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Increasing temperatures are expected to cause secondary salinisation in freshwater 

systems, such as the zooplankton community of Churchill, Manitoba. Salinity is a key 

environmental factor structuring these communities, thus, increasing salinity should cause these 

communities to change; however, previous research has shown that they are resilient. In order to 

ascertain how changing salinity will affect these communities I conducted toxicity tests for five 

crustacean species, individually and in a community setting. I sampled several pools throughout 

the season to ascertain the salinity level at which those same species were most abundant in the 

field. While the species had significantly different field distributions along the salinity gradient, 

the salinity levels associated with maximum densities did not correlate with the lab tolerances. 

However, lab tolerances were outside the field salinity range, thus providing an unexpected 

result. Local interactions appear to be very important in determining final community 

composition along this salinity gradient. 
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Introduction 

Climate change continues to be a growing concern as the amount of greenhouse gases in 

our atmosphere rises.  This is especially true in the Arctic where the climate is more susceptible 

to these predicted changes. Warming in the Arctic has caused a decrease in both the area and 

thickness of the ice that covers the Arctic waters throughout the year (Melnikov 2005) and this 

trend is amplified via positive feedback mechanisms (Miller et al. 2010).  For example, in 

Hudson Bay earlier ice breakup and later freeze-up has increased the length of the ice-free 

season (Gagnon and Gough 2005). The ice normally reflects solar radiation, but with less ice, 

more radiation is absorbed by the water in Hudson Bay, which causes the overall air temperature 

and sea surface temperature to increase (Gagnon and Gough 2005).  

Climatic changes affecting the oceans are very important to land based systems as air 

masses that move across the ocean have a strong effect on the environment of the surrounding 

land (Rouse et al. 1997). Consequently, Arctic air masses affect temperature and precipitation 

patterns in terrestrial northern areas (Rouse et al. 1997). The warming temperatures in the ocean 

will increase the length of the snow-free period on land, and this in turn will cause an increase in 

the rate of evaporation, which, in most northern regions of Canada, already exceeds precipitation 

(Rouse et al. 1997). Increased evaporation from freshwater systems will cause an increase in the 

concentration of solutes and salinity in these systems (Rouse et al. 1997; Schindler and Smol 

2006). Some researchers have suggested that the direct effects of temperature changes may not 

be as important for climate change as the indirect effects of changing salinity and hydrology 

patterns (Brucet et al. 2009). 

The process of increasing salts in soil and water, caused by human disturbance to the 

natural hydrological cycle, is called secondary salinisation (Hart et al. 1991; Jin 2008); in some 
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cases it may lead to increased salinity levels in freshwater, to brackish or even saline conditions 

(Smith et al. 2009). Many freshwater and land based systems, including soils, wetlands, lakes, 

rivers and streams have been adversely affected by secondary salinisation (Williams 2001). 

Increased salinity has been shown to reduce species richness in several freshwater systems 

outside of the Arctic (Brock et al. 2005; Jin 2008; Brucet et al. 2009) and salinity has been 

shown to be a key environmental variable structuring numerous invertebrate communities 

(Williams 2003; Brucet et al. 2009; Ng et al. 2009). However, little research has been done to 

assess the effects of increased salinity on freshwater systems in the Arctic and they are poorly 

understood (Rouse et al. 1997).   

Species found in aquatic environments have evolved several mechanisms to maintain 

their osmotic balance, such as altering their permeability to salts and water (Hart et al. 1991), and 

lowering the osmotic gradient between their tissues and the environment (Weider and Hebert 

1987a). The ability of these mechanisms to function should determine what level of salinity these 

animals are able to tolerate before their osmoregulatory capacity cannot keep up and they die 

(Hart et al. 1991). Different species die at different salinities, but most freshwater invertebrates 

cannot tolerate salinities over 15000 μS cm-1 (9000 mg/L) (Hart et al. 1991). Tibby et al. (2007) 

studied the relationship between salinity and diatom distribution in wetlands and showed that 

species with a low salinity tolerance were found in sites with a low salinity, while species with a 

high tolerance were found in more saline waters.  

Where an organism is found in the environment is part of its niche; all the factors that 

affect the organisms’ growth, survival, and reproduction (Molles 2005). Individuals can survive 

in a range of salinities depending on their tolerance (Grzesiuk and Mikulski 2006).  While these 

tolerances correspond to the fundamental niche or niche breadth of the organism (Molles 2005), 



 
 

3 

 

Hart et al. (1991) showed that two species with overlapping tolerance ranges in the lab had no 

overlap in their field distribution, indicating that competition is instrumental in determining 

where species are actually found, or their realized niches.  

There have been many studies on the effects of salinity on invertebrates, but previously, 

most of them focused on species already living in saline environments (Hart et al. 1991); in 

recent years more attention has been given to the effects of salinity on freshwater zooplankton. A 

study by Brucet et al. (2009), on zooplankton in brackish lagoons, showed that calanoids and 

cyclopoids were the most saline tolerant organisms (euryhaline), while most cladocerans had a 

low salinity tolerance (stenohaline). When Horrigan et al. (2005) studied freshwater crustaceans, 

however, they found that Cladocera were somewhat saline tolerant, while copepods and 

ostracods were very saline tolerant. This could just be attributed to the different taxa and/or life 

stages they both studied. Nielsen et al. (2008) studied the effects of increasing salinity on 

zooplankton community composition over time.  They found that freshwater communities 

gradually became more similar to saline communities as salinity increased. In particular, fewer 

taxa were present, and fewer taxa were found to be dominant in high saline communities, as 

saline tolerant taxa replaced freshwater species. 

Churchill 

Churchill, Manitoba provides an ideal system in which to study freshwater zooplankton. 

Due to glacial uplifting, several rocky outcrops have formed along the shore of Hudson Bay in 

the Churchill area (Weider and Hebert 1987a).  These rock bluffs have many temporary rock 

pools that are filled with water at the beginning of the growing season and colonized by several 

zooplankton taxa (Weider and Hebert 1987a). These rock pools are therefore part of a 
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metacommunity, affected by both local environmental processes and dispersal between pools 

(Shurin 2001; Cohen and Shurin 2003; Leibold et al. 2004; Cottenie 2005).  

Rock pools are semi-permanent water bodies that are affected by evaporation, 

precipitation, and splash from the ocean (Ostman 2010).  Rock pools that are closer to the Bay 

are higher in salinity, while those that are further away from the Bay are lower in salinity 

(Weider and Hebert 1987a; Ng et al. 2009).  Salts may also enter these freshwater systems via 

weathering of the rocks in which they are situated (Nielsen et al. 2003), which may increase with 

the frequency and intensity of storms and precipitation events (Jin 2008). These factors produce 

a salinity gradient among the rock pools with distance from the ocean, and zooplankton changes 

in community and genetic composition are strongly correlated with this gradient (Weider and 

Hebert 1987a; Weider and Hebert 1987b; Ng et al. 2009). This type of gradient produces a 

heterogeneous environment in which community composition is determined by a species sorting 

paradigm with efficient dispersal; dispersal is intermediate so a species is able to get to an 

environmentally suitable location (Ng et al. 2009; Winegardner et al. in press).  

In the rock pools, species essentially sort themselves along the salinity gradient based on 

their relative tolerance (Ng et al. 2009); if a particular species is more tolerant of saline 

conditions it will be found in greater densities in more saline pools (Weider and Hebert, 1987a). 

Observations such as this have led to a more trait- based approach to ecology, because 

phenotypic traits can often predict species abundances in the field (Harpole and Tilman, 2006; 

McGill et al. 2006). Although it is not always clear what traits determine the suitability of an 

organism for a particular environment (Litchman and Klausmeier, 2008), in the Churchill rock 

pools it is known that salinity gradients significantly govern species distributions and abundances 

(Weider and Hebert, 1987a; Ng et al. 2009; Winegardner and Cottenie, submitted). 
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Previous research in Churchill, conducted by Weider and Hebert (1987a), found that 

clones of the Daphnia pulex species complex are associated with the salinity gradients along the 

rock bluffs.  They found that the clones differ in their osmoregulatory methods, as a potential 

explanation of their position along the salinity gradient; some clones were osmoregulators, while 

others were osmoconformers.  The authors conducted salinity tolerance experiments on both 

juveniles and adults at 3 salinity levels and found that juvenile clones had significantly different 

LC50s at 8500 µS cm-1, and adult clones had significantly different LC50s at both 8500 µS cm-1 

and 4250 µS cm-1. Another study by Weider and Hebert (1987b) also showed that there are 

considerable differences in clonal distribution at different sites, most likely related to salinity. 

Both of these experiments demonstrate the importance of salinity for structuring Daphnia 

communities in Churchill, MB. 

A study by Ng et al. (2009), in Churchill, showed that the main environmental factors 

affecting community composition of zooplankton in rock pools were pool area and salinity.  

They also found that dispersal of zooplankton between rock bluffs in Churchill is very limited, 

because the distance between bluffs is too great for efficient dispersal, while dispersal within a 

bluff may be efficient or limited depending on the size of the bluff. 

Based on these results, Winegardner and Cottenie (submitted) then performed an 

ecosystem experiment by manipulating salinity in pools on the bluffs in Churchill.  The 

experiment consisted of saline control pools, near the front of the bluff, freshwater control pools, 

near the back of the bluff, and two sets of experimental pools, isolated and connected.  They 

added Instant Ocean ® synthetic sea salt (Instant Ocean, Cincinnati, Ohio) to the freshwater 

experimental pools to mimic the salinity in the saline control pools and sampled the pools every 

10 days for seven weeks to see how species composition reacted to increased salinity.  If the 
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salinity level in the experimental pools dropped below that of the saline controls pools, more salt 

was added. They predicted that the community composition in the manipulated freshwater pools 

would become similar to the saline control pools, as increasing salinity should cause a 

replacement of the freshwater taxa by saline specialists. The results of the manipulation 

experiment showed that there was a significant, but only partial change to a more saline 

community. 

This resistance to a full change in community composition in Winegardner and Cottenie’s 

(submitted) experiments could not be explained by problems with the salinity treatment, since 

they mirrored actual changes in the saline control pools. The effects of increasing salinity on 

species can be studied several ways; a study could be performed over several generations to test 

for adaptation or within one generation to test for acclimation. My experiments will focus on the 

latter. I hypothesize that species in the Churchill rock pools have wide niche breadths, making 

them resistant to increasing salinity in the environment. There are three ways that this can 

manifest within the community (Figure 1): 1) while species within the community have very 

different optimal tolerances, the niche breadths for the different species are wide, 2) niche 

differentiation along the salinity gradient is not that extreme, but species have different 

tolerances at higher salinity levels, or 3) species tolerance and niche breadths are very similar, in 

which case either 3a) the establishment of new colonizers is limited by local interactions in 

mature communities dictated by local abiotic (e.g., salinity) and biotic (e.g., competition) 

conditions, or 3b) salinity is correlated with another environmental variable that has not been 

measured.  Since 3a and 3b are conditional on determining the niche optimal tolerances and 

breadths, individual species-specific experiments that show the true nature of their salinity 

tolerance are necessary. Experiments to evaluate the salinity toxicity of zooplankton species will 



 
 

7 

 

determine how species individually react to salt. An acute toxicity test infers the concentration of 

a substance at which a certain percentage of the organisms die. In this case I will calculate the 

LC50 value to indicate at which salinity value 50% of the organisms die, or their fundamental 

LC50. Comparing these LC50s with field distributions will allow me to see whether lab tolerances 

are correlated with species abundances along the salinity gradient in the rock pools. 

McGill et al. (2006) suggest that investigating the variation of traits along an 

environmental gradient will help to predict how species respond to changing environmental 

conditions, because real communities are established along these gradients. Pither and Aarsen 

(2005) applied a gradient approach in which they examined how a pH gradient affected 

community structure among diatoms.  Diatoms are routinely used by palaeolimnological 

researchers to infer the pH of lakes. In order to be good pH indicators, diatoms must be 

specialists with an optimal performance, indicated by abundance, at a particular point along the 

environmental pH gradient.  The authors found that diatom specialists were not very prevalent 

within the lakes they studied, which is surprising, as pH has been shown to be the main factor 

structuring community composition in these lakes. They concluded that diatom specialists were 

not as abundant as generalists among lakes. 

In a follow up paper, Pither and Aarsen (2006) discussed the difficulty of knowing how 

and why specific species are prevented from occupying a particular environment. Often it is 

unclear whether a species is unable to occupy a particular location because the environmental 

conditions are not suitable to the organism, or whether local biotic factors are preventing the 

organism from becoming established. Without information on environmental tolerance, we 

cannot know whether environmental conditions are preventing occupation or if other factors, 

such as competition, are responsible.  By conducting experiments that target specific variables 
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related to environmental tolerance in a given species, it may be possible to better understand the 

role of those variables in determining species occupancy and distribution. This can be difficult in 

diverse systems, but is much easier in smaller, less diverse systems, such as the rock pool 

habitats in Churchill. 

 I will test which of the three possibilities (Figure 1) is the most likely in the Churchill 

zooplankton system. I will first determine whether or not species have different optimal 

tolerances, or fundamental LC50s. For toxicity tests with individual species, I predict that each 

species will have a different LC50 depending on the salinity range in the rock pools from which I 

collect the species. To maximize the niche breadths of the different species, I collected 

individuals for each species from pools with a range of salinity levels.  

In order to ascertain the effects of biotic interactions on the LC50s for different species I 

will perform several community toxicity tests to calculate a realized LC50. If biotic interactions 

within the community affect the salinity tolerance of zooplankton, then LC50s in the community 

toxicity tests will be different from those calculated in the individual tests (Figure 2). I predict 

that species will have different LC50s and there will be differences based on source. 

 I will sample several pools throughout the growing season to see if the test species and 

the zooplankton community as a whole sort themselves along the salinity gradient, as in previous 

years. I will also calculate realized field densities to see if species are found at significantly 

different salinities on the bluffs. If species have significantly different LC50s and they are found 

at different salinities in the field, I predict that lab tolerances will be positively correlated with 

field densities; a higher LC50 in the lab will correspond with greater species densities at higher 

salinity levels in the field, because a higher LC50 will indicate greater salt tolerance. Since 

previous work in Churchill has shown this for species of the D. pulex complex (Weider and 
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Hebert, 1987a), I expect to find similar results for the Daphnids and copepods that I am studying 

(Figure 3).  

Methods 

 

Description of study site 

 The study site is located in Churchill, Manitoba (58°47'N, 94°11'W) and extends from the 

Churchill River 30 km east along the coast to the National Research Council rocket range site 

(Figure 4).  This area has experienced a lot of post-glacial uplift and has caused quartzite rock 

bluffs to appear on the coast (Weider and Hebert 1987b). Within these bluffs many temporary 

pools form in rock depressions and they are inhabited by a diverse zooplankton community.  The 

pools on the bluffs are known to contain 5 species of Daphnia: D. magna, D. middendorffiana, 

D. pulex, D. pulicaria, and D. tenebrosa, as well as other cladocerans; 3 calanoid copepod 

species: Hesperodiaptomus arcticus, H. victoriensis, and Leptodiaptomus tyrelli; and several 

cyclopoid copepod, rotifer, and ostracod species. Macroinvertebrates are also present in these 

pools, although generally at low densities. 

 There are 4 major bluffs in Churchill that have been monitored for their invertebrate 

communities: A, B, C, and D. Salinity is a major environmental factor that is distributed 

continuously across the bluffs.  Pools located closer to the Bay (front of the bluff) have a higher 

salinity as they receive inputs (i.e., overspray from wind and waves) from the Bay, while pools 

towards the back of the bluff have a lower salinity. 

Field survey and sampling procedure 

 Previous work in the Churchill area has contributed to several hundred well characterized 

pools on the rock bluffs. During an initial survey of the bluffs in June 2011, I determined the 
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location of all the pools that have been monitored in my lab and recorded their GPS coordinates. 

This amounted to approximately 60 pools on bluff D, and 30 pools on each of bluffs A, B, and C. 

In order to ascertain where the Churchill zooplankton species are normally located on the 

salinity gradient, I sampled each of the pools approximately every 10 days throughout the 

growing season (June-August).  Pools were sampled by dipping a 3.5 L bucket into the pools at 3 

different locations and adding these samples to a 10 L bucket.  The composited sample was 

filtered through 45µm plankton net and collected zooplankton resuspended in 100 mL jars.  Each 

sample was preserved in Kahle’s solution (Ethanol and Formalin) so zooplankton could be 

identified later. During each sampling event I used a YSI 6600V2 multi parameter water quality 

sonde to measure temperature (°C), conductivity (µS cm-1), pH, oxidized redox potential, 

nephelometric turbidity, chlorophyll-a concentration and percent dissolved oxygen saturation. 

Salinity was measured as electrical conductivity (µS cm-1; for comparative purposes, 1 µS cm-1 = 

0.60 mg L-1), to be consistent with previous work in Churchill and for ease of comparison with 

the standardized LC50 protocols (see below). 

Zooplankton identification 

 Zooplankton were counted and identified using an Olympus SZX16 stereoscope and 

Nikon Eclipse E600 compound light microscope. 5 mL subsamples were taken from the 100 mL 

samples until the zooplankton count reached 100 individuals (the remainder of the final 

subsample was counted), or until the entire 100 mL was counted.  All counts were recorded 

using Microsoft Excel (Version 12, 2007). The number of subsamples was recorded in order to 

keep track of the volume of the sample that was counted which was used to calculate the number 

of individuals per Litre using the equation:  

Sample density (individuals of a taxon/L) = Total # of individuals of a taxon  
                  Percent subsample counted 
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Zooplankton were identified to species in the case of Daphnia spp. and calanoid copepods, and 

to genus, order, or class in the case of rotifers, other cladocerans, other copepods, and ostracods 

using Pennak (1978), Smirnov (1992), and Hebert (1995).   

Toxicity Testing 

Test Organisms 

 Toxicity tests were conducted on organisms that I harvested from pools or pool sediments 

on the rock bluffs to ensure that my results are specific to Churchill species and not to a specific 

culture lineage.  I identified species using an Olympus SZX16 stereoscope. I began toxicity 

testing using H. arcticus and L. tyrelli, two of the calanoid copepod species present in the pools. 

I had originally planned to run a test with H. victoriensis as well, but I was unable to find this 

species in adequate numbers to perform statistically reliable toxicity tests. Next, I tested three 

Daphnia species found in Churchill (D. magna, D. middendorffiana, and D. pulex). I was also 

unable to find D. pulicaria or D. tenebrosa in adequate numbers for testing. I chose these species 

for toxicity tests because they are easily identifiable to species level based on morphological 

features, they comprise approximately 25% of the regional species pool, and there are standard 

protocols for toxicity tests with Daphnia spp. 

 I collected individuals of each species from 3 salinity ranges on the bluffs: freshwater 

(<1000 µS cm-1), brackish water (1000 – 2900 µS cm-1), and saline water (>2900 µS cm-1). 

These individuals were identified under the Olympus SZX16 stereoscope. 

Acute toxicity tests: single species 

 Standard guidelines for conducting acute toxicity tests with Cladocera are only provided 

for D. magna and D. pulex (ASTM 2009).  I followed these guidelines for all of the toxicity tests 

with Daphnia spp. and copepod species. All tests were run for 96 hours and maintained with a 
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16:8 hour light:dark photoperiod with white fluorescent light as recommended in the guidelines. 

I tested each of the major Daphnia and copepod species, found in the Churchill rock pools, over 

a range of salinities. I used standard, synthetic, moderately hard, reconstituted water, prepared 

according to US EPA guidelines (2002). Reconstituted water is made using a mixture of 

deionized water and reagent grade MgSO4, NaHCO3, KCl, and CaSO4 
. 2 H2O (USEPA 2002). 

My control was run with reconstituted water at the same salinity level that individuals were 

collected from (351 µS cm-1 for L. tyrelli, D. middendorffiana, and D. pulex, and 703 µS cm-1 for 

H. arcticus and D. magna collected from freshwater, 2812 µS cm-1 for all species collected from 

brackish water, and 5625 µS cm-1 for all species collected from salt water).  

Salinity concentrations were prepared by adding Instant Ocean ® synthetic sea salt 

(Instant Ocean, Cincinnati, Ohio) to a 100 mL jar of reconstituted water. These jars were agitated 

for approximately 10 minutes or until the salts were dissolved completely. This mixture was then 

added to 3.5 L of reconstituted water, and salinity was measured using the YSI sonde. After the 

desired salinity level was achieved, solutions were mixed for 30 minutes by bubbling air from 

the bottom of the beaker. At the end of this period the environmental variables mentioned above 

were again measured to ensure consistency among treatment levels.  The organisms were fed a 

mixture of YCT (1:1:1 mixture of Yeast: Cerophyll: Trout Chow) and two species of algae, 

Pseudokirchneriella subcapitata and Chlorella vulgaris, 48 hours after the test was initiated.  

The YCT and algal cultures were prepared following US EPA standards (USEPA 2002).  In the 

case of the predatory H. arcticus, I also fed them juvenile Daphnia. After 96 hours, the number 

of individuals alive and dead in each beaker was recorded. Organisms were considered dead if 

they remained immobile for 3 seconds after being prodded with a blunt probe. 
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 For each species, individuals were collected from 3 salinity levels, freshwater (<1000 µS 

cm-1), brackish water (1000 - 2900 µS cm-1), and saline water (>2900 µS cm-1). Four replications 

containing 5 test organisms each (20 test organism’s total) were placed in 200 mL beakers of the 

appropriate salinity, for a total of 96 beakers for each species. The eight salinity concentrations 

were 45000 µS cm-1, 22500 µS cm-1, 11250 µS cm-1, 5625 µS cm-1, 2812 µS cm-1, 1406 µS cm-1, 

703 µS cm-1, and 351 µS cm-1.  A random number generator was used to determine what the 

salinity concentration should be in each beaker and which salinity grouping individuals should 

be taken from. This ensured no bias in counting the number alive at the end of the experiment. 

For the test results to be acceptable, survival in controls must be at least 90%. Tests in which the 

control survival was less than 90% were corrected using Schneider-Orelli’s (1947) formula:  

Corrected= % Responded - % Responded in Control     X  100 
        100 – Responded % in Control 
 

Acute toxicity tests: community 

 In late June I performed an initial survey of the bluffs in order to measure the salinity 

values in each of the pools. From these values I grouped the pools into 3 categories: freshwater 

(FW, <1000 µS cm-1), brackish water (BW, 1000 - 2900 µS cm-1), and saline water (SW, >2900 

µS cm-1). I then used a random number generator to select 10 pools from each group from which 

to sample zooplankton for the community toxicity tests.  

 I sampled each pool by collecting 10 L of water and filtering it through a 45 μm plankton 

net and placing it in a 100 mL sampling jar. These samples from the individual pools were then 

combined within each salinity range (i.e., the 10 FW pools together), to account for any dispersal 

limitation on the bluffs. I then took 50 mL subsamples of this community to place in the 

appropriate treatment. At the end of the experiment I identified organisms to species and counted 
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the number of individuals alive and dead in order to calculate LC50s. The same salinity 

concentrations used in the acute toxicity tests for individual species were used in the community 

tests. For this experiment I placed 500 mL of reconstituted water at the appropriate salinity level 

into each 600 mL beaker. I had a total of 24 beakers for each experiment, with 3 replications 

through time: early July, late July, and mid August. It is important to replicate through time 

because it has been shown that the salinity gradient does not become established until later on in 

the season, and communities respond quicker to late season changes in salinity (Winegardner and 

Cottenie, submitted). Once again, a random number generator was used to determine what 

salinity concentration was added to each beaker and which salinity grouping individuals were 

taken from.  

 The experiment was run for 96 hours, and zooplankton were subjected to a 16:8 hour 

light dark cycle. Organisms were fed 0.825 mL of algae and 2.063 mL YCT after 48 hours. At 

the end of the experiment I separated the organisms into live and dead under the Olympus 

SZX16 stereoscope. I placed approximately 50 mL at a time into a petri dish and extracted the 

dead organisms using a pipette tip. Organisms were considered dead if they remained immobile 

for 3 seconds after being prodded with a blunt probe. I placed live individuals in one sampling 

jar and dead ones in another and then preserved the samples in Kahle’s solution to be counted 

later. 

Statistical analyses 

I used the statistical program R (R Development Core Team, 2011), to perform all 

statistical analyses. Since the LC50 data were not normally distributed, I used a Logit analysis to 

calculate the LC50 values, instead of Probit, as suggested by Finney (1952). These results will 

allow me to infer the range of salinities that individual zooplankton species from Churchill, MB, 
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can tolerate before 50% of the organisms die. I used a general linear model in the MASS package 

(Venables and Ripley, 2002) in R to calculate the LC50 values for each species in both 

community and individual tests. I then used the confint function to calculate the 95% confidence 

intervals. I tested the main effects of species identity and species origin (rock pool habitat) on the 

individual LC50s with a 2 way ANOVA. I performed the same analysis on the same species in 

the community experiments, and then on all the other species not tested in individual tests. In 

each case I plotted the LC50 values and 95% confidence intervals for each salinity range (FW, 

BW, and SW), and for each of the five species (D. magna, D. middendorffiana, D. pulex, H. 

arcticus, L. tyrelli). 

In order to analyze my field data, I grouped species densities from all the bluffs into 

seven time steps based on date: June 23 – July 2, 2011, July 3 – July 12, 2011, July 13 – July 22, 

2011, July 23 – August 1, 2011, August 2 – August 11, 2011, August 12 – August 21, 2011, and 

August 22 – August 23, 2011.  To normalize the data, I fourth root transformed species densities 

and used a Hellinger transformation, to produce more accurate results when performing 

redundancy analyses (Peres-Neto et al. 2006). 

 I used the R package vegan (Okansen et al. 2009) to perform redundancy analysis 

(RDA) for each time step to show the effect of salinity on community composition, for the full 

community, and for the five species selected for toxicity tests. I performed a permutation 

ANOVA on each of these RDA’s to show whether salinity had a significant effect on species 

abundances. RDA, is an extension of multiple regression and shows the amount of variation that 

is explained by observational or experimental variables (Legendre and Legendre 1998). 

 From the field data, I calculated the mean weighted density for each of the five species 

for which LC50s were determined in the individual toxicity tests for each time step. These data 
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were used to construct boxplots for each of the five species. I also ranked each species, at each 

time step, based on these mean weighted densities, from 1 to 5, 5 being the most saline tolerant 

and 1 being the least. Ranking was necessary to account for salinity differences across time 

steps, because salinity changes throughout the season. Across all time steps I computed the 

average mean for each species and the average rank. I made several x-y scatterplots to show the 

relationship between the species density mean ranks and their LC50s found in the lab experiments 

to show how they are related within each salinity range (FW, BW, and SW). I performed a linear 

regression to calculate correlation coefficients and to check if these relationships were 

significantly correlated.  

Results 

Table 1 shows the LC50 values and 95% confidence intervals for the five species tested in 

the individual tests. Community LC50 values could not always be calculated using logit analysis, 

because it was not always possible to collect an adequate number of individuals from a species. 

Subsequently there was a large amount of variability in the values that were calculated, with 

some being very high, and some being very low (these results not shown). 

Individual LC50s varied significantly among species (p<0.05) but not the source they 

were obtained from (Figure 5). Although species identity had a significant effect on the LC50s, 

within a species collecting individuals from fresh water, brackish water or salt water did not 

significantly change the LC50 value. I was unable to compute the interaction between source and 

species because I was not able to collect enough individuals throughout the season to replicate 

the individual toxicity tests. Community LC50 values for these same five species did not have a 

significant source or species effect (p>0.05). The variation in LC50s virtually disappears in the 
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community setting, with most values being quite low, and some values from the SW section not 

calculated at all due to lack of response. 

In order to confirm that salinity in the field did affect community composition, I 

performed an RDA at each time step and for the full season (Figure 6). Salinity significantly 

affected species densities at every time step except for the first one (p<0.01 from July onwards). 

Similarly, when I performed an RDA for the full season with the five main species tested 

individually (Figure 7), I found that salinity significantly affected species densities (p<0.01). 

 From my field data I calculated mean weighted conductivity values (as a proxy estimate 

of salinity) to determine at what salinity level each species had the highest field densities. From 

these values I calculated the mean conductivity value for the entire growing season and found 

that D. magna was found at the highest conductivity, followed by D. pulex, D. middendorffiana, 

H. arcticus, and L. tyrelli (Table 2). A Friedman rank sum test showed that these values were not 

significantly different between sampling dates (p>0.05). A linear model showed that species 

mean weighted conductivities were not significantly different from one another (p>0.05). 

However, when each species was ranked according to which was found at the highest salinities, a 

linear model showed that they were significantly different from one another (p<0.05).  

I calculated the mean ranks for each species and plotted these values versus the LC50 

values obtained for the five main species from FW, BW, and SW sources (Figure 8). A linear 

regression showed that these relationships were not significant (p>0.05). 

Discussion 

Individual toxicity tests 

I found evidence that different zooplankton species have different salinity tolerances, 

although the salinity range the animals come from does not affect their tolerance. This shows 
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that, experimentally, interspecific variation in salinity tolerance is important. I did expect to find 

that different species had different tolerances because previous work in the Churchill region has 

shown how important the salinity gradient is in affecting species distribution (Weider and Hebert 

1987a; Weider and Hebert 1987b; Ng et al. 2009). The unexpected result, however, was that all 

except one LC50 was above 3000 µS cm-1 and the majority were above 6000 µS cm-1, indicating 

that the five species all have quite a high tolerance to increasing salinity. 

Of the five species tested, H. arcticus and L. tyrelli were more saline tolerant than D. 

magna, D. middendorffiana, and D. pulex. This is in accordance with previous research that has 

shown that copepods are more salt tolerant than cladocerans (Grzesiuk and Mikulski, 2006; 

Kefford et al. 2007; Brucet et al. 2009). Different species use different methods to maintain their 

osmotic balance (Hart et al. 1991), and it appears that the methods used by copepods are more 

efficient in higher saline environments. 

There is no previous data on salinity LC50 values for D. middendorffiana, L. tyrelli or H. 

arcticus to compare my results to; however there have been a few prior studies on D. pulex and 

D. magna. Moreover, a study by Mohammad and Agard (2007) showed similar 24 and 48 hour 

LC50 values for 3 cladoceran species, but from Trinidad and Tobago. Bezirci et al. (2012) 

exposed D. pulex from Turkey to NaCl concentrations from 0-10 g/L (~17 000 µS cm-1) and 

found the 24 and 48 hour LC50 values to be 4.17 g/L (~7450 µS cm-1) and 3.32 g/L (~6120 µS 

cm-1), which are close to the values I found for D. pulex collected from the BW and SW ranges.  

Another study by Birge et al. (1985) found D. pulex from Kentucky to have a 48 hour LC50 of 

1.47 g/L (~2800 µS cm-1) when exposed to NaCl, comparable to the value I found for D. pulex 

collected from the FW range. D. magna from Mexico, on the other hand has been found to have 

a 48 hour LC50 of 5.48 g/L (9790 µS cm-1) when exposed to NaCl (0-10g/L), which is at least 
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50% greater than any of the values I calculated (Martinez-Jeronimo and Martinez-Jeronimo 

2007). Although these values were not obtained at 96 hours like mine, the US EPA states that for 

the effects of chloride, LC50 values do not change much from 24 to 48 or 96 hours (USEPA 

1988). It is also important to note that invertebrates have been shown to be more sensitive to 

NaCl than synthetic sea salt (Kefford et al., 2004). Although the D. pulex values are comparable 

to mine, the D. magna values are not. This can be attributed to the fact that Martinez-Jeronimo 

and Martinez-Jeronimo (2007) used a clone of D. magna from Mexico that had been cultured in 

the lab for a period of 15 years. It is possible that that particular clone is more salt tolerant than 

the D. magna clones found in Churchill. 

The results indicate that the five species I tested have LC50s in the brackish or even saline 

ranges, which could explain the resistance to change seen in Winegardner and Cottenie’s 

(submitted) experiment. Thus, contrary to my predictions, while tolerances were different, they 

were in a much higher salinity range than expected. 

Source effect 

I predicted that when the same species was collected from different salinity areas on the 

bluffs they would respond differently in the lab, with relative sensitivity inversely proportional to 

field salinity (i.e. zooplankton from low salinity pools would exhibit greater sensitivity to 

changing salinity – as indicated by lower LC50 values – compared to zooplankton from high 

salinity pools). However, source did not significantly affect the LC50s of the five species I tested 

individually. This finding contrasts with previous work in the Churchill rock pools which 

showed that clonal lineages are adapted to different salinities (Weider 1993; Weider et al. 2009). 

One study by Weider and Hebert (1987a) examined the salinity responses of several different 

clones from the D. pulex complex in the Churchill region. They exposed the clones to three 
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different salinity treatments: 150 µS cm-1, 4250 µS cm-1, and 8500 µS cm-1, and found significant 

differences in adult survivorship at the middle and high salinity levels. Clones 2, 3, 4, and 6 had 

greater mean survivorship than clones 1 and 7. The middle and high salinity treatments are 

around the actual species LC50s that I calculated and therefore there is a need to look at finer 

scale differences, but I did not have the resolution to do this. Future experiments should include 

several more salinity treatments between 1000 and 12000 µS cm-1, to investigate mortality at 

these finer scales. 

One reason for the differences between my study and Weider and Hebert’s (1987a) may 

be due to the fact that I did not isolate clones for my experiments. I collected a specific species 

and thereby could have had several different clones in each experiment, each with different 

salinity tolerances. Previous work has shown that 4.3 clones can be found per bluff (Weider and 

Hebert 1987a), and I sampled from several pools on each bluff for my experiments, whereas 

Weider and Hebert (1987a) used separate clones at each treatment level; both D. pulex and D. 

middendorffiana are clonally diverse in the Churchill region (Hebert and McWalter 1983). On 

the bluffs, some clones are restricted to a narrow range of salinities (~1000 µS cm-1), while 

others can be more broadly distributed (~15000 µS cm-1) (Weider and Hebert 1987a), so it is 

likely that I had more than one clone in each treatment group. 

Environmental salinity effect 

Salinity has been shown to be very important in structuring the zooplankton communities 

in Churchill (Dufresne and Hebert 1995; Ng et al. 2009; Weider et al. 2009) as well as those in 

other areas (Hart et al. 1991; Nielsen et al. 2003; Brock et al. 2005; Grzesiuk and Mikulski 2006; 

Brucet et al. 2009). My field data from summer 2011 showed that salinity once again had a 

significant effect on species composition, indicating that species have different optimal field 
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salinity ranges. The salinity gradient on the bluffs was set up by early July during this study. The 

gradient is established based on the proximity of each pool to the Bay; those that are closer to the 

Bay are higher in salinity, while those that are further away from the Bay have a very low 

salinity (Weider and Hebert 1987a ; Ng et al. 2009). Zooplankton changes in community and 

genetic composition are strongly correlated with this gradient (Weider and Hebert 1987a; Weider 

and Hebert 1987b; Ng et al. 2009) 

When I calculated the realized maximum field densities for the five species (D. magna, 

D. middendorffiana, D. pulex, H. arcticus, L. tyrelli), at each of the seven time steps, all except 4 

out of 35 points were below 3000 µS cm-1, indicating that in the field the species are found 

predominantly in the fresh or brackish water ranges. When I computed the mean of these 

maximum field densities, four species were found between 1000 µS cm-1 and 2000 µS cm-1, 

while D. magna was found at 2364 µS cm-1 on the bluffs. When these values were ranked, they 

were found to be significantly different from one another, providing support for the first and 

second predictions that species have different optimal tolerances (Figure 1). 

Lab tolerance vs Field distribution 

Because zooplankton species have been shown to sort themselves along the bluffs, based 

on the salinity gradient, I expected to see that species with a high salt tolerance in the lab would 

be predominantly found in pools with a higher salinity. However, field abundances along the 

salinity gradient were not significantly correlated in any of the salinity ranges I tested.  

It is interesting to note that the lab LC50s were quite high, while the field densities were 

associated predominantly with lower salinity levels. Similarly, Wilson and Hebert (1992) 

showed that several clones from Churchill were capable of occupying a certain habitat, but were 

not necessarily found in those habitats. 
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Several other studies have shown that lab tolerances do not always relate to field 

distributions. For example, the shrimp Syncaris pacifica is restricted to fresh water, but is able to 

survive in much higher salinities in the lab (Born 1968). A similar pattern was observed in the 

amphipod Gammarus tigrinus, which has been shown to tolerate saline conditions well above 

those in which it is found in nature (Dorgelo 1974, Dorgelo 1976). This indicates the importance 

of other biotic and abiotic factors, such as competition and dispersal limitation, in influencing the 

distribution of species in natural environments and in my study. Experiments looking at the 

effects of other environmental factors have also shown differences between lab and field 

distributions. For example, Miller (1995) showed that the coral Oculina arbuscula is better 

suited to shallow, well-lit habitats, in microcosm experiments, when in fact it is found in higher 

densities in deeper, darker habitats in the field. These discrepancies have also been found in 

barnacles (Connell 1961) and bivalves (Peterson and Black 1988). Even though these studies 

only looked at one or two species, it is clear that lab tolerances are not always indicative of 

where an animal will be found in nature. My study is unique because it looks at the distribution 

of several species along the salinity gradient in a zooplankton metacommunity and shows that 

lab tolerances were not significantly related to field abundances, even though we know salinity is 

a very important environmental variable determining species distributions in the rock pools. This 

suggests that local interactions within the pools are important in determining final species 

distributions. One interesting thing to note from Wilson and Hebert’s (1992) study was that the 

distribution of one of the D. pulex clones studied was not supported by the salinity manipulation 

experiments. However, when H. arcticus was introduced into the ponds, this difference was 

reversed, indicating that biotic interactions are indeed important in determining community 

composition. 
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Community toxicity tests 

I tried to capture the effect of these biotic interactions on the salinity tolerances by 

performing community toxicity tests. I found that in a community setting LC50s are not 

significantly affected by source or species. 

This is probably because species abundances were not controlled in the community 

experiments. When testing species individually I made sure that each species had the same 

number of individuals for each trial, but in the community experiments densities were 

representative of field densities at the time of collection. Throughout the season the densities of 

each species can change drastically. For example, D. magna becomes dominant in several pools 

near the end of July. This means that for each community LC50, species composition can be quite 

variable and in some instances there was not enough of one species to accurately calculate an 

LC50, which may have confounded my results.  

Conclusions 

I looked at five main species in the Churchill rock pools, H. arcticus, L. tyrelli, D. pulex, 

D. magna and D. middendorffiana, and conducted individual and community toxicity tests in the 

lab to ascertain their salinity tolerance. I found that individually they had significantly different 

tolerances, but these values were not affected by the salinity of the source pool. I also found that 

the variation in LC50s in these five species, and any others, disappeared in the community 

treatments. This result was unexpected, but likely occurred because species densities were not 

high enough to accurately calculate LC50s for community experiments. If these experiments are 

redone in the future it is necessary to account for species abundances.  

The results from my individual toxicity tests and field data show that the five species I 

tested from the rock pools have significantly different tolerances to salinity and significantly 
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different field distributions. However, all of the species have a relatively high tolerance to 

salinity, even though they are found predominantly in lower salinity habitats. It is very likely, 

therefore, that local community interactions, such as competition, are important in determining 

final species composition. There is also the possibility that dispersal limitation may prevent a 

species from becoming established in a pool to begin with, as dispersal has been shown to be 

limiting at large spatial scales (Ng et al. 2009). In order to resolve this issue, future research 

should focus on expanding toxicity tests to include more interacting species in the Churchill 

system, as well as conducting chronic toxicity tests to see how species would react to increasing 

salinities over longer exposure periods and/or testing more susceptible juveniles. These studies 

are necessary to understand how these communities will react to increasing salinity in the 

environment over the long term. Due to climate change, higher temperatures will cause an 

increase in evaporation in many freshwater systems, potentially concentrating solutes and 

increasing the salinity. 
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Tables and Figures 
 

 

Figure 1. Graphical representation of my 3 predictions. Each color represents a different species, 
although more species would be present in the real situation. (a) Prediction one, species have 
different optimal salinity tolerances, where they are present at the highest density, and they have 
wide niche breadths. (b) Prediction two, niche differentiation along the salinity gradient is not 
that extreme, but species have different tolerances at the high end of the salinity gradient. In this 
case all of the species are found in the highest abundance at the freshwater end of the gradient, 
but they can still be found at higher salinities. (c) Prediction three, there are no differences 
between optimal tolerance and niche breadths between species.  In this case, species are 
essentially the same and salinity is either correlated with another environmental variable that is 
structuring community composition, or local interactions prevent new colonizers from becoming 
established in the community. 
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Figure 2. Graphical representation of the differences between the fundamental and realized 
niches. Fundamental is shown in black and realized is shown in red. If biotic interactions are 
important in determining final community composition, I expect that the LC50s I calculate in the 
community setting will be different than those calculated individually. Competitive exclusion 
will occur under many resource conditions within the fundamental niche causing the realized 
niche to be narrower. 
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Figure 3. Graphical illustration of my prediction for the relationship between lab tolerance and 
field distribution. If species have significantly different tolerances to salinity and field 
distribution is significantly affected by salinity, I expect to see a relationship between LC50s and 
field densities. In this figure each colour represents a different species, although more would be 
found in the actual community. A higher LC50 in the lab (fundamental) should correspond with 
greater species densities at higher salinity levels in the field (realized), because a higher LC50 will 
indicate greater salt tolerance. 
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Figure 4. Map of the study site. a) Churchill is located in the Northeastern corner of Manitoba, 
Canada, along the shore of Hudson Bay ©2006. Her Majesty the Queen Right of Canada, 
Natural Resources Canada. b) Sampling sites in relation to the town of Churchill and other 
landmarks. PW = Prince of Wales; CM = Cape Merry; TB == Town Bluff; GC = Golf Course; 
AT = Airport; DP = Dump; WI = West Ithica; I = Ithica; EPA = Experimental Pond Area 
(1980s); EA = East A. Bluffs used in the present study are indicated by black rectangles and 
include Bluff D, just outside of town, and Bluffs A, B, and C, several kilometers east of town. 
Adapted from Weider and Hebert (1987b). c) Photograph of several rock pools on Bluff D with 
Hudson Bay in the background. Pools that are closer to the Bay are higher in salt as they receive 
splash and spray off the Bay. 
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Table 1: LC50 values in µS cm-1, with 95% confidence intervals for the five species tested in an 
individual setting. Each species was collected from three different salinity sources on the bluffs, 
freshwater (FW), brackish water (BW), and salt water (SW), to see if LC50 values were affected 
by source. D. pulex, SW 95% CI was calculated to be infinitely large and is shown with “inf.” 
 
Source D. magna D. middendorffiana D. pulex H. arcticus L. tyrelli 

FW 4284 2856  3318  12 332  8591  

 (4280 – 4286) (2851 – 2859) (3312 – 3321) (12324 – 12335) (8585 – 8593) 

BW 6008 3031  7410  8025  12895  

 (6003 – 6010) (3029 – 3032) (7009 – 74425) (8008 – 8030) (12472 – 12909) 

SW 6292  3977  7941  3663  10269  

 (6285 – 6295) (3975 – 3978) (inf) (3660 – 3665) (10255 – 10273) 

 
 

 

Figure 5. I calculated LC50s and 95% confidence intervals for five main species found in the Churchill 
rock pools: D. magna, D. middendorffiana, D. pulex, H. arcticus, and L. tyrelli. Each species was 
collected from three salinity ranges on the rock bluffs, freshwater (FW, <1000 μS), brackish water (BW, 
1000 – 2900 μS), and salt water (SW, 2900 – 10 000 μS). 95% confidence intervals for D. pulex collected 
from SW are not displayed because they extended by 6 orders of magnitude in both directions. Actual 
conductivity values are shown in Table 1. Species was shown to significantly affect LC50s (p<0.05), but 
source was not (p>0.05). 
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Figure 6. RDA for the full season, with all the species found in the rock pools included. 
Zooplankton species densities was the dependent matrix and salinity was used as the explanatory 
variable (indicated by the arrow to the left). Several species are located in the center of the RDA 
including: D. pulicaria, D. tenebrosa, H. victoriensis, cyclopoid nauplii, fairy shrimp, Alonella 

spp., Euchlanis spp., Keratella spp., Lecane spp., Monostyla spp., Notholca spp., Polyarthra 

spp., Pompholyx spp., and Trichocerca spp. Salinity significantly affected species densities 
throughout the season (p<0.01). 
 



 
 

37 

 

 
 

Figure 7. RDA for the full season, only showing the five species tested in individual toxicity 
tests. Zooplankton species densities was the dependent matrix and salinity was used as the 
explanatory variable (indicated by the arrow to the left). Salinity was shown to significantly 
affect the densities of these five species throughout the season (p<0.01). 
 

 
Table 2: Mean conductivity values where each of the five species tested individually were found at the 
highest densities in the field. These values are averaged over the full growing season, and were not shown 
to be significantly different between sampling dates when using actual conductivity values. However they 
are significantly different when using ranked values, which is necessary to account for salinity changes in 
the rock pools throughout the season. The three Daphnia species tested were predominantly found in 
pools with a higher salinity, measured as electrical conductivity, while the two calanoid copepods were 
found in lower salinity pools. 
 
 D. magna D. pulex  D. middendorffiana H. arcticus L. tyrelli 

Conductivity (μS cm-1) 2364.27 1880.89  1487.98 1265.54 1212.16 
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Figure 8. Mean ranks were calculated for each of the five main species tested in the individual setting: D. 

magna (   ), D. middendorffiana (    ), D. pulex (+), H. arcticus (   ), and L. tyrelli (    ). Mean ranks were 
used to account for salinity changes throughout the season. A higher rank indicates that a species was 
found in higher salinity pools in the field. These ranks are plotted against the LC50 values that were 
calculated in the individual toxicity tests for freshwater (FW), brackish water (BW), and salt water (SW) 
ranges. The FW plot has an R2 of 0.3894, the BW plot 0.3049, and the SW plot 0.02311. None of these 
relationships were found to be significant (p>0.05). 


