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ABSTRACT
The application of road de-icing salts has become associated with elevated chloride
concentrations in freshwater environments. The response of ecosystems to road salt may be
dependent on the spatial exchange of organisms across landscapes as the dispersal of better
adapted individuals, which are functionally redundant, have the potential to buffer environmental
change. My research will test the prediction that the dispersal of zooplankton with previous
exposure to elevated chloride concentrations will help increase community resilience and
ecosystem function of freshwater habitats without previous chloride exposure. To assess the
individual and interactive effects of zooplankton dispersal and salt contamination, I conducted a
mesocosm experiment with a factorial design for salt and dispersal. Cladoceran, nauplii,
copepodids, copepods, and rotifers were assessed to determine exacerbating, neutral or
ameliorating effects of the treatment groups. Nauplii, copepodids and copepod abundances
experienced an exacerbating effect with salinity treatments, whereas rotifers were found to
increase in abundance with salinity treatments and cladoceran abundance did not significantly
vary with salinity treatments. Dispersal was not found to have an effect on the abundance of any
of the zooplankton groups assessed. An interactive effect of salt and dispersal was found in
nauplii, where nauplii in the dispersal treatment were not found to be significantly impacted by
elevated chloride but were adversely affected by salt in treatments that did not receive dispersers.
A greater understanding of how dispersal may impact zooplankton community responses to salt
contamination is critical for understanding the variation in which freshwater communities
respond to elevated chloride concentrations.
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INTRODUCTION AND LITERATURE REVIEW
The application of road de-icing salts is associated with elevated chloride concentrations
in freshwater environments (Novotny et al. 2008; Scott et al. 2019). Approximately 5 million
metric tons of road salt per year was estimated to be applied to Canadian roadways between 1995
and 2001 (Environment Canada, 2012). In the United States, the sale of rock salt for highway
maintenance has increased from 149 000 metric tons to 18 million metric tons between 1940 to
2005 (Jackson and Jobbagy 2005). Road salt commonly consists of sodium chloride (NaCl),
which is cost effective and easy to apply to road surfaces (Novotny et al. 2008). Chloride
compounds are incredibly soluble, and its ion is highly mobile because it is not readily absorbed
onto mineral surfaces, which allows for it to remain in surface waters (CCME, 2011). Chloride is
also persistent in aquatic environments as it does not degrade biologically, volatilize, readily
precipitate, or bioaccumulate (CCME, 2011). As a result, a gradual increase in chloride
concentrations has been observed in lakes and watersheds in association with the winter
maintenance of roads in developed areas and the increasing road densities with urbanization
(Corsi et al. 2010).
Freshwater lakes normally exhibit chloride concentrations below 10 mg Cl/L (Hintz and
Relyea 2019). However, salt contaminated environments have been observed up to 1000 mg
Cl/L (Hintz and Relyea 2019). The continual increase in chloride concentrations has led to
adverse effects on aquatic ecosystems, namely by altering food-web systems (Van Meter et al.
2011; Petranka and Francis 2013; Van Meter and Swan 2014; Hintz et al. 2017), reducing
population growth rates (Sarma et al. 2006) and changing community structure (Porter-Goff et
al. 2013; Lind et al. 2018). The increased application of road salt, the observed increases in
chloride concentrations in aquatic environments, and adverse effects that chloride has on aquatic
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ecosystems necessitates greater understanding of the impacts that chloride has on aquatic
environments.
Zooplankton, a key component of energy transfer in aquatic food webs, are generally
found to exhibit increased sensitivity to salinity compared to other aquatic taxa (Corsi et al.
2010, CCME 2011). As zooplankton are critical for their role in nutrient cycling (Pace and
Orcutt 1981) and for acting as a fundamental link in the trophic transfer of primary productivity
in aquatic ecosystems (Carpenter et al. 1985), changes to zooplankton at chloride concentrations
sub-lethal to other aquatic taxa may have significant cascading effects on aquatic communities
(Hintz et al. 2017). Zooplankton are likely to exhibit a low tolerance to chloride as a result of
their passive osmosis to maintain internal ion concentrations (Castillo et al. 2018) and small
body sizes (Schuler et al. 2017).
Canadian guidelines for the protection of aquatic life have established chloride limits at
120 mg/Cl for chronic exposure and 640 mg Cl/L (CCME 2011). However, these existing
chloride limits are likely unable to adequately protect zooplankton and are based on a limited
number of case studies. The chloride thresholds have been determined based on single species
studies in laboratory settings, which are not representative of the natural environment where
zooplankton experience a wide range of stressors in combination, including reductions in food
quality, predation, and competition (CCME 2011, Brown and Yan 2015, Hintz et al. 2017, Van
Meter and Swan 2014). In particular, the indirect effects of salinity, such as altered life history
responses and behavior, are not considered or factored into setting chloride limits. Additionally,
only 5 species of zooplankton were evaluated for the CCME (2011) water quality guideline,
which consisted of 4 cladoceran species and 1 rotifer species. No copepod species were assessed
for the creation of the water quality guideline (CCME 2011). Additionally, the endpoints used to
determine the chloride guideline were based on several short-term experiments that do not
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accurately represent the potential negative effects of chloride over a longer temporal scale, as
none of the experiments that identified endpoints for the zooplankton species tested extended
past 21 days (CCME 2011). Furthermore, the guideline does not anticipate community-level
effects that zooplankton experience in elevated chloride concentrations. Thus, the water quality
guidelines are limited in scope and may not adequately protect zooplankton.
Elevated chloride levels have been demonstrated to cause both direct and indirect harmful
effects on zooplankton. Direct exacerbating effects of increased salinity include reduced
population growth rates and decreased population densities (Sarma et al. 2006, Searle et al.
2015). Sarma et al. (2006) found that cladoceran and rotifer population growth rates would begin
to experience adverse effects at salt concentrations of 1.5 to 3.0 g NaCl/L (Sarma et al. 2006).
Searle et al. (2015) found in a population-level experiment that the cladoceran, Daphnia
dentifera, had decreased population densities with elevated salt concentrations. Specifically,
integrated densities of Daphnia dentifera were found to be twice as high in control treatments
compared to those in high salt treatments (0.60 g NaCl/L) (Searle et al. 2015).
Elevated chloride concentrations also have indirect effects on zooplankton. For instance,
elevated chloride concentrations are also found to have sub-lethal effects on zooplankton, as seen
through Daphnia reproduction. Hintz and Relyea (2017) demonstrated that increasing salinity
induced sexual reproduction in Daphnia. Daphnia are known to undergo parthenogenetic
reproduction under optimal growth conditions, however when triggered by environmental stress,
switch to sexual reproduction with the goal to increase diversity and maximize chances of
survival success (Spaak 1995). Moderate levels of salinity (i.e. ~230 mg Cl/L) are found to be
stressful to Daphnia as indicated by the increased presence of ephippia, which are resting eggs
only produced from sexual reproduction (Hintz and Relyea 2017). Greater ephippia production
was not observed in chloride concentrations beyond high salinity (i.e. 860 mg Cl/L), which was
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likely due to the high energetic costs associated with elevated salinity are too high to maintain
ephippia production (Hintz and Relyea 2017). Thus, elevated chloride concentrations are found
to have a negative effect on zooplankton as it can induces stress at moderate chloride
concentrations and inhibit reproduction at higher concentrations.
Elevated chloride concentration has additional indirect effects on zooplankton such as
causing altered life history and change in behavioural response to predators (Liu and Steiner
2017). Liu and Steiner (2017) examined how Daphnia pulex had weakened life history responses
to the predator cue kairomone, and reduced survivorship to predation with increased salinity.
Under normal conditions, the presence of kairomone induces life history responses such as the
formation of neckteeth, increased fertility and large body sizes (Liu and Steiner 2017). However,
increased salinity has weakened these life history responses, demonstrating how sublethal levels
of salinity may cause indirect negative effects in zooplankton.
Furthermore, elevated concentrations of road salt can cause community-level effects to
zooplankton. Corsi et al. (2010) reviewed the effects of road salts and determined that at high
concentrations, there can be a range of immediate to long-term ecosystem population effects. At
lower levels of elevated chloride concentrations, community structure, diversity and productivity
may be altered (Corsi et al. 2010). The removal of salt sensitive species in ecosystems without a
redundant more tolerant species can result in the loss of important ecosystem functions in aquatic
ecosystems. Declining richness in functional groups can potentially lead to complete loss of
ecosystem functions (Petchey and Gaston 2002). In addition, reduced community richness has
been proven to negatively impact the ability of a community to respond to other stressors, as
tolerant species may have already been lost (Yachi and Loreau 1999).
The response of ecosystems to environmental stressors, such as road salt, may be
dependent on the spatial exchange of organisms across landscapes (Loreau et al. 2003). Local
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communities are known to be interconnected by the dispersal of interacting species, forming
metacommunities (Leibold et al. 2004). The spatial insurance hypothesis suggests that the
dispersal of individuals across a landscape may buffer the effects of environmental change
through the immigration of better adapted or more tolerant individuals that are functionally
redundant (Loreau et al. 2003, Thompson and Shurin 2012). Loreau et al. (2003) proposed that
biodiversity is maximized at intermediate rates of dispersal therefore allowing for better
buffering of ecosystems against environmental change. Increased species richness decreases the
variation in ecosystem function because of compensation among species (Yachi and Loreau
1999). Thus, regional dispersal of individuals may offer a buffering effect against increased
chloride concentrations.
In contrast, the dispersal of individuals across a landscape also carries the potential to
exacerbate community impacts towards a particular stressor as a result of species interactions.
For instance, at high dispersal rates, extinction may not be reduced because the invasion of some
species may prompt a quicker decline of other species (Norberg et al. 2012). Dispersal may
result in the introduction of new predators, competitors or parasites to a disturbed community,
exacerbating impacts of a stressor (Sinclair et al. 2015). Therefore, it is important to understand
the effects that dispersal may have on the impact of an environmental stressor.
Aquatic ecosystems are also known to interact through dispersal despite relatively
defined ecosystem boundaries (Havel and Shurin 2004; Leibold and Norberg 2004). Zooplankton
are known to readily disperse between different communities through mechanisms such as
animal vectors, wind, humans and surface water movement (Havel and Shurin 2004). They have
several life history characteristics that promote their ability to act as dispersers (Havel and Shurin
2004). Most rotifer and cladoceran species are capable of reproducing parthenogenetically,
which enables a single individual to found an entire population (Havel and Shurin 2004).
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Additionally, zooplankton are capable of undergoing diapause and their resistant resting stages
would allow them to be able to persist in unstable environmental conditions (Havel and Shurin
2004) and to be able to disperse to across longer ranges (Michels et al. 2001). Specifically,
diapause eggs are resistant to freezing, drying and digestion from predators (Havel and Shurin
2004). Furthermore, some diapause eggs, such as those belonging to Daphnia ephippia, have
barbs and spines on their egg cases, permitting them to attach to fur and feathers of their
transport vectors (Havel and Shurin 2004).
The degree of zooplankton dispersal among lakes varies over geographic distance.
Dispersal of zooplankton between lakes at a shorter spatial distance (<10 km) occur at a
sufficiently rapid pace, such that local interactions limit species diversity more than supplying
new colonists, whereas dispersal becomes limited across larger geographic distances (tens to
thousands of kilometers) (Havel and Shurin 2004). For example, lakes within 20-30 km of a
source population are 3 times more likely to be invaded by Daphnia lumholtzi, a non-native
Daphnia species, than lakes that are more remote lakes (Cohen and Shurin 2003).
Previous work has demonstrated that zooplankton dispersal can create a range of
negative, positive and neutral community effects on the response of zooplankton to salt
contamination (Sinclair and Arnott 2018). Most zooplankton from freshwater environments have
not been exposed to high salt concentrations in recent evolutionary history (Coldsnow et al.
2017). However, zooplankton from urban lakes have an increased exposure history due to longterm elevated chloride concentrations (Novotny et al. 2008) and the dispersal of zooplankton
from urban lakes may be able to offer community resilience as they may have evolved increased
tolerance to salinity. Previous findings indicate that zooplankton are able to undergo rapid
evolution and develop a higher tolerance to moderate levels of salt. Coldsnow et al. (2017)
confirmed that the zooplankter, Daphnia pulex, can evolve increased tolerance to moderate
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levels of salt (100-1000 mg Cl/L) in 2.5 months or 5-10 generations. Zooplankton populations
may be able to evolve an increased tolerance to salt through evolutionary rescue whereby
populations exposed to severe stress undergo rapid adaptation that reduces the risk of extinction
(Bell 2017). Populations that have evolved a tolerance to a previously lethal environmental
stressor have the potential to contribute to community rescue through dispersal to other
populations, enabling other populations to adapt to the stress (Low-Décarie et al. 2015).
My research will test the prediction that the dispersal of zooplankton with previous life
history exposure to elevated chloride concentrations will help increase community resilience of
freshwater habitats without previous chloride exposure. Firstly, I will determine if high levels of
chloride have an exacerbating or ameliorating effect on zooplankton communities through
observing changes in zooplankton abundances. Secondly, I will test the hypothesis that
communities which received dispersal of zooplankton with previous life history exposure to
chloride will be more resilient to salinity through investigating changes in zooplankton
abundance and community composition.
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METHODS
Experimental set-up
The experiment consisted of mesocosms set up 200m from the shoreline of Lake
Opinicon (44.566707, -76.324261) at the Queen’s University Biological Station located near
Chaffey’s Lock, ON, Canada from June 26th to August 23rd, 2019. A 2 x 3 factorial design was
employed to test the individual and interactive effects of salt contamination and dispersal on
zooplankton communities. Salinity treatments of ambient chloride conditions from Lake
Opinicon, + 120 mg Cl/L, and + 640 mg Cl/L, were crossed with or without zooplankton
dispersal. Each treatment was replicated 5 times.
The set-up of the mesocosm experiment began on June 26th. Thirty 500L cattle tanks
were arranged in the shaded portions of a field to reduce exposure to direct sun and therefore
reduce extreme temperature fluctuations. Onset HOBO Data Loggers were added randomly into
two mesocosms from each treatment group to monitor temperature and ensure that no extreme
temperature variations existed between mesocosms (Appendix 10). Each mesocosm was filled
with 450 L of water filtered through a 50 μm mesh from Lake Opinicon. The filtration process
removed zooplankton but permitted some phytoplankton to pass through. Mesocosms were
covered with a 1 x 1 mm mesh to prevent insects and other debris from entering and to provide
some additional shading. The mesocosms were then allowed to acclimate for a week prior to
being stocked with zooplankton communities. This provided the opportunity for algae that was
removed from the water filtration process to regrow.
Mesocosms were stocked with zooplankton collected from the pelagic zones of three
lakes that had limited previous exposure to road salt. The three lakes had an average chloride
concentration ranging from 0.39 to 0.82 mg Cl/L (SE Arnott; unpublished data) (Appendix 7).
The lakes were at least approximately one kilometer away from a winter-maintained road.
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Zooplankton were collected from Big Salmon Lake (44.540944, -76.494639), Round Lake
(44.538103, -76.399857), and Lindsay Lake (44.536059, -76.390959), on July 3rd, 4th, and 10th,
2019, respectively. Zooplankton were captured with a vertical tow using an 80 μm plankton tow
net to capture zooplankton from different depths of the water column. Captured zooplankton
were washed from the net into containers that were cooled for transport to the field site. On the
same day of capture, zooplankton were combined into a mixed pool that was distributed into
equal aliquots and used to inoculate each mesocosm for the dispersal treatment.
Zooplankton were left to acclimate for a week prior to the start of salinity treatments. The
salinity treatments commenced on July 12 and consisted of three different chloride
concentrations – natural lake salinity (from Lake Opinicon estimated to be at 6.5 ± 0.48 mg Cl/L
based on averages from 2013-2016) (SE Arnott; unpublished data), low salt (120 mg Cl/L) and
high salt (640 mg Cl/L). The salinity treatments were set up to reflect the Canadian water-quality
criteria for the protection of aquatic life at chronic (120 mg Cl/L) and acute (640 mg Cl/L)
exposure to the chloride ion (CCME 2011). To achieve the target chloride concentrations for the
low salt and high salt treatments, additional salt (99.5% pure NaCl in granular form) was added
to the filtered Lake Opinicon water to increase the chloride concentrations to the required
treatment levels. Salt was added to mesocosms by first dissolving granules of salt in a Nalgene
bottle, and then pouring the salt mixture each mesocosm. The conductivity of each mesocosm
was taken to determine if salt treatments were successfully employed. Variation in conductivity
measurements taken on July 17 revealed that salinity treatments were not successfully employed
(Appendix 7). However, salt treatments were corrected by vigorously stirring mesocosms on July
17 and again on July 23 to dissolve the remaining salt from the initial salt treatment. Variation in
conductivity was dramatically reduced after stirring, which indicated that target chloride
concentrations were eventually achieved (Appendix 7).
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Zooplankton for the dispersal treatment originated from five lakes, Lake Wilcox
(43.950011, -79.433064), Bond Lake (43.932459, -79.451428), Haynes Lake (43.959117, 79.407156), Mclaughlin Bay of Lake Ontario (43.871624, -78.798777), and Loughborough Lake
(44.418611, -76.475932). These lakes were chosen as they were in proximity to wintermaintained roads, which experienced a range of different elevated chloride concentrations from
16 mg Cl/L to 275 mg Cl/L (Appendix 7).
The volume of water filtered to collect disperser zooplankton was equal to 10% of the
enclosure volume, which is probably unrealistically high for dispersal between lakes (Forest and
Arnott 2006), however these values were chosen based on dispersal rates between interconnected
ponds (Michels 2001), which are higher than dispersal rates between lakes. Dispersal values on
the higher end were chosen with the intention to create strong measurable differences in
zooplankton communities (Forest and Arnott 2006). Zooplankton were captured from all five
disperser lakes on July 21 with 80 μm plankton tow net. Captured zooplankton were washed
from the net into containers that were cooled for transport to the field site. On the same day of
capture, zooplankton from all of the lakes were combined into a mixed pool that was
continuously stirred while being distributed into equal aliquots and used to inoculate each
mesocosm to employ the dispersal treatment.
To reduce the impact of enclosure effects, nutrients were added biweekly to replace the
estimated 5% loss of nutrients per day to sedimentation and periphyton growth in mesocosms
(Downing et al. 2008). Additionally, to reduce periphyton growth on the walls of the mesocosms,
5 banded mystery snails (Viviparus georgianus) were added to each mesocosm as they were
found to graze on periphyton and reduce algal biomass (Hillebrand et al. 2004). To ensure that
snails had an equal effect across all mesocosms, all snails added to mesocosms were similar in
size ranging from 20 – 29 mm (Appendix 8). If a snail died, it was removed and replaced to
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ensure that there were consistently 5 snails in each mesocosm. Moreover, the experiment was set
up to last for 6 weeks, as this is the duration of time in which community compositions have
been shown to shift from pelagic to littoral from enclosure effects (Arnott, SE; personal
communication).

Sampling protocol
To gather data on the response variables of the experiment, such as species abundance
and species composition, mesocosms were sampled at the end of the 6-week experiment to
determine if there was an effect of the chloride and dispersal treatments. Mesocosms were gently
stirred prior to sampling. Five 2-litre samples were taken using a sampling tube that captured the
majority of the depth of the water column. The samples were taken from each of the four corners
of the mesocosm and one from the centre. The water collected from the sampling tube was
filtered through a 50 μm mesh to capture all the zooplankton. The zooplankton that were
captured by the mesh were then washed into a 50 mL sample jar and preserved with ≥ 70%
ethanol to create a total sample of 10 L of filtered mesocosm water. The sampling equipment
was rinsed in filtered lake water between sampling each mesocosm to prevent contamination of
zooplankton from one mesocosm to the next.

Zooplankton Identification and Enumeration
Each zooplankton sample was examined under a Lelica MZ16 dissecting microscope for
species identification and determination of relative abundance. Rotifers were identified to genus,
and immature copepods were identified as calanoid or cyclopoid. All other zooplankton taxa
were identified to species, with the exception of the genus Alona as they were difficult to identify
based on morphological features alone. To enumerate the samples, each sample was diluted to
100ml. Then subsamples of 3 mL were taken and counted until 250 individuals were counted.
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Each individual species or taxa that was counted could account for a maximum of 50 individuals
as part of the 250 individuals counted. The only exception to this was copepod nauplii in which a
maximum of 40 individuals were used to make up the 250 individuals.

Statistical Analysis
All statistical analyses were conducted in R (R Development Core Team, 2019). The
effects of the experimental treatments on the community metrics of zooplankton abundance
(individuals/L) was assessed based on samples collected on the final sampling date, August 23,
2019. To test the hypothesis, a two-factor analysis of variance (ANOVA, p < 0.05) was used to
determine the individual and interactive effects of salt and dispersal. ANOVA was used to
analyze zooplankton abundances in the following groups, cladocerans, copepod nauplii,
copepodids, copepods, and rotifers. The ANOVA test indicated whether dispersal ameliorates or
exacerbates the effects of salt, through the response variable, zooplankton abundance.
Assumptions of ANOVA were assessed using plots of residual vs. fitted values, scale-location
plots, plots constant leverage, and normal quantile-quantile plots. All data was log transformed to
better meet the assumptions of ANOVA. Tukey HSD was conducted for post hoc analysis on all
models that had significant results to determine which differences between treatment groups
were significant (Tukey HSD, p <0.05).
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RESULTS
Zooplankton community composition
Thirty-two different zooplankton species were found to be present in the mesocosm
experiment. The most abundant cladoceran species were Chydorus sphaericus and zooplankton
from the genus Alona. Nauplii dominated in copepod abundance across all treatment groups. Of
the adult copepods, Diacyclops bicuspidatus was the most abundant species in all treatments
except the 640 mg Cl/L without dispersal treatment where Acanthocyclops vernalis complex was
slightly more abundant. The average Acanthocyclops vernalis complex abundance in the 640 mg
Cl/L no dispersal treatment was 1.8 ± 1.4 individuals/L, compared to the average abundance of
Diacyclops bicuspidatus in the same treatment group which was 1.6 ± 0.9 individuals/L.
Monostyla spp. were the most abundant of all rotifer species across all treatment groups.

Effects of salt on zooplankton communities
There was a significant effect of salinity treatments on the abundance of nauplii
(ANOVA, p = 0.003), copepodids (ANOVA, p <0.001), copepods (ANOVA, p <0.001), and
rotifers (ANOVA, p = 0.023) (Appendix 2). There were no significant changes in abundance of
cladocerans with salinity treatments (ANOVA, p > 0.05) (Appendix 1). Post hoc testing
indicated that the effect of the salinity treatment on nauplii was a result of the reduction in their
abundance from the high salt treatment (640 mg Cl/L) compared to the control (ambient Lake
Opinicon chloride concentration) (Tukey HSD, p<0.05) (and the decrease in abundance of
nauplii in the low salt treatment (120 mg Cl/L) in comparison of the high salt treatment (Tukey
HSD, p <0.05) (Appendix 3). The average nauplii abundance in the high salt treatment was 276.2
± 79.4 individuals/L which is a 64% decrease from the control treatment which had an average
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of 775.5 ± 94.5 individuals/L and an 57% decrease from the low salt treatment which had an
average of 649.5 ± 135.1 individuals/L.
Additionally, post hoc testing reflected that the effect of the salinity treatment on
copepodids was a result of the decrease in abundance of individuals between the high salt
treatment compared to the control (Tukey HSD, p <0.05) and low salt treatment groups (Tukey
HSD, p <0.05) (Appendix 3).The average copepodid abundance in the high salt treatment was
3.2 ± 1.5 individuals/L which is an 81% decrease from the control treatment which had an
average of 17.0 ± 2.7 individuals/L and an 85% decrease from the low salt treatment which had
an average of 21.1 ± 7.6 individuals/L.
Post hoc testing also indicated that the effect of the salinity treatment on copepods was a
result of the decrease in abundance of individuals between the high salt treatment compared to
the control (Tukey HSD, p <0.05) and the low salt treatment groups (Tukey HSD, p <0.05)
(Appendix 3). The average copepod abundance in the high salt treatment was 1.7 ± 0.6
individuals/L which is an 68% reduction from the control treatment which had an average of 5.2
± 0.6 individuals/L and an 82% decrease from the low salt treatment which had an average of 9.0
± 1.6 individuals/L.
Lastly, the effect of the salinity treatment on rotifers was found to be a result of the
decrease in abundance of individuals between the high salt treatment compared to the control
(Tukey HSD, p <0.05) (Appendix 3). The average rotifer abundance in the high salt treatment
was 72.8 ± 27.3 individuals/L which is an 479% increase from the control treatment which had
an average of 12.6 ± 4.4 individuals/L.
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Effects of dispersal on zooplankton communities
There were no significant differences in abundance of the zooplankton groups,
cladocerans, nauplii, copepodids, copepods and rotifers, with the treatment of dispersal
(Appendices 1, 4). Based on observations, the most abundant cladoceran in dispersal treatments
was Chydorus sphaericus, whereas in treatments without dispersal, the most abundant species
were from the genus Alona.

Interactive effects of salt and dispersal on zooplankton communities.
There was a significant interaction between the main impacts of salt and dispersal on the
abundance of nauplii (ANOVA, p <0.001) (Appendix 1). Mesocosms that did not receive
dispersers experienced a significant effect of chloride treatments (ANOVA, p <0.001) such that
there was a 92% reduction in the average abundance of nauplii 57.3 ± 45.3 individuals/L from
the high salt treatment compared to the control 736.7 ± 151.2 individuals/L and a 93% reduction
in the average abundance of nauplii compared to the low salt treatment 794.2 ± 209.1
individuals/L (Appendix 5). However, mesocosms that did receive dispersers did not experience
a significant effect from chloride treatments (ANOVA, p >0.05) (Appendix 5). There was also
no interaction between the main effects of salt and dispersal on the abundance of any of the other
zooplankton groups (cladocerans, copepodids, copepods, rotifers) (ANOVA, p >0.05) (Appendix
1).
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DISCUSSION
The effects of salt contamination and dispersal were illustrated with changes in
zooplankton abundance across experimental treatments. Firstly, I found that elevated chloride
had exacerbating, neutral and ameliorating effects on different zooplankton group abundances.
Secondly, I found that dispersal either had a neutral effect on copepodids, copepods, cladocerans
and rotifers but, had a positive effect on nauplii abundance at high salt concentrations.

Effects of Salt
My results demonstrated that there was a significant impact of chloride on nauplii,
copepodids, copepods and rotifers. Of these zooplankton groups, all copepod groups (both adult
and juvenile) experienced a decrease in abundance at high salt concentrations compared to the
control and low salt treatment groups. The reduction in copepod abundance with elevated
chloride concentrations contrasts the effect of chloride on other zooplankton groups, which
suggests that copepods were the most sensitive to salt of all the zooplankton groups in this
experiment.
Cladocerans were not found to have experienced a significant impact from chloride
treatments, leading to the conclusion that they were more tolerant to elevated chloride
concentrations. Cladocerans have a wide range of tolerance to salinity (Environment Canada
2001, Sarma et al. 2006), with some species such as D. pulex, having little changes in population
growth at salt concentrations below 1g/L of NaCl (~ 606 mg Cl/L) (Sarma et al. 2006). A
negative effect of chloride may not have been observed in cladocerans in this experiment as salt
concentrations (~ 640 mg Cl/L) were not high enough to induce substantial changes in
cladoceran abundance.
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Rotifers were found to have increased in abundance with elevated chloride
concentrations, revealing them to be the most salt tolerant of species. Rotifers have been
identified to tolerate a wide range of salinity conditions, with some species being capable of
tolerating high chloride concentrations (such as B. patulus and B. rubens which were not found
to have a significant reduction in abundance until concentrations of 1820 mg Cl/L) (Van Meter
and Swan 2015, Sarma et al. 2006). Some species were even found to proliferate under moderate
conductance levels (3000 µS) (Van Meter and Swan 2014, Van Meter et al. 2011). Rotifers were
able to thrive under the salt concentrations utilized in this study because they were freed from
potential competition and predation by other zooplankton groups. Copepod species, such as those
belonging to the genus Acanthocyclops, Mesocyclops, and Diacyclops found in our experiment,
are known to be efficient predators of rotifer species (Brandl 2005). As copepod abundances
became reduced with elevated chloride concentrations, predation pressures on rotifers are
reduced, which may have allowed for rotifer abundances to proliferate. Additionally, a reduction
in the abundance of less tolerant cladocerans and copepods may lead to higher rotifer abundance
(Hintz et al, 2017). The removal of zooplankton grazers with elevated chloride may have reduced
competition of phytoplankton resources for herbivorous rotifers, permitting them to multiply
freely (Hintz et al. 2017). Lastly, high salinity levels may have stimulated further phytoplankton
and periphyton growth (Fay and Shi 2012, Van Meter et al. 2011), providing more food
resources for rotifer species. Although not assessed in this experiment, a potential increase in
algal biomass with increasing salinity may have provided more resources to rotifers and
supported their increase in abundance. Thus, rotifer in abundances in this experiment could have
increased with greater salinity concentrations because they were more tolerant to chloride, had
reduced predation, less competition between less salt tolerant species, and more algal resources
to utilize.
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The finding that copepods are more sensitive to salt contamination compared to other
zooplankton groups is consistent with previous research that has demonstrated copepod
sensitivity to elevated chloride concentrations. Hintz et al. (2017) discovered that copepod
nauplii were least tolerant to salt of all zooplankton groups in their experiment. They determined
that nauplii abundance dramatically decreased when salt concentrations were ≥ 500 mg Cl/L
(Hintz et al. 2017). They also did not observe an overall decline in cladoceran abundance with
salt treatments in the absence of fish predators (Hintz et al. 2017). Similarly, Van Meter and
Swan (2011) found that adult copepod densities significantly decreased at elevated chloride
concentrations (645 mg Cl/L) while cladocerans were not found to exhibit noticeable changes.
In contrast, other studies suggest that cladocerans are more sensitive to changes in
salinity than copepods (Petrank and Francis 2013, Petrank and Doyle 2010). For instance,
Petrank and Francis (2013) reported a greater sensitivity in cladocerans to salt compared to
copepods from a range of salt concentrations between ~ 60 to 1400 mg Cl/L. Similar patterns of
salt tolerance were also observed by Petranka and Doyle (2010) up to ~ 700 mg Cl/L. Other
studies have found that both cladocerans and copepods experience declines at high salt
concentrations (Van Meter and Swan 2014 at ~1067 mg Cl/L), or there were no impacts of salt
on any zooplankton groups up to 200 mg Cl/L (Schuler et al. 2017).
The large variation in zooplankton tolerance to salinity could be attributed to differences
in environmental conditions. In natural ecosystems, it is rare to find zooplankton under a singular
type of environmental stressor. The co-occurrence of other stressors further reduces their ability
to tolerate salinity. For instance, Brown and Yan (2015) found that when food quality increased
from 0.2 to 1.0 mg of particulate algal carbon concentration/L, the chronic LC50 of Daphnia to
chloride grew from 55.7 to 234.8 mg Cl/L. As differences in food quality between mesocosms
were not assessed in this experiment, it is possible that this was an intervening variable that
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influenced the way zooplankton react to salt. Analyzing the role in which dispersal plays in
zooplankton community shifts is crucial to offering greater comprehension of why variation
occurs between different freshwater communities and their response to salt as a stressor.

Interactive effects of Salt and Dispersal
Dispersal had an interactive effect with salinity on copepod nauplii, as mesocosms that
did not receive dispersers were found to be significantly impacted by salinity treatments, whereas
nauplii in mesocosms that did receive dispersers where not found to experience a notable decline
in abundance. The effect of dispersers in reducing the impact of chloride on nauplii may have
been a result of community rescue. Populations that have evolved a tolerance to a previously
lethal environmental stressor have the potential to contribute to community rescue through
dispersal to other populations, enabling other populations to adapt to the stress (Low-Décarie et
al. 2015). Disperser zooplankton communities were intentionally chosen for their range of
exposure to elevated chloride concentrations. As these zooplankton communities were exposed
to greater salt concentrations, they have likely undergone evolutionary rescue for the population
to persist and developed higher tolerances to salinity. In addition, it is highly probable that the
application of salt to roadways surrounding dispersal lakes may have exposed species in those
groups to elevated salt concentrations, encouraging the selection of more salt-tolerant genotypes.
In short, copepods from disperser lakes with increased salinity tolerance performed community
rescue of copepod nauplii by enhancing salt tolerant copepod genotypes frequencies.
Likewise, environmental conditions in their original habitat could be a factor that
influenced their ability to tolerate salinity. Elphick et al. (2011) concluded that zooplankton from
soft water may have an elevated sensitivity to chloride. Disperser zooplankton used in this
experiment were collected from lakes that had moderate water hardness, ranging from ~ 75 to
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150 mg CaCO3/L, which could have introduced more salt tolerant individuals to mesocosms with
the dispersal treatment.
Other research on zooplankton dispersal and salt contamination display different results.
Sinclair and Arnott (2018) performed an experiment on the effects of salt and dispersal on two
independent lake communities which found that for one of their lake communities, dispersal and
salt led to a decline in adult copepods when salt alone had minimal impacts on zooplankton
(Sinclair and Arnott 2018). In the other lake community, they determined that zooplankton
dispersal was able to help reduce the impacts of salt by returning species composition closer to
their control group (Sinclair and Arnott 2018). The reaction of zooplankton to dispersal and salt
contamination differed between the two different lake communities (Sinclair and Arnott 2018),
and contradicted the results concluded from our study. Additional research with more in-depth
analysis should be conducted to understand why such disagreement exists in the response to salt
and zooplankton dispersal between different lake communities.

Implications
A greater understanding of the way in which dispersal can potentially impact zooplankton
community responses to salt contamination is critical for comprehending how freshwater
communities in urban areas will react in accordance to changes in their environment. Dispersal
can be an effective mechanism to reduce the negative impacts of salt exposure on zooplankton
communities through processes, such as increased diversity from spatial insurance. Building
knowledge on how dispersal may influence the response of zooplankton communities to saltimpacted habitats enables stronger predictions of future implications of road salt usage and
urbanization. This shall encourage the development of more sustainable road salt usage strategy
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and management. It is of particular importance to understand the consequences of utilizing road
de-icing salts when human safety comes at the cost of contaminating aquatic ecosystems.
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SUMMARY
1. There was a significant reduction in nauplii, copepodid and copepod abundances with
salinity treatments. Rotifer abundances were found to increase with salinity treatments.
Cladocerans were not found to have been significantly impacted by salinity treatments.
2. There were no significant differences in abundance of the zooplankton groups
(cladocerans, nauplii, copepodids, copepods, rotifers) with the treatment of dispersal
(Tables 1-5).
3. There was a significant interaction between salt and dispersal on the abundance nauplii,
as nauplii in mesocosms that received dispersal were not found to have a significant
exacerbating effect of chloride, whereas mesocosm that did not receive dispersal were
significant effected by salinity treatments. There were no interactions between the main
effects of salt and dispersal on the abundance of any other zooplankton groups
(cladocerans, copepodids, copepods, rotifers) (Tables 1-5).
4. Understanding the role in which dispersal plays in zooplankton community shifts is
crucial to offering greater understanding of why variation occurs between different
freshwater communities and their response to salt as a stressor.
5. Further studies should be conducted to understand what factors of dispersal may
contribute to specific positive and negative outcomes of dispersal to gain a better
understanding of future community change in salt-impacted habitats.
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FIGURES

Figure 1. A boxplot of the abundance of cladocerans (individuals per litre) in each of the
different treatment groups. Salinity treatment (ambient chloride concentrations, 120 mg Cl/L and
640 mg Cl/L). “D” represents mesocosms that received a dispersal treatment and “ND”
represents mesocosms that did not receive a dispersal treatment.

Figure 2. A boxplot of the abundance of nauplii (individuals per litre) in each of the different
treatment groups. Salinity treatment (ambient chloride concentrations ~ 6.5 mg Cl/L, 120 mg
Cl/L and 640 mg Cl/L). “D” represents mesocosms that received a dispersal treatment and “ND”
represents mesocosms that did not receive a dispersal treatment.
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Figure 3. A boxplot of the abundance of copepodids (individuals per litre) in each of the salinity
treatments. “A” represents ambient chloride concentrations (~ 6.5 mg Cl/L), L represents low
chloride concentrations (120 mg Cl/L) and “H” represents high chloride concentrations (640 mg
Cl/L).

Figure 4. A boxplot of the abundance of nauplii (individuals per litre) in each of the different
treatment groups. Salinity treatment (ambient chloride concentrations, 120 mg Cl/L and 640 mg
Cl/L). “D” represents mesocosms that received a dispersal treatment and “ND” represents
mesocosms that did not receive a dispersal treatment.
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Figure 5. A boxplot of the abundance of nauplii (individuals per litre) in each of the different
treatment groups. Salinity treatment (ambient chloride concentrations, 120 mg Cl/L and 640 mg
Cl/L). “D” represents mesocosms that received a dispersal treatment and “ND” represents
mesocosms that did not receive a dispersal treatment.

35
TABLES:
Table 1. Mean density (individuals/L) of zooplankton collected from the final sampling date,
from the six different treatment groups. Treatment groups consist of control, 120 mg Cl/L with
no dispersal, 640 mg Cl/L with no dispersal, ambient chloride concentrations with dispersal, 120
mg Cl/L with dispersal, and 640 mg Cl/L with dispersal. Species were organized into groups
(cladoceran, copepod, rotifer).
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APPENDIX
Appendix 1. Summary of the results of two-factor ANOVA conducted on the interactive and
individual effects of zooplankton dispersal and salinity on cladoceran, nauplii, copepodid,
copepod, and rotifer abundances.
Salt
Cladoceran df
F-statistic
P-value
Nauplii
df
F-statistic
P-value
Copepodid df
F-statistic
P-value
Copepod
df
F-statistic
P-value
Rotifer
df
F-statistic
P-value

2
0.158
0.854
2
16.341
3.32E-05
2
11.206
0.000366
2
12.65
0.000177
2
4.607
0.0203

Dispersal
1
0.026
0.872
1
8.937
0.00636
1
0.826
0.372488
1
0.988
0.33026
1
0.016
0.9004

Interaction
2
0.3
0.744
2
14.82
6.44E-05
2
1.83
0.182036
2
0.069
0.93313
2
2.281
0.1239

Appendix 2. Summary of the results of one-factor ANOVA conducted on the effects of salinity
on nauplii, copepodid, copepod, and rotifer abundances.
Nauplii

df
F-statistic
P-value
Copepodid df
F-statistic
P-value
Copepod
df
F-statistic
P-value
Rotifer
df
F-statistic
P-value

2
7.051
0.00344
2
10.62
0.000396
2
13.59
8.24E-05
2
4.353
0.023
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Appendix 3. Summary of results of TukeyHSD on effects of salinity on nauplii, copepodid,
copepod and rotifer abundances.
Treatment
groups
Nauplii
H-A
L-A
L-H
Copepodid H-A
L-A
L-H
Copepod
H-A
L-A
L-H
Rotifer
H-A
L-A
L-H

p-value
0.0004276
0.8052996
0.0198251
0.0005746
0.765686
0.0035415
0.0021958
0.454355
0.0000881
0.0180946
0.4827542
0.2008263

Appendix 4. Results of one-factor ANOVA conducted on the effects of dispersal on nauplii
abundance.
Effect of dispersal treatment
on nauplii abundance

df
F-statistic
P-value

1
2.899
0.00997

Appendix 5. Summary of results of one-factor ANOVA conducted on effects of salinity
treatments on nauplii abundance excluding mesocosms with dispersal treatment and excluding
mesocosms without dispersal treatment.
Nauplii
abundance
without dispersal

Nauplii
abundance with
dispersal

df
F-statistic
P-value

2
20.96
0.000122

df
F-statistic
P-value

2
1.72
0.22

38

Appendix 6. Results of TukeyHSD on nauplii abundance in mesocosms with salt treatment,
excluding mesocosms with dispersal treatment.
Nauplii
abundance
without
dispersal

Treatment
groups
H-A
L-A
L-H

p-value
0.0003163
0.9998827
0.0003091

Appendix 7. Chloride concentrations of all lakes which zooplankton were sampled from. Initial
mesocosm communities were stocked with zooplankton from Big Salmon Lake, Lindsay Lake
and Round Lake. Disperser communities originated from McLaughlin Bay, Wilcox Lake, Bond
Lake, Haynes Lake, Loughborough Lake.
Lake
Big Salmon Lake
Lindsay Lake
Round Lake
McLaughlin Bay
Wilcox Lake
Bond Lake
Haynes Lake
Loughborough Lake

Chloride Concentration (mg
Cl/L)
0.536666667
0.403333333
0.716666667
275.0
169.0
18.3
207.0
16.0
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Appendix 8. Size of snails (in mm) introduced into mesocosms measured from tip of shell to
bottom of operculum.
20
20
20.1
20.1
20.2
20.2
20.3
20.4
20.4
20.5
20.5
20.5
20.6
20.6
20.6
20.6
20.6
20.6
20.6
20.7
20.7
20.7
20.7
20.8
20.8
20.8
20.9
20.9
20.9
20.9

21
21
21
21
21
21
21.1
21.1
21.1
21.1
21.1
21.1
21.1
21.2
21.2
21.2
21.3
21.3
21.3
21.3
21.4
21.4
21.4
21.4
21.4
21.4
21.4
21.4
21.5
21.6

Snail length in mm
21.6
22.5
21.6
22.5
21.6
22.5
21.6
22.5
21.7
22.5
21.7
22.6
21.7
22.8
21.8
22.8
21.8
23
21.8
23
21.9
23.1
21.9
23.1
22
23.1
22
23.2
22
23.2
22
23.2
22.1
23.2
22.1
23.2
22.1
23.2
22.2
23.2
22.3
23.3
22.3
23.3
22.3
23.3
22.3
23.4
22.3
23.4
22.3
23.4
22.4
23.4
22.5
23.4
22.5
23.4
22.5
23.5

23.5
23.7
23.7
24
24
24.1
24.1
24.3
24.4
25
25
25.1
25.1
25.2
25.2
25.2
25.3
25.3
25.3
26.1
26.2
26.4
26.4
26.4
26.7
26.9
27
27.1
27.1
27.1

28.1
28.9
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Appendix 9. Conductivity of mesocosm. Initial mesocosm conductivity prior to salinity
treatments were taken on July 10. Conductivity of mesocosms after salinity treatment were taken
on July 17. Mesocosm conductivity was corrected via stirring on July 18 and July 23. Final
mesocosm conductivity was taken on July 31.

Mesocosm
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Treatment Group
120 mg Cl/L, D
640 mg Cl/L, ND
120 mg Cl/L, D
120mg Cl/L, ND
Control
Control
No Salt, D
No Salt, D
640 mg Cl/L, ND
640 mg Cl/L, ND
640 mg Cl/L, D
Control
No Salt, D
120 mg Cl/L, D
120 mg Cl/L, D
No Salt, D
120mg Cl/L, ND
640 mg Cl/L, D
640 mg Cl/L, D
120mg Cl/L, ND
640 mg Cl/L, D
120mg Cl/L, ND
120 mg Cl/L, D
640 mg Cl/L, ND
640 mg Cl/L, ND
120mg Cl/L, ND
No Salt, D
Control
640 mg Cl/L, D
Control

10-Jul19
17-Jul-19
181.7
533
185.6
867
186
405
186
477
182.3
182.9
180.2
178
191
185.4
183.8
180.3
186.2
947
180 2.05 mS/cm
181.7
834
183.9
178.1
186.2
186.3
187.9
503
185
375
186.8
185.8
186.8
527
184.8
556
182.9
1366
185.2
386
184.3
688
183.2
555
181.4
399
182.1
1209
181.3
731
182.1
556
182.7
182.9
184.8
184.6
183.2
684
183.3
186.7

18-Jul19
518
1376
455
479

23-Jul19
491
1732
437
478

1483
1916
1173

1781
1812
1628

522
466

490
439

501
537
1294
445
693
520
409
1877
1649
530

475
1778
1789
484
1955
490
434
1841
1911
499

1070

1760

31-Jul19
501
1759
440
493
169.6
164.7
166.9
161.9
1787
1916
1639
167
174.9
501
452
172.8
483
1818
1818
494
1968
501
445
1855
1940
514
173.8
173.3
1827
178.4
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Appendix 10. Mesocosm temperature data. Temperature loggers were placed into all mesocosms
on July 15. The experiment ended on August 23.
a) Mesocosm 1

b) Mesocosm 2
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c) Mesocosm 8

d) Mesocosm 10

43

e) Mesocosm 11

f) Mesocosm 14
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g) Mesocosm 16

h) Mesocosm 18
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i) Mesocosm 20

j) Mesocosm 25
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k) Mesocosm 28

l) Mesocosm 30

