
giving advantage to tolerant species. Since cercariae have limited energy reserves, factors that
contribute to accelerated depletion through either activity or physiology may impact the
likelihood of encountering a host. The ability to infect a host may be affected by certain
pollutants such that host penetration, host finding, encystment or host attachment may be
hindered. Pietrock and Marcogliese, (2003) outline general effects of contaminants on various
parasite species that utilize motile stages, most of which are detrimental to parasites.

The effects of salinity on cercariae have been mostly limited to studies with marine
trematodes. For instance, pH, salinity and temperature negatively affect marine cercariae activity
and survival (Pietrock and Marcogliese, 2003; Koprivnikar et al., 2010), and can reduce
infections in downstream hosts. In contrast, increased activity through stimulation by
contaminants may result in greater contact with the host, thus increasing transmission. Salinity
may also combine with other stressors such as warmer temperatures to become detrimental by
reducing activity and longevity (Koprivnikar et al., 2010). In other studies, salinity affected
cercariae production, encystment, and overall parasite success (Lei and Poulin, 2011; Studer and
Poulin, 2012; 2013), while the intertidal trematode Maritrema novaezealandensis was found to
be sensitive to UV and temperature fluctuations as well (Studer and Poulin, 2013).
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A freshwater system is considered saline if soluble salt concentrations reach ~ 3,000 —
10,000 mg/L (see review by Hart, et al., 1999). However, an aquatic ecosystem is considered
freshwater if the concentration of NaCl is below 500 mg/L (Canadian Council of Ministers of the
Environment, 2011). As such, the treatment concentrations used in this experiment (control, 200,
400, 600, and 800 mg/L) pose a low salinity environment when considering total dissolved
solutes, but the values of 600 and 800 mg/L pose a saline environment in terms of NacCl.
However, information about salinity effects on freshwater parasites specific to NaCl is limited to
a handful of studies. For example, egg hatching in a freshwater tapeworm, Schistocephalus
solidus, was reduced under conditions considered saline (above 20 ppt NaCl) for this system
(Simmonds and Barber, 2016). In contrast, Petasiger nitidus, a freshwater trematode, was found
to tolerate high salinity conditions (2,900 g/L NaCl) (Shostak, 1993). The infectious stages of
Bolbophorus confuses, a freshwater trematode, had higher survival with increases in salinity of
up to 2,500 mg/L NaCl (Venable et al., 2000). These findings suggest that trematodes may
exhibit phenotypic plasticity to tolerate conditions considered saline for a freshwater system, but
no extensive research has been done to determine exactly which salinity levels may be
detrimental.

The high usage of road salts in Canada makes leaching into freshwater environments a
problem, and elevated salinities have been observed in many instances (Environment Canada,
2001; Findlay and Kelly, 2006; Deonél et al., 2010). It has been found that natural ponds
experience elevated salinity in areas of high road salt use, with greater increases in salinity
observed in urban environments relative to rural ponds (see Table 1.1 in Chapter 1).
Furthermore, | found naturally occurring concentrations in 10 ponds located in the vicinity of
Guelph, ON to be 123 — 560 mg/L, consistent with literature findings (Chapter 2) (Environment
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Canada 2001, Daley et al., 2009; Todd and Kaltencker, 2012). Elevated salinity can affect the
intermediate hosts, such as reducing host resistance and/or tolerance to parasites (see Chapter 2),
but it is important to examine the possible effects on the parasites themselves, particularly free-
living stages such as the cercariae of trematodes.

Two trematode species are of particular interest, Ribeiroia ondatrae and Echinostoma
trivolvis, as these can be particularly virulent and may contribute to amphibian population
declines (Hayes, 2010). R. ondatrae causes limb deformities in infected amphibians (Stopper et
al., 2002), while E. trivolvis encysts in the kidneys and hinders renal function (Schotthoefer et
al., 2003; Holland et al., 2007). It was essential to consider the effects of road salt on these
trematode species as the cercariae were exposed to the same treatment condition during the
infection phase of Chapter 2. Considering the effects of road salts on these cercariae may better
explain host-parasite interactions.

Materials and methods:
Parasite acquisition

The snails gathered for Chapter 2 were used for this experiment — please refer to methods
detailed there regarding collection, maintenance, and screening for infected hosts. For this
experiment, | used four different trematode species: Echinostoma trivolvis, Ribeiroia ondatrae,
an unidentified strigeid-type cercariae, and an unidentified armatae-type cercariae. When needed,
cercariae were obtained by placing infected snails in Petri dishes of water under a lamp for one
hour during mid-day, with the exception of R. ondatrae which emerges at night — those cercariae
were acquired by placing the snails in Petri dishes late in the day and collected the next morning.
The cercariae were removed from Petri dishes using a dissection scope and a standard plastic
pipette. After mixing cercariae of a given species in a common Petri dish to randomize variation
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in age and genotype, they were transferred into single wells of a 96 well tissue culture plate (i.e.
on cercariae/well).
Experimental design and procedure

| had 5 different salinity treatments: control (no salt added), 200, 400, 600 and 800 mg/L
of road salt. Considering literature values as high as 4300 mg/L, and field findings as low as 123
mg/L, these treatment values were selected to reflect chronic conditions in rural and urban
environments. The road salt brand used was Windsor T®. The solutions were made by
dissolving road salt into dechlorinated water and checking it with a VWR Traceable® Salinity
probe until the desired concentration was reached (note that the control actually had a 160 mg/L
NaCl reading). Each treatment had 5 plates assigned to it, and each plate had 5 wells containing
cercariae such that the sample size per treatment was 25 cercariae. The 4 species of trematode
were examined on different days but used the same procedure. | recorded the activity (yes or no)
and mortality (alive or dead) of each cercariae every 2 hours until the 8 hour mark, followed by a
last time point 24 hours after commencing exposure to treatment.
Data analysis

Because my outcomes (activity and mortality) were binary and | took repeated
measurements through time, the data were analyzed with a repeated-measures analysis of
variance (ANOVA) using a binomial distribution and logit link function. I analyzed the effects of
treatment, time, and their interaction separately for activity and mortality, including plate and
well number as random factors. Each species was analyzed separately. All analyses were
conducted with SPSS 23.0 using the Generalized Linear Mixed Model (GLMM) procedure. Non-

significant interactions and fixed effects were dropped and models re-run to obtain a final model.
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Results:
Mortality

Salt treatment had no effect on the mortality of the strigeid-type cercariae (P = 0.786),
and the final model containing time was not significant (Fss46 = 0.666, P = 0.616). In contrast,
the mortality of the armatae-type cercariae was increased by treatment (overall model: Fs 576 =
3.516, P = 0.008), and there was a marginally-insignificant effect of time (P = 0.093) as survival
tended to decrease with hour (Figure 3.1). However, pair-wise posthoc tests indicated no specific
differences in mortality between treatments. Exposure to salt did not affect the survival of R.
ondatrae cercariae (P = 0.197), but mortality increased with time (Fa5sss = 5.831, P < 0.001)
(Figure 3.2). Similarly, treatment did not affect mortality of E. trivolvis (P = 0.812), nor did time
(P = 0.297). There was no significant interaction of treatment and time on the mortality of any

type of cercariae.
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Figure 3.1: The number of armatae-type cercariae alive at each time point in road salt treatment

conditions.
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Figure 3.2: The number of R. ondatrae cercariae alive at each time point in road salt treatment

conditions.
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Activity

The final model for activity of the strigeid-type cercariae was significant (Fss4s = 3.982,
P < 0.001) and contained treatment (P < 0.001) and time (P = 0.011). Activity decreased over
time, and there were significant differences between the following treatments: control and 600
mg/L (P = 0.005), 200 and 600 mg/L (P = 0.002), 400 and 600 mg/L (P =0.028), and 600 and
800 mg/L (P = 0.014) (Figure 3.3). Again, the armatae-type cercariae showed a different pattern,
with no effect of treatment (P = 0.440) or time (P = 0.808). The overall model for the activity of
R. ondatrae cercariae was significant (Fssgs = 10.473, P < 0.001) and contained treatment (P =
0.047) and time (P < 0.001) as activity decreased with time and greater salt concentrations
(Figure 3.4). However, pair-wise posthoc tests indicated no significant difference in activity
between specific treatments. For E. trivolvis, salt treatment had no effect on cercariae activity (P
= 0.452), but there was a significant effect of time (P = 0.038). There was no significant

interaction of treatment and time on the activity of any type of cercariae.
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Figure 3.3: The number of strigeid-type cercariae active at each time point in road salt treatment

conditions.
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Figure 3.4: The number of R. ondatrae cercariae active at each time point in road salt treatment

conditions
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Discussion:

Trematode parasites are major constituents of ecosystems, comprising significant
biomass and can serve as energy sources for other organisms (Lambden and Johnson, 2013;
Preston et al., 2013). It has been suggested that the presence of parasites in an ecosystem
indicates robustness and general ecosystem health owing to intact trophic links and diverse host
communities (Hudson et al., 2006). As such, it is important to consider various factors that may
affect parasite communities at large. It is known that salinity, temperature, UV radiation and
pesticides like atrazine may negatively affect cercariae (Koprivnikar et al., 2006; Studer and
Poulin, 2013). However, nothing was known regarding road salts effects on the common
freshwater trematodes studied here: R. ondatrae, E. trivolvis, a strigeid-type cercaria, and an
armatae-type cercaria. In fact, very few studies examined the effects of road salt or salinity on
free swimming stages of freshwater trematodes.

In my experiment, | found that different trematodes are differentially affected by road
salts. Considering mortality, armatae-type cercariae and R. ondatrae experienced a significant
increase in mortality in treatment conditions of high road salt (960 mg/L), while that of strigeid-
type cercariae and E. trivolvis was not significantly affected. R. ondatrae and E. trivolvis are of
particular interest because they infect larval amphibians and can be particularly virulent in high
concentrations (Haynes et al., 2010). As such, differential responses to road salt by these two
types of cercariae is interesting because in high salt ponds, R. ondatrae may experience reduced
success while E. trivolvis might not.

In terms of activity, strigeid-type cercariae and R. ondatrae experienced a reduction in
activity in higher salt concentrations, while armatae-type cercariae and E. trivolvis activity was
not affected by increased salinity. Generally, moderate salinity seemed to provide a benefit for R.
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ondatrae and armatae-type cercariae as cercariae seemed to experience the lowest mortality and
activity reduction for R. ondatrae and lowest mortality for armatae-type cercariae in 360 and 560
mg/L road salt treatment conditions. A mechanism by which this may occur is a reduction of
osmotic stress by creating an isotonic solution in medium salt levels. Trematodes likely have
some ability to tolerate salinities. For instance, the plasma of Litoria caerulea (Australian green
tree frog) is as high as 102.8 mmol/L of Na*and 79 mmol/L of CI- while its osmolality was
found to be 217.2 mmol/L (Voyles, et al., 2007), and can be The total tissue content of Na* has
been reported as 1365-1815 micromolar/g for Rana pipiens while CI"is 300-825 micromole/L in
Rana sylvatica (Freda and Dunson, 1984). This suggests that salinity higher than that in
freshwater would be encountered in most hosts, and suggests an inherent phenotypic plasticity
and salinity tolerance in cercariae. In contrast, both mortality and activity in R. ondatrae was
negatively impacted by the highest road salt concentration (960 mg/L). A reduction in longevity
and activity of a motile life stage of a parasite may greatly affect its transmission (McCarthy,
1999), and future studies employing even higher salt concentrations, or combining salt exposure
with other stressors such as elevated temperature, will be needed to more fully explore the
potential effects on road salts on free-swimming parasite stages. In addition, the infectivity
(ability to infect hosts) of the cercariae was not examined here. This might be compromised due
to salt exposure even if mortality and/or activity are not affected.

Road salt is a problem as it is found in nature, elevating the salinity of freshwater system
where it can be detrimental to the not only to ecosystem processes (Findlay and Kelly, 2011) but
also to organisms living there (Sanzo and Hecnar, 2006; Findlay and Kelly, 2011). Host-parasite
interaction studies are essential to determine how environmental contaminants may affect the
outcome of the complex interplay between parasites and their hosts. In particular, amphibians
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group are experiencing worldwide declines (Daszak et al., 1999) and infectious disease have
been implicated (Hayes et al., 2010). Information on the effects of road salt on freshwater
cercariae is lacking and such research fills a gap in knowledge which may aid researchers to
comprehensively determine mechanisms by which road salts may act on amphibian host-parasite

systems.
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CHAPTER 4: GENERAL DISCUSSION, CONCLUSION AND FUTURE WORK

The primary objectives of this thesis were to determine the effects of road salts on larval
amphibian susceptibility to infection by trematode parasites, as well as effects on the infectious
stage (cercariae) that utilizes larval amphibians as hosts.

In Chapter 2, | examined the effects of road salt exposure on tadpole susceptibility to
infection. | hypothesized that road salt would increase larval amphibian susceptibility to
infection by lowering immunocompetence and anti-parasite behaviour of larval amphibians.
Rana sylvatica (wood frogs) were exposed to the trematode Ribeiroia ondatrae and Rana pipiens
(northern leopard frogs) were exposed to Echinostoma trivolvis after being subjected to
environmentally-realistic solutions of road salts (control = 160 mg/L, medium = 560 mg/L and
high = 1050 mg/L), and (control = 270 mg/L, medium = 580 mg/L, high = 1140 mg/L),
respectively. This was done by examining behaviour (activity level in presence of cercariae) and
infection outcomes in R. sylvatica, and examining blood profiles and infection in R. pipiens. My
findings for wood frogs support the hypothesis that anti-parasite behaviour will be reduced after
road salt exposure and increase susceptibility to infection at my medium road salt concentration
(400 mg/L). However, blood profiles of wood frogs were not available, and since the infection
intensity of R. pipiens had no overall difference among treatments, the hypothesis that road salt
will act as an immunosuppressant was rejected. There were more lymphocytes in the salt
treatment conditions, but this did not explain differential infections.

In Chapter 3, | examined the effect of road salt on the free-swimming cercariae infectious
stage of various trematode species, including R. ondatrae and E. trivolvis that were used in
Chapter 2. Salt treatment had no effect on the mortality of the strigeid-type cercariae. In contrast,
the survival of the armatae-type cercariae was negatively affected by treatment and time, but a
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clear difference between treatments was not apparent. Exposure to salt did not affect the survival
of R. ondatrae cercariae. Similarly, treatment did not affect mortality of E. trivolvis. There was
no significant interaction of treatment and time on the mortality of any type of cercariae. The
final model for activity of the strigeid-type cercariae was significant because it decreased over
time, and there were significant differences between the following treatments: control and 600
mg/L, 200 and 600 mg/L, 400 and 600 mg/L, and 600 and 800 mg/L. There was no effect of
treatment on the activity of the armatae-type cercariae. The overall model for the activity of R.
ondatrae cercariae was significant because it decreased with time and at greater salt
concentrations. For E. trivolvis, salt treatment had no effect on cercariae activity. There was no
significant interaction of treatment and time on the activity of any type of cercariae.

As | showed that a reduction in anti-parasite behaviour occurs when R. sylvatica tadpoles
are exposed to increased salinities, this can have wide range of implications for infection for
aquatic vertebrates in salt-polluted water bodies if it reduces their resistance to parasitism.
Notably, the trematode used to infect wood frogs, R. ondatrae, did not show increased mortality
at similar salt concentrations, although there was a reduction in the activity of cercariae. In R.
pipiens, | found that amphibian white blood cell profiles can change according to environmental
perturbations such that an increase in lymphocytes occurs in more saline conditions. This could
occur in many animals, and more work needs to be done to determine how various contaminants
may affect larval amphibian immune system components in conjunction with road salts given
that multiple stressors are known to have interactive effects (Sih et al., 2004). Furthermore, a
reduction in cercarial ability to infect R. pipiens when exposed to the same saline solution might
occur considering that infection intensities were higher in control conditions than in salt
treatment conditions. Although the trematode used to infect the northern leopard frogs, E.
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trivolvis, was seemingly not affected by exposure to salt in terms of mortality or activity, the
infection success of the parasites could be examined as well in future studies by exposing them
to saline conditions but not their hosts and then examining their infection success. In addition,
higher concentrations of road salt may be used on these trematode species, as well as their snail
first intermediate host (Heliosoma trivolvis) in order to examine host-parasite interactions within
all intermediate hosts and effects at extreme levels that might be found in some environments
(see Chapter 1).

One limitation of this thesis is that R. sylvatica tadpoles were on average at Gosner
developmental stage ~37 (Gosner, 1960), while R. pipiens were ~28, and it is known that
tadpoles dramatically increase in their ability to resist trematode infections as they develop
(Johnson et al., 2011). Younger tadpoles may be more prone to detrimental effects by increased
salinity, and this should be examined. Moreover, in the case of R. pipiens, a major limitation was
the low sample size for the blood smears. About 80% of tadpoles yielded usable blood, of which
27 slides were of sufficient quality to examine profiles with confidence. Another overall
limitation of the larval amphibian study was that two different species of amphibians were used,
and each with a different parasite, simply owing to availability. Further, behaviour was examined
in R. sylvatica and not R. pipiens, while blood profiles were examined in R. pipiens and not R.
sylvatica. A study employing both measures for a single species would be optimal, as well as the
ability to compare host species in a controlled manner. For future directions, each species of
amphibian should be exposed to both parasite types while quantifying behaviour and blood
profile of both. Higher concentrations of salt could also be used to reflect urban environments
(Howard and Beck, 1993; Sanzo and Hecnar, 2006), or a longer chronic study could be done to
examine long-term effects.
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My thesis research will contribute to scientific knowledge because it is the first one to
examine the effects of road salts in the context of host-parasite interactions in larval amphibians,
let alone any freshwater organism. While other studies explored impacts of road salts on
amphibian mortality and morbidity (Sanzo and Hecnar, 2006; Findlay and Kelly, 2011), none
took such a comprehensive examination. Here, | looked at blood profiles, anti-parasite behaviour
and infection rates as influenced by environmentally-realistic concentrations of road salts. If a
link can be made between differential infection patterns, anti-parasite behaviour, and stress-
mediated effects on immune parameters, then a mechanistic framework by which road salts act
on larval amphibians could be made with some further investigations. This knowledge will
benefit conservation efforts and perhaps help to inform road salt use policies given the high

likelihood that elevated salinity has detrimental effects on aquatic communities.
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