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Abstract

Freshwater systems experience many stressors that can affect aquatic
communities; one such stressor is calcium decline. Cation depletion of surrounding soils
and watersheds of many North American and Scandinavian lakes is in part due to the
legacy effect of logging and acid deposition. An important freshwater grazer, Daphnia, is
especially sensitive to calcium decline as it has a heavily calcified chitin carapace that is
frequently moulted, resulting in the need to uptake large amounts of calcium from the
surrounding water. Studies have documented variation among populations of Daphnia
spp. in response to predators, food concentrations, and cyanobacteria, however only one
study has assessed intra-specific variation in Daphnia spp. to calcium decline. We
predicted that calcium sensitivity of individual Daphnia iso-female lines would depend
on the lake calcium concentration of their lake of origin, if the historical exposure to low
calcium allowed for a fitness advantage (higher reproduction and survival). Alternatively,
variation in calcium tolerance among iso-female lines may exist independent of historical
exposure. We tested the calcium sensitivity of 10 Daphnia pulex sensu lato iso-female
lines in a life-history experiment under low food and soft water conditions that are
associated with the Muskoka, Canada region. Daphnia were exposed to one of five
calcium concentrations (0.7, 1.0, 1.5, 2.5, 7mg Ca L™) for a 21-day period and monitored
daily for survival and reproduction and one size measurement was taken at day six. We
found that the calcium sensitivity of Daphnia varied among iso-female lines for three
responses; total reproduction, size at day six, and population growth rate, but this
variation was not explained by source-lake calcium. Overall, our results highlight the

existence of intra-specific variation in Daphnia sensitivity to calcium decline, and the



need for future experiments to include multiple genotypes to fully understand the impacts

this stressor has on Daphnia communities.
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Chapter 1

General Introduction

Freshwater systems face many challenges that can alter community structure and
biodiversity (Dudgeon et al. 2006). These challenges do not impose only negative effects
on individuals/communities, they can also facilitate organisms’ performances. As an
example, nutrient additions into freshwater lakes can cause an increase in primary
productivity, however if nutrient additions are too high it can cause algae blooms, which
can cause low oxygen and reduce biodiversity (Dokulil and Teubner 2011). Globally,
aquatic communities are faced with many stressors. For example, urbanization causes
aquatic habitat loss and increased extinct rates of local aquatic plant life (Kozlowski and
Bondallaz 2013). Increased global temperature associated with climate change is
expected to have direct and indirect effects on aquatic biodiversity, species range limits,
and aquatic food webs (as reviewed by Wrona et al. 2006). As an example, in a
mesocosm study performed by Beisner et al. (1997), increased temperature caused
destabilizing effects on the predator-prey dynamic irrespective of community type,
causing the herbivore, Daphnia pulex, to become extirpated. In Canada, specifically on
the Precambrian Shield, aquatic communities also face local and regional stressors such
as acidification, invasive species (Palmer and Yan 2013), lake-shore development, and
nutrient loading (Palmer et al. 2011).

Calcium Decline

An emerging stressor across the Northern Hemisphere is the regional decline of

lake-water calcium (Stoddard et al. 1999, Keller et al. 2001, Hessen et al. 2016). For

example, in lakes in southern Norway, calcium concentrations declined, on average, 11%



per decade or 0.023mg Ca L™ year™ from 1983-2013 (Hessen et al. 2016). A similar
trend was found in south-central Ontario lakes with calcium declining, on average, 13%
from 1985-2005 (Jeziorski et al. 2008). Lake-water calcium is primarily determined by
the size of the exchangeable cation pool in the soil beds surrounding lakes (Houle et al.
2006); therefore, the depletion of the calcium into lakes is attributed to reduced cation
pools in surrounding soil causing reduced leaching of cations into the lakes (Aherne et al.
2003).

The reduction of cation pools in soils has been attributed to three main factors:
reduced atmospheric deposition of calcium and reduced mineral weathering (Likens et al.
1996, Stoddard et al. 1999), timber harvesting (Federer et al. 1989, Watmough and Dillon
2003, Watmough et al. 2003, Watmough and Aherne 2008), and long term effects from
acid deposition (Likens et al. 1996, Stoddard et al 1999, Aherne et al. 2003). Cation pools
in soils are balanced by inputs and outputs, with atmospheric deposition and mineral
weathering being inputs. Atmospheric deposition of cations has decreased over the last
few decades, in part due to reduced SO, availability to create salts (e.g. calcium sulphate
CaS0,) which would deposit out of the atmosphere (Hedin et al. 1994). This results in a
lower amount of calcium being added to the exchangeable cation pool in the soil (Likens
et al. 1996, Stoddard et al. 1999). Historical increases in leaching (due to acid deposition)
and increases in timber harvesting over the last few decades have caused both historical
and current outputs from cation pools to exceed the inputs, reducing the total available
amount of cations in the soil (Likens et al. 1996).

Timber harvesting removes cations from soil catchments when trees are removed,

as large amounts of calcium are stored in the above ground biomass of trees (Watmough



and Dillon 2003). This removal of vegetation also disrupts natural ion exchange in this
system, as in undisturbed systems decomposed organic matter would return ions to the
soils after tree death (Hyman et al. 1998). As well as direct removal from the system, the
planting of new forests increases uptake of calcium from the soil as younger trees are
better able to mobilize calcium (Hamburg et al. 2003).

Leaching associated with acid deposition is the largest contributor to the removal
of cations from soil catchments (Likens et al. 1996, Stoddard et al 1999, Aherne et al.
2003). Acid deposition accelerated the loss of calcium from the soil by providing
hydrogen ions (H"), which react and displace cations that are otherwise absorbed to the
soil, and through the addition of sulfate (SO,4) and nitrate (NOy) ions, cations remain
dissolved in soil water and are easily washed away (i.e., leached into lakes) (Lawrence
and Huntington 1999). The increased deposition of SO, and NOy post-industrialization to
the late 1980s caused increased leaching of base cations into streams and lakes reducing
the total base cation pool in the surrounding soil (Likens et al. 1996). Even with
regulations for reduced emissions that were put in place in the late 1980s (Stoddard et al.
1999), acid deposition had already depleted soil base cations and reduced the buffering
capacity of many soils (Aherne et al. 2003). Although calcium leaching into lakes was
hypothesized to increase after the initial surge from acid deposition, the cation pool in the
soil was depleted (Aherne et al. 2003). As the size of the exchangeable cation pool in the
soil is the biggest predictor of lake-water calcium (Houle et al. 2006), the historic
depletion of the soil base cation pool is caused reduced cation leaching into lakes (Aherne

et al. 2003), lowering calcium concentrations of lakes over the last few decades (Hessen



et al. 1995, Keller et al. 2001, Jeziorski et al. 2008, Palmer et al. 2011, Jeziorski et al.
2012a, Hessen et al. 2016).
Community Implications of Calcium Decline

Changes in lake-water cation chemistry have occurred in association with changes
in community structure (Hessen et al. 1995, Keller et al. 2001, Jeziorski et al. 2012a,
Jeziorski et al. 2012b, Jeziorski et al. 2015). For example, crayfish abundances have
declined following changes in lake-water cation chemistry (Edwards et al. 2009), and
changes in cladoceran community structure have been observed (Jeziorski et al. 2008,
Jeziorski et al. 2012 a, Jeziorski et al. 2015, Korosi et al. 2012, Redmond et al. 2016).
Calcium is an important aspect of cellular function (Wheatly 1999) and for crustaceans,
who regularly moult, is an essential mineral for growth and the re-hardening of their
carapaces (Greenaway 1985).

Freshwater crustacean species are sensitive to changes in lake-water calcium (as
reviewed by Cairns and Yan 2009). Crayfish, Orconectes sp., for example, have been
suggested to have a lower tolerance level of 2.6mg Ca L™ (Capelli and Magnuson 1983),
and their abundance in some areas has been declining over the last few decades (Edwards
et al. 2009). Also a gammarid, Gammarus lacustris, has been found to have lower
threshold limit between 1-6mg Ca L™ (@kland and @kland 1985, Rukke 2002a). In the
Muskoka-Haliburton region of south-central Ontario, 68% of 287 sampled lakes were
found to have calcium concentrations below 2.6mg Ca L™ and 93% were below the 6mg
Ca L™ threshold (CAISN, unpublished data). Population growth rates of several
zooplankton species are influenced by aqueous calcium concentration (Arnott et al. 2017,

Azan and Arnott in press), with Daphnia pulex exhibiting declining population growth



rates as calcium concentration was decreased in a community mesocosm experiment
(Azan and Arnott in press). With calcium decline affecting multiple members of the
crustacean community, ambient calcium concentrations have been shown to be a
determinant in species richness and community composition (Waervagen et al. 2002,
Strecker et al. 2008).

Zooplankton community composition has shifted in association with calcium
decline (DeSellas et al. 2011, Shapiera et al. 2012, Jeziorski et al. 2015) and additional
changes are expected as calcium continues to decline. In the Muskoka region of south-
central Ontario, low calcium lakes have changed from being Daphnia-dominated
communities pre-industrialization to Holopedium-dominated communities (Jeziorski et
al. 2015), with many low calcium/high pH lakes absent of Daphnia spp. altogether
(Jeziorski et al. 2012b). In contrast, declines in Daphnia abundances in Nova Scotia were
coincident with increases in Bosmina abundances (Korosi et al. 2012). In Dickie Lake, in
the Muskoka region, the Daphnia community shifted over time (Shapiera et al. 2012),
with D. catawba suspected to be more dominate in present years, as it is thought to be
insensitive to low calcium (Cairns 2010, Jeziorski et al. 2012b); however Azan and
Arnott (in press) found that D. catawba growth rates were also reduced below 2.4mg Ca
L™ in a community mesocosm experiment. Many studies that assess community-level
impacts of calcium decline are either lake (Hessen et al. 1995, Cairns 2010) and/or
paleolimnological surveys (DeSellas et al. 2008, DeSellas et al. 2011, Jeziorski et al.
2012b, Shapiera et al. 2012, Jeziorski et a. 2015), which can only detect correlations
between calcium decline and communities changes; however, there are many other

environmental gradients in lake systems which could be the driver of community changes



observed in association with calcium decline. In one of the few community mesocosm
experiments performed assessing the growth rates of many zooplankton taxa, calcium
decline was found to decrease the population growth rates of several species (Arnott et al.
2017, Azan and Arnott in press). Interestingly, Holopedium, which was suggested to be
replacing Daphnia through time, based on long-term lake data (Jeziorski et al. 2015), had
decreasing population growth rates as calcium concentrations declined in an experimental
mesocosm (Azan et al. 2017). However, when the presence of a predator of Daphnia was
added, Bythotrephes longimanus, Holopedium abundances increased in low calcium
(Azan and Arnott 2017), possibly due to reduced competition at low calcium. However,
these results should be interpreted with caution because overall, Holopedium exhibited
negative growth rates at all calcium concentrations in this study. Disentangling the effects
this particular stressor has on individual zooplankton species in realistic community
conditions, but also alone, is important to understand the impacts this stressor will have in
the future.
Daphnia and Calcium

Like many other crustaceans, Daphnia rely heavily on ambient aqueous calcium
from the surrounding environment to fulfill their calcification demands (Porcella et al.
1969, Greenaway 1985, Cowgill et al. 1986). They are an ideal organism to study the
potential effects of calcium decline as they are expected to be sensitive to changes in
lake-water calcium because of their high calcium demand. Daphnia are small filter
feeders which reproduce parthenogenetically, meaning females produce offspring without
fertilization by a male; offspring, called neonates, are therefore genetically identical to

their mother (Green 1956, Allan 1976, Barker and Herbert 1985). Their outer carapace is



composed of a heavily calcified chitin (Porcella et al. 1969, Greenaway 1985, Cowgill et
al. 1986) which is frequently moulted (Porcella et al. 1969, Cowgill et al. 1986).
Moulting can occur as frequently as every 2-3 days at maturity with between 1-14
neonates being released with each moult (varies depending on species and environmental
conditions; Green 1956). With minimal calcium being stored with each moult (<10%,
Alstad et al. 1999), daphniids obtain the required calcium for carapace regrowth from the
surrounding water (Porcella et al. 1969, Greenaway 1985, Cowgill et al. 1986). Daphnia
also have a high percent calcium per dry weight (2.5%-7.75% Ca/DW) when compared to
other crustacean taxa (Waervagen et al. 2002, Jeziorski and Yan 2006), making them the
focus of many laboratory studies and lake surveys related to calcium decline (Hessen and
Rukke 2000, Rukke 2002b, DeSellas et al. 2008, Jeziorski et al. 2008, DeSellas et al.
2011, Korosi et al. 2012, Shapiera et al. 2012, Redmond et al. 2016).

Laboratory studies have been a common method for assessing the effects that
calcium has on Daphnia in a highly controlled setting. Survival thresholds have been
suggested between 0 and 2mg Ca L™ for D. galeata (Rukke 2002b) and between 0.1 and
0.5mg Ca L™ for D. magna (Hessen et al. 2000) and D. pulex (Ashforth and Yan 2008);
with reproduction requiring higher concentrations (>1.5mg Ca L™ for D. pulex; Ashforth
and Yan 2008). Juveniles may also require more calcium as their calcium content is 10-
20% higher than that of adults and they have higher influx rates of calcium than adults
(Tan and Wang 2009). The calcium content of daphniids was also suggested to vary
based on the calcium environment that daphniids were grown in (Tan and Wang 2009),
however this trend was not observed in the field surveys (Cairns 2010). The formation of

neck spines, which are predator defenses to increase body size to evade a gape limited



predator Chaoborus, have also been shown to be hindered in D. pulex under low calcium
conditions (Riessen et al. 2012) also possibly reducing survival.

Field surveys have shown the presence of Daphnia spp. has been linked to the
calcium concentration of the water (Cairns 2010). Field thresholds (lake calcium
concentrations that populations were found) for survival are suggested to be much higher
(1.26-1.65mg Ca L™*; Cairns 2010) than previously suggested laboratory thresholds
(Hessen et al. 2000, Rukke 2002b) as other natural stressors could be influencing their
calcium tolerance. Cairns (2010) proposed that body size and calcium content may play a
role in calcium tolerance. However, although calcium content is normally higher in larger
species (Jeziorski and Yan 2006), and therefore we would expect higher calcium
demands from these species, she found that the relatively small D. retrocurva had a
higher calcium demand then other larger bodied daphniids (Cairns 2010), and that D.
catawba and D. mendotae, which have similar calcium content (Jeziorski and Yan 2006),
showed different sensitivities to low calcium conditions in the field (Cairns 2010). Tan
and Wang (2010) found similar results, as body calcium content was not a good predictor
of calcium sensitivity in four cladocerans when tested across a five calcium concentration
gradient. This suggests that body calcium content is not the driving factor in determining
It species are sensitive to calcium decline, and that calcium thresholds in a field settings
may be influenced by more than just their calcium tolerance alone.

Calcium decline in combination with other stressors has increased negative effects
on the survival and reproduction of Daphnia (Hessen et al. 2000, Rukke 2002b, Hopper
et al. 2008, He and Wang 2009, Jesus et al. 2014, Giardini et al. 2015). When in low

calcium conditions and exposed to increases in UV light (Hessen and Rukke 2000), low-



food (Ashforth and Yan 2008, Perez-Fuentetaja and Goodberry 2016), and increased
temperature (Ashforth and Yan 2008), survival and reproduction are reduced compared to
only low calcium conditions. As an example, it has been hypothesized that increases in
ingestion rates could explain restored calcium balance found in experimental individuals
(Muyssen et al. 2008). Muyssen et al. (2008) suggested this could allow daphniids to
compensate for low calcium conditions with a higher quantity of food, or allow daphniids
to obtain small amounts of calcium from dietary sources; however, support for this
hypothesis is weak as this was not explicitly assessed in their experiment and other
studies have shown Daphnia obtain the majority of their calcium requirements from the
surrounding water (Porcella et al. 1969, Greenaway 1985, Cowgill et al. 1986). However,
if adequate food concentrations give an advantage in low calcium concentrations, when in
low food and low calcium conditions, this type of safety mechanism to protect against
low calcium cannot be performed and daphniids could display reductions in reproduction
(Ashforth and Yan 2008, Perez-Fuentetaja and Goodberry 2016). With many of these
stressors affecting Daphnia in wild conditions the abundance of these organisms could be
greatly affected. To fully understand the impacts that this stressor has we must first test
calcium sensitivity in controlled but realistic settings.

Many laboratory studies share a few commonly practiced methodologies that may
provide an incomplete picture of daphniid tolerance to calcium decline. Firstly, many
studies do not address maternal effects which have been suggested to alter daphniids
individual performance when mothers are not exposed to similar conditions as
experimental individuals (Sakwinska 2004, Giardini et al. 2015, Mikulski and Pijanowska

2017). Performing a multi-generational study would allow experimental individuals to be



without any residual effects from their mothers. Secondly, many laboratory studies
looking at calcium sensitivity use hard water medias, such as Elendt M7 (Elendt and Bias
1990) or COMBO (Kilham et al. 1998), and high food conditions (Rukke 2002b,
Muyssen et al. 2008), which may be unrealistic for daphniids that inhabit oligotrophic,
soft-water lakes (e.g., Hessen et al 2000, Rukke 2002b, Jesus et al 2014, Prater et al.
2016). For example, experiments range in food concentrations from 0.9mgC L™ to 4mgC
L™ (Rukke 2002b, Tan and Wang 2009, Tan and Wang 2010, Prater et al. 2016) and a
conductivity between 221-450uS cm™ (Elendt M7, Rukke 2002b; COMBO, Martha
Celis-Salagado unpublished data) while the average summer conditions in the Muskoka
region are much lower at 0.44mgC L™ (Brown and Yan 2015) and conductivity ~38.7uS
cm™ (CAISN unpublished data). As we know that calcium tolerance can be affected by
other stressors (Hessen and Rukke 2000, Ashforth and Yan 2008, Perez-Fuentetaja and
Goodberry 2016), choosing experimental media and food levels that resemble conditions
in which the Daphnia spp. are commonly found will allow for assessment of tolerance
levels that are better applicable to a region of interest.

Even with some of the shortcomings mentioned in previous studies, daphniids
have exhibited variation in their response to environmental stressors. As mentioned
previously, food concentrations can affect the ability of Daphnia to tolerate low calcium
conditions, with low food hindering survival and reproduction at calcium levels even
above previously found reproductive thresholds of 1.5mg Ca L™ (Ashforth and Yan 2008;
Perez-Fuentetaja and Goodberry 2016, Prater et al. 2016). However, even within a single
genotype, the response to low food can vary, with identical individuals exposed to the

same environmental conditions exhibiting large ranges in responses (Olijnyk and Nelson

10



2013, Cressler et al. 2017). This trend has also been found when Daphnia were exposed
to metals (Baird et al 1990, DeMuille et al. 2016), predators (Boeing et al. 2006), and
cyanobacteria (Repka 1997, Schwarzenberge et al. 2012). Variation has been found
among clones from different lakes (Repka 1997) and clones taken from the same lake
(Jiang et al. 2013). Responses were also found to be more similar in daphniids taken from
the same lake system, compared to daphniids from different lakes (Repka 1997). If
variation exists within species and across populations to these other environmental
variables, we must assume that Daphnia will also vary in response to calcium decline.
The presence of intra-specific variation to calcium decline in Daphnia has only
been tested on a single species (Rukke 2002b). One population of Daphnia galeata was
collected from two separate lakes in Northern Scandinavia, with average calcium
concentrations being 2-3mg Ca L™ and >10mg Ca L™ (Rukke 2002b). When exposed for
7 days to a three level calcium concentration gradient, the two populations had significant
differences in survival, with daphniids from the high calcium source lake (>10 mg Ca L~
1) having higher survival in the lowest calcium concentration (Omg Ca L™) then their low
calcium source lake counterpart (Rukke 2002b). The presence of variation within
populations/genotypes has been suggested to allow selection to act on and favour adapted
types (Loreau et al. 2003). If variation is present in Daphnia populations or genotypes
then they may be able to adapt to the changing environmental conditions, this may allow
for persistence of Daphnia even with continued calcium decline. However, with this
being tested on only two populations of one species, this poses the question ‘does intra-

specific variation to calcium decline exist in Daphnia?’
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To fully understand the consequences of calcium decline we must understand the
effect it has across and within zooplankton species. With calcium predicted to continue
declining in many lakes (Keller et al. 2001, Aherne et al. 2003, Jeziorski et al. 2008,
Palmer et al. 2011), we must address the gap in knowledge about intra-specific variation
and make it applicable to a landscape. This question can be answered in two ways: Is
there variation among clones taken from separate lakes (i.e., comparing across a
landscape); and is there variation among clones within a lake (i.e., comparing within a
population). In this thesis we will address the former gap in knowledge. Understanding
the variation in Daphnia clones across a landscape will help us better understand the
effects this abiotic factor has on zooplankton communities and the biotic changes that
may occur in many North American and Scandinavian freshwater lakes as a result.
Thesis Objectives

The objective of this thesis was to see how calcium decline affects individuals
within a species when exposed to typical conditions found in Muskoka region lakes. To
achieve this goal we examined variation in calcium sensitivity among Daphnia
individuals collected from different lakes, in a controlled laboratory setting with food
concentrations and water chemistry conditions commonly found in lakes of the Muskoka
region (an area known to be declining in calcium; Palmer et al. 2011, Jeziroski et al.
2012a). Daphnia pulex sensu lato (Cristescu et al. 2012) was chosen as our experimental
species as it is commonly found in this region and is expected to be sensitive to low
calcium. The main objectives of this thesis were:

1) Determine survival and reproductive thresholds of Daphnia pulex, under low

food and ion concentrations.

12



2) Determine if within species (intra-specific) variation exists in sensitivity of

Daphnia pulex to low calcium under more realistic laboratory conditions.
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Chapter 2
Intra-specific variation in sensitivity to low calcium in Daphnia pulex

Introduction

Freshwater systems face many challenges, from invasive species (Dextrase and
Mandrak 2006, Palmer and Yan 2013) to chemical pollution (Jones et al. 2017), to
climate change (Wrona et al. 2006, Woodward et al. 2010, Hulme 2017). Organisms that
inhabit these systems must be able to adapt to survive and flourish. Changes in water
chemistry, including increases of heavy metals (Ga