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ABSTRACT 
 

	   Soft-water calcium decline is of growing concern for Ca-rich aquatic organisms such as 

Daphnia, a cladoceran zooplankton. Survival and reproduction thresholds across daphniid 

species have not been well studied in Ca-limiting conditions. In hopes to establish Ca-thresholds, 

the life-history of ten iso-female Daphnia clones, composed of Daphnia pulex/pulicaria, D. 

catawba and D. ambigua, were tracked over 21-day trials exposed to five Ca-treatment groups 

(1.0, 1.5, 2.0, 2.5 and 5.0 mg of Ca/L).  D. catawba and D. pulex/pulicaria survivorship was 

significantly affected by the Ca-gradient, while the survivorship of the smaller-bodied D. 

ambigua was not. Increased survivorship across the Ca-gradient was most notable in D. catawba, 

which is surprising as it is often viewed as a species tolerant to low-Ca conditions. However, it is 

believed that species-specific Ca responses are driven by large variations in survivorship, 

attributed to differences both within and across clone lines. At low-Ca (< 2.5 mg of Ca/L) all 

species exhibited premature mortality (<10 days), most likely due to high-Ca demands of 

juveniles. In general, survivorship did not increase with increasing Ca-level, as the greatest 

survivorship within all species was seen at moderate Ca-levels (2.5 mg of Ca/L). It is suggested 

that acclimation to moderate Ca-levels (2.5 mg of Ca/L) is from mother clone lines and batch 

cultures being raised in the same Ca-concentration. Acclimation to 2.5 mg of Ca/L conditions is 

further supported by evidence that this Ca treatment also experienced the greatest reproductive 

output as well as fewer delays in reproduction. Nevertheless, inherent concerns over establishing 

conservative Ca-thresholds in the laboratory emerge; this in combination with the difficulties that 

arise here in culturing Daphnia, may highlight the need for in situ studies to identify Ca-

thresholds across daphniids.	  
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INTRODUCTION 

 Today, freshwater systems are undergoing unprecedented environmental change from the 

cumulative effects of climate change, eutrophication, and invasive species, among other 

disturbances (Schindler 2011). Although often viewed as a problem of the past, the legacy effects 

of lake acidification are still being experienced today by subsequent aqueous calcium decline in 

recovering lakes (Keller et al. 2001). As calcium is a crucial biotic element for many aquatic 

species, there is mounting concern for the effects of continued calcium decline on species within 

soft-water systems (Jeziorski et al. 2008).  

History of calcium decline in soft-water lakes 

 Declining calcium levels have recently been observed in many soft-water lakes across 

Ontario (Jeziorski et al. 2008). This decline has been primarily due to sulphur deposition from 

the metal smelter emissions that resulted in a regional acidification event in the 1970’s (Keller et 

al. 2001). During this time, acid rain lowered soil pH that resulted in Ca+2  ions being exchanged 

with H+ and leached from soil (Baird & Cann, 2012). As the majority of Ca+2  reservoirs are 

leached from soil, persistent Ca-decline within the catchment and lake basin follow (Baird & 

Cann 2012). Soft-water basins, usually found in regions with non-calcareous bedrock, are prone 

to acidification due to their minimal acid-neutralizing capacity (ANC) (Roila et al. 1994). The 

restricted buffering capacity of these lakes is the result of limited cations, or compounds such as 

calcium carbonate, being available to bind to H+ leading to the extirpation of calcium ions from 

both catchments and basins of soft-water systems. 

 Depletion in the Ca-soil pool can also be attributed to local landscape changes. As trees 

sequester calcium, deforestation from logging practices has also been implicated in soft-water 

calcium decline. The removal of trees effectively prevents a large natural calcium input from the 
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catchment, as decaying trees can no longer load Ca into basin (Watmough et al. 2003). In 

addition, forest restoration attempts following logging and biomass removal would further 

sequester Ca and reduce subsequent calcium input to lakes (Watmough et al. 2003).  

Calcium decline is of special concern for aquatic communities that have yet to recover 

from the effects of historic acidification. In many soft-water lakes in Killarney Provincial Park 

(Ontario), the legacy effects of both acidification and local logging are thought to be the main 

drivers behind the observed calcium decline, and the observed lag in biological recovery across 

the region (Keller et al. 2011).  

Impact of calcium decline on freshwater ecosystem 

 Calcium is a crucial element for both the structural and physiological functioning of many 

aquatic species, most notably calcareous crustacean species (Edwards et al. 2013). However, 

many species highly dependent on calcium such as crayfish, amphipods and zooplankton are also 

being found in regions of Ca-decline (Cairns & Yan 2009). Crustaceans assimilate most of their 

calcium directly from the water and therefore their distribution may be limited to lakes with 

adequate calcium concentrations (Cairns & Yan 2009). Therefore, calcium decline has the 

potential to extirpate species from lakes where Ca demands are not met. 

 The effects of calcium decline are not isolated to species in aquatic systems. In the 

Netherlands, a region also recovering from the legacy effects of anthropogenic acidification, 

calcium-poor soil was linked to reductions in terrestrial snail populations which in turn limited 

the reproductive success of passerine birds, because eggshells were calcium deficient (Graveland 

& van der Wal 1995). This highlights that Ca-decline can have bottom-up effects in ecosystems, 

with cascading consequences to higher trophic levels.  
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Impact of calcium decline on Daphnia 

 Based on a paleolimnological analysis, one taxanomic group that has been severely 

impacted by recent calcium decline is Daphnia, a genus of freshwater cladoceran zooplankton 

(Jeziorski & Yan 2006). Daphnia has some of the highest known calcium contents of any 

crustacean zooplankton, ranging from 2.5-7.7% dry weight, in comparison to non-daphniid 

species, such as copepods, which range from 0.2-0.4% (Jeziorski & Yan 2006).  

 Calcium demand is further intensified for Daphnia due to the continuous molting of 

calcified exoskeletons, known as carapaces. Rather than reabsorbing Ca from their carapace prior 

to molting, Daphnia acquire aqueous calcium to rebuild their carapace (Hessen et al. 2000; 

Wheatly 1999).  A single molt event has been shown to result in a 90 percent loss of an 

individual’s calcium content (Alstad et al. 1999). Additionally, as neonates experience greater 

molting frequencies than adults, it might be expected that the individuals within early life-history 

phases are most vulnerable to calcium decline (Hessen et al. 2000). Surprisingly, molting 

frequencies have been found uninfluenced by Ca-limitations as they are generally fixed 

(Hammond et al. 2006), therefore this life-history characteristic would not be ideal indicator 

when understanding the various responses of Daphnia under Ca-limited conditions.  

  Specific Ca-content (% Ca DW) of various daphniids was also proven an ineffective 

proxy for gauging Ca-limitation across species as calcium assimilation varies according to 

ambient Ca-concentration. Alstad et al. (1999) discovered that D. magna raised in 10 mg of 

Ca/L, had fourfold increase in Ca-content compared to conspecifics raised in 0.5 mg of Ca/L. 

Similarly, Ca-content of D. galeata, a smaller species, were three times higher in animals raised 

in 10 mg of Ca/L in comparison to those reared at 1.0 mg of Ca/L (Rukke 2002b). The observed 

relationship between Ca-content and ambient calcium concentration is suggested to be primarily 
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due to decreases in both the size and thickness of daphniids’ exoskeleton when reared in limiting 

low-Ca environments (Alstad et al. 1999). However, daphniids’ exceptionally high calcium 

requirements as well as their lack of effective storage mechanisms has ultimately restricted 

daphniid populations under calcium limited conditions (Cairns & Yan 2009).   

 Daphniids, which are considered model organisms for environmental change in aquatic 

systems, are ideal organisms for studying the effects of calcium decline. Their important trophic 

placement, which encompasses the role as both a primary herbivore of phytoplankton, as well as 

a prey item for planktivorous fish makes them a keystone species in many freshwater systems. 

Additionally Daphnia’s specific life-history characteristics including parthenogenic reproduction 

and short gestation periods allow for the production of genetically identical clone lines that can 

be further tested in the laboratory (Cairns 2010).   

 Thresholds for both survival and reproduction of various daphniid species have been 

established to quantify the risks of exposure to the exogenous stress of a Ca-limited environment 

(Cairns & Yan 2009). Under laboratory conditions, well-fed Daphnia pulex and D. magna have 

experienced survival thresholds as low as 0.1-0.5 mg of Ca/L (Ashforth & Yan 2008; Hessen et 

al. 2000). Ca-induced physiological stress on daphniids is thought to be the result in Ca-

deficiency, dictated by the surrounding low aqueous calcium levels (Hessen et al. 2000) that 

results in increased metabolic rate in order to maintain Ca-homeostasis during osmotic stress 

(Glazier & Sparks 1997).  

 Sub-lethal effects from low-Ca environments also play a role in survivorship. Incomplete 

calcification can occur in times when Daphnia are unable to meet Ca-requirements fully. 

Incomplete calcification, as seen in crayfish, may result in softer carapaces, which in other 

crustaceans has been linked to greater risks associated with predation (Stein 1977) as well as 
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mechanical damage from reduced exoskeleton rigidity (France 1987). Additionally, as predation 

on Daphnia can be size selective, in low-Ca environments where small-sized individuals are 

abundant, daphniids may be twofold more susceptible, as gape-limited predators take preference 

for smaller individuals (Tessier & Horwitz 1990). In addition to smaller-body size, Riessen et al. 

(2012) suggests under low-Ca conditions (<1.5 mg of Ca/L), Daphnia would also exhibit reduced 

defensive spine growth, further increasing susceptibility to predation. Moreover, in natural 

systems, increases in aqueous calcium is also suggested to protect against the toxic effects of 

heavy metal contaminants, such as zinc (Clifford & McGreer 2009), copper (DeSchamphelaere 

& Janssen 2002), cadmium (Clifford & McGreer 2010), and nickel (Kozlova et al. 2009), as 

calcium acts as a competitive inhibitor of ligand binding sites (Altshuler et al. 2011). Therefore, 

low aqueous Ca could be associated with increased metal toxicity in some regions. 

 The indirect effects of Ca-limitation are also important to highlight. Interspecific 

competition can also occur when daphniids are outcompeted in low-Ca environment by other 

filter feeding cladoceran species with lower calcium requirements. Niche overlap between 

Holopedium gibberum and daphniids is known to occur primarily in nutrient poor soft-water 

systems (Hessen et al. 1995). However as H. gibberum has lower Ca-demands, due to its 

gelatinous muco-polysaccharide mantle, it is ultimately able to out compete Ca-rich Daphnia in 

low-Ca environments (Hessen et al. 1995).  

In combination direct mortality, sub-lethal, and indirect effects of Ca-limitation may 

impact Daphnia survivorship (Ashforth & Yan 2008; Stein 1977; Hessen et al. 1995). It is also 

expected that low-Ca environments will influence the reproductive capacity of Daphnia. Delays 

in maturation as well as decreases in the number and size of broods an individual D. pulex 

produces have been observed as the result of calcium limitation (Ashforth & Yan 2008). 



11 

 

Laboratory analysis has established the reproductive threshold for Daphnia pulex to be 1.5 mg of 

Ca/L (Ashforth & Yan 2008), while the larger bodied Daphnia magna has a reproductive 

threshold at 10 mg of Ca/ L (Hessen et al. 2000). Currently, reproductive thresholds have only 

been established for these two daphniids. 

 Calcium limitation thresholds and patterns of life-history have been poorly studied across 

Daphnia species. The literature is dominated by lab-friendly and hard-water species D. magna 

and D. pulex. Yet it is the smaller-bodied, and understudied species like D. ambigua and D. 

catawba that dominate the low-Ca soft-water systems (Tessier & Horwitz 1990; Jeziorski et al. 

2012). Ca-content of various species have been reported to assess species-specific Ca-demand, 

from the larger bodied D. magna (1.0-4.7 % Ca DW), to D. pulex/pulicaria (2.0-9.0 % Ca DW), 

to D. catawba (~3.0-8.0% Ca DW) to the smaller-bodied D. ambigua (~2.0-6.0 % Ca DW) 

(Wærva ̊gen et al. 2002: Alstad 1999; Tan &Wang 2009; Jeziorski & Yan 2006,  Appendix A). 

However, Ca-content has been proven an ineffective proxy in gauging Ca-limitation across 

Daphnia species as Ca-limitation is thought to be the result of other factors such as the ability for 

a species to extract and retain Ca from food sources in low-calcium environments (Tan & Wang 

2010).  

Thesis objectives 

 The goal of this experiment is to establish differences in survivorship and fecundity 

patterns for three species of daphniids: D. pulex/pulicaria, D. catawba, and D. ambigua in low-

calcium environments. Establishing the specific patterns in survivorship and reproduction for D. 

catawba could prove beneficial to many avenues of research. Firstly, as D. catawba is known for 

dominating low pH and low calcium lakes (Havas & Liken 1984; Jeziorski et al. 2012) this study 

may shed light onto understanding this species prevalence in these systems. Identifying the D. 
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catawba Ca-threshold for survival or reproduction could also prove useful to paleolimnological 

studies, by providing greater taxonomic resolution for identifying species traits within ‘the Pulex 

Complex’- a group of three daphniids whose post-abdominal claw remains indistinguishable in 

fossilized records (Jeziorski et al. 2012). Survival and reproductive thresholds for D. ambigua 

would also be beneficial, as currently no thresholds exist for any smaller-bodied Daphnia species 

– which have inherently lower Ca-demands. 

 Above all the importance of an experiment like this lies in the fact that calcium levels are 

continuing to decline at unprecedented rates in soft-water systems burdened by the legacy effects 

of acidification and logging. As of 2008, more than 35% of Ontario lakes sampled have reached 

the established D. pulex threshold of 1.5 mg of Ca/L (Jeziorski et al. 2008). As such, establishing 

patterns of species-level responses among daphniids could go far in understanding how aquatic 

communities, including recovering ones, will be affected by Ca-limitation now and in the near 

future. 

METHODS & MATERIALS 

Field component: 

 In July 2013, live Daphnia individuals were collected from lakes distributed across three 

regions in Ontario: the Frontenac Arch, Killarney Provincial Park, and Muskoka (Appendix B). 

The aqueous calcium of sampled lakes ranged from 1.08-1.82 mg of Ca/L in soft-water lakes 

(Muskoka and Killarney) and 6.0-27.6 mg of Ca/L in hard-water (Frontenac Arch). In Killarney 

Provincial Park, 17 lakes were visited based on the presence of D. catawba, a species tolerant to 

low-calcium conditions, from a 2011 park-wide survey (Arnott unpublished data). Levels of 

aqueous calcium were determined from samples taken the same day as zooplankton collection, as 

well as from 2011 survey data (Arnott unpublished data). 
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Daphnia were sampled using a standard zooplankton net (80 µm mesh, 35 cm diameter), 

taken two meters from the bottom of the deepest point in each lake. Nine tows were taken at each 

lake and transported back to the laboratory in coolers. Daphnia individuals were identified by 

eye, isolated, and placed into individual glass containers with 50 ml of filtered George Lake 

water. George Lake water was chosen as a temporary medium due to neutral pH (6.4) and 

relatively moderate low-levels of aqueous-Ca (1.44 mg of Ca/L). To remove algae and bacteria, 

George Lake water was filtered through a G4 glass fiber filters (1.2μm pore size; Fisher 

Scientific, Pittsburgh, Pennsylvania). Very little mortality was experienced following this 

transfer to filtered water. No more than 25 individuals (i.e., iso-female lines) were separated for a 

given lake with any remaining Daphnia condensed into 1L batch cultures. After a three-day 

acclimation period in filtered-George Lake water, clones lines were slowly transitioned to 

FLAMES medium (Celis-Saldago et al. 2008, Appendix C) with 20% water replacement every 

three days. FLAMES is a standard growth medium that mimics lake chemistry in soft water 

systems. The transfer process to complete FLAMES also resulted in very little mortality.  

 Nannochloropsis Algae Paste (www.brineshrimpdirect.com) was used as a food source 

for the first 1-2 months, while at the field station in Killarney Park. Daphnia were fed every other 

day (250,000 cells/day), and maintained in a Percival I36LLVL incubator set to 19°C, under 16:8 

light:dark photoperiod. 

 Daphnia from the Frontenac Arch region and the Muskoka region were brought straight 

to the Queen’s laboratory in August, where they underwent transitions into FLAMES in early 

September.  
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Laboratory component:  

Maintenance of Daphnia and algae cultures  

 Upon returning to the laboratory at Queen’s University, Daphnia iso-female lines and 

batch cultures were kept in two separate Percival I36LLVL incubators. Iso-female clone lines 

were fed every other day, in comparison to batch cultures that were fed every Monday, 

Wednesday, and Friday. Water for batch cultures was changed once a month, to reduce mortality 

that was often experienced from more frequent water changes (weekly and biweekly). For these 

monthly water changes, no more than 50% of water was changed at a given time.  Batch cultures 

remained in the same 1L mason jar. 

 Chlamydomonas rheinhardtii was harvested once a week from 6 cultures incubated at 

20°C, under 16:8 light:dark photoperiod in Bold’s Basal Medium (Stein 1973). Algae was 

harvested in the log-phase of their growth curve, then counted and resuspended in FLAMES 

medium using a clinical centrifuge (International Equipment Co., Needham Mass). Final stock 

algae concentrations were counted using hemocytometer, in which greater than 90% accuracy 

was achieved in each count grid before setting concentration of feeding stock. Daphniids were 

fed with C. rheinhardti at 50,000 cells/Daphnia every other day. This equated to 1.0 mg of C/L, 

which is consistent with high algal food treatment (Appendix D).    

Life-history trials  

 Life-history trials took place on daphniids from ten different lakes, or henceforth referred 

to as clone lines. Clone lines consisted of: 4 D. pulex/pulicaria (Frontenac Arch), 1 D. 

pulex/pulicaria (Muskoka), 3 D. catawba (Killarney), and 2 D. ambigua (Killarney). Clone lines 

were identified to species using a dissecting microscope (Leica M165 C) (Haney et al. “An 

image-based Key to the Zooplankton of North America, version 5.0).  
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 Trials took place over a 21-day period in FLAMES medium. For each 21-day trial, a single 

neonate (<24 hours old) was placed in a 100ml jar containing 50ml at one of five treatment levels 

(1.0, 1.5, 2.0, 2.5 and 5.0 mg of Ca/L). Treatments were established to include Ca concentrations 

above and below the 1.5 mg of Ca/L threshold established for D. pulex (Ashforth and Yan 2008). 

Ten individuals from each clone line (n=10) were exposed to each treatment level. Calcium 

treatments were made by adjusting the amount of calcium sulphate-dihydrate (CaSO4· 2H2O) in 

the FLAMES medium (Appendix C). At the beginning of each trial, pH of all five treatment 

media was checked to ensure it fell within a pH range of 6.5-7.0. Throughout the duration of the 

experiment all treatment media had a constant supply of air flow using a single diaphragm air 

pump (JEHM Co., Lambertville, New Jersey) to ensure any volatiles were off-gassed. Water 

changes on life-history trials took place once a week. 

 In order to exclude maternal effects in life-history experiments it is preferred that all 

lineages be cultured under treatment conditions for at least two generations and taken from the 

third clutch before trials take place. However, as Daphnia in my experiment experienced high 

mortality in lower Ca-levels (<2.5 mg of Ca/L), I only obtained F2 lineages taken from the third 

clutch in the 2.5 mg of Ca/L treatment. The remaining lineages (1.0, 1.5, 2.0, 5.0) were taken 

from the third clutch of iso-female clone lines that were maintained in 2.5 mg Ca/L, as such they 

were referred to as the parental (P) generation. Before trials commenced I confirmed that all 

experimental neonates were female, as we are focused on monitoring the female parthenogenic 

life-history of Daphnia.  

 During trials daphniids were fed 1.0 mg of C/L of C. rheinhardti every other day 

(Appendix D). Mortality and reproductive output was monitored and recorded daily. All neonates 
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were removed and discarded from trials. Trials took place from September 2013- February 2014. 

In total 468 individuals were tracked over the course of this experiment. 

Statistical analysis 

 The primary goal of this experiment was to examine the effects of calcium on the 

survivorship of each Daphnia species at each calcium concentration. Following Crawley (2005), 

minimum adequate models were first determined from a full model with calcium and species, 

and the interaction between both calcium and species. Statistical assumptions were checked using 

plots of residual vs. fitted values, normal quantile-quantile plots, standardized residual vs. fitted 

values, and constant leverage. As survivorship data violated linear model assumptions, this data 

was reanalyzed using generalized linear models (GLMs) with Poisson, quasi-Poisson, and 

Negative Binomial distributions with a log link function. The quasi-Poisson distribution was 

found to provide the best fit of the survivorship data (based on results of the Akaike Information 

Criterion). Significance of GLMs was evaluated using F-ratio tests. Post-hoc analyses were 

preformed using Poisson regressions to determine the effect of calcium on survivorship for D. 

pulex/pulicaria, D. catawba, and D. ambigua across Ca treatments. R2 values for these 

regressions were calculated using the pseduo-R2 method described in Zuur et al. (2009).  

 To analyze survivorship differences between generations (P and F2) I used a two-factor 

ANOVA to determine whether differences in survivorship were attributable to maternal effects. 

To examine the differences in survivorship across clone lines in 2.5 mg of Ca/L, I used a One-

way ANOVA along with a Tukey Honest Significant Difference (HSD) test to determine whether 

clone lines themselves explained survivorship variability among species. A linear regression was 

used to determine if clone line survivorship was influenced by the aqueous calcium of source-

lake, to test whether this was a confounding variable affecting survivorship.  
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 The effect of calcium concentration on the number of neonates/clutch was determined 

using two, one-factor ANOVAs to examine the reproductive output across calcium gradient for 

D. catawba and D. pulex/pulicaria. For D. ambigua, the Ca-effect on the number of 

neonate/clutch could not be examined because reproduction only occurred at one Ca-level. To 

determine the effect of calcium concentration on the day of first clutch release, I used a two-

factor ANOVA to examine whether delays in reproduction occurred across species in high-

calcium treatment groups.  For the above linear models gvlma assumptions of normality, and 

variance (Skewness, Kurtosis, Link Function, Heteroscedasticity) were met. 

  All statistical analysis was run using R 3.0.2 (R Core Team 2012) using packages 

including ‘bbmle’ 1.0.15 (Tools for General Maximum Likelihood), ‘glmmADMB’ 0.7.7 

(Generalized Mixed Models), ‘MuMIn’ 1.9.13 (Mixed Model Interference), and ‘gvlma’ 1.0.0.2 

(Global Validation of Linear Model Assumptions). 

RESULTS 

Survivorship   

 There was a significant interaction between daphniid species and Ca (F-ratio test; p= 

<0.001, Appendix E), as well as for the main effect of Ca (F-ratio test; p= <0.001, Appendix E) 

on survivorship. The effect of species alone was not significant to survivorship (F-ratio test; 

p=0.055, Appendix E). Results from survivorship models suggest that the three species 

responded differently to calcium (Figure 1). D. catawba was found to be to most affected by 

calcium, where survivorship increased in an exponential fashion across the treatment gradient 

(Poisson regressions; R2=0.204, p=<0.001). A significant increase in survivorship was also noted 

for D. pulex/pulicaria across the calcium gradient (Poisson regressions; R2=0.029, p=0.031), here 

D. pulex/pulicaria survivorship resembled more of a linear relationship across the Ca gradient. In 
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contrast, D. ambigua was not affected by calcium as indicated by the unchanging mortality 

across the calcium gradient (Poisson regressions; R2= 0.023, p=0.212). 

 However, our modeled survivorships may not be an entirely accurate representation of 

species responses to Ca-gradient as generational differences are suggested to be operating in 

these models (Figure 2). Our Daphnia exhibited significant differences in survivorship between 

the parental (P) and second generation (F2) in control treatment (Two-way ANOVA; Main effect 

of Generation: p=0.018, Appendix E). These differences were independent of specific species 

(Two-way ANOVA; Main effect of Species: p=0.206, Appendix E) and all species exhibited 

greater survivorship in the F2 generation.  

 Mortality occurred at high rates throughout this experiment, including at high-Ca treatment 

levels (Table 1). Even within control treatments (2.5 mg of Ca/L), percent mortality ranged 

between 60-72% across species groups. For treatments below 2.5 mg of Ca/L, mortality 

generally occurred within the first 10 days for all three species (Figure 1).  For treatment groups 

greater or equal to 2.5 mg of Ca/L, variability in timing of mortality was experienced, in which 

individuals either survived the 21-days or experienced premature mortality (<10 days).  

 Variability in timing of mortality could also be be attributed to survivorship differences 

associated with the use of multiple clone lines (One-Way ANOVA; F= 7.163, df= 89 p=<0.001, 

Figure 3). Differences in survivorship were noted between iso-female clone lines that comprised 

each species (D. catawba: Tukey HSD; p=0.017; D. pulex/pulicaria : Tukey HSD; p<0.001; D. 

amibgua : Tukey HSD; p<0.001, Appendix E). From this, our results suggest that responses to 

Ca-limitations in our experiment are not species-specifies, but attributed to other confounding 

laboratory factors. Source lake Ca concentration did not influence mortality rates at 2.5 mg of 

Ca/L (Linear regression, R2= 0.006, p=0.212, Figure 4).      
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Reproduction 

 The reproductive capacity for each daphniid species over the 21-day trials was gauged 

using the average number of neonates produced per clutch (Figure 5). As D. ambigua only 

reproduced at one treatment level (2.5 mg of Ca/L; averaging 3 neonates/clutch), the effect of 

calcium on reproduction could not be determined. Reproductive output was not significantly 

affected by calcium in either D. pulex/pulicaria (One-way ANOVA; F=0.763, df=64, p=0.376) 

or D. catawba (One-way ANOVA; F=1.99, df=28, p=0.997). D. pulex/pulicaria was the only 

species that reproduced in all five Ca-treatment levels (1-15 neonates/clutch). 

 The effects on timing of reproduction were noted for D. catawba and D. pulex/pulicaria - 

the two species significantly affected by calcium in survivorship models (Figure 6). D. catawba 

and D. pulex/pulicaria raised in 2.5 mg of Ca/L reproduced at an earlier age in comparison to 

those raised in 5.0 mg of Ca/L (Two-way ANOVA; p=0.033; Appendix E), where average delays 

across species was 1.5 days in the 5.0 mg of Ca/L treatment. Treatment groups less than 2.5 mg 

of Ca/L were not examined due to insufficient reproductive output in these treatments. 

DISCUSSION 

Species-specific survivorship models  

 D. catawba was the only species whose survivorship increased exponentially  across 

calcium treatments. This result was surprising because other studies have found no relationship 

between D. catawba occurrence and aqueous Ca concentrations, suggesting that this species is 

relatively tolerant to low-Ca conditions (Cairns 2010). Theoretically if this was the case in my 

experiment, I would have expected greater survivorship at lower Ca-levels and D. catawba 

would have experienced the same rate of mortality across the calcium gradient. The increased 

survivorship of D. catawba could also be attributed to the timing of trials, as the 2.5 and 5.0 mg 
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of Ca/L treatments were the last run groups in January and February. The timing of trials may 

have had an effect on survival as clone lines may have adapted or acclimated to laboratory 

conditions over time, as will be discussed later. If this is the case, it is quite possible that D. 

catawba is acclimating faster to laboratory conditions in comparison to other daphniid species 

(Figure 1).  

 Survivorship of D. pulex/pulicaria showed a significant ‘linear like’ response across 

calcium treatments. Moreover, the D. pulex/pulicaria survivorship model may be the most 

representative model of Ca-response for any of the tested species, due to the large sample size 

(n=215), and number of replicate clone lines (n=5). For a large-bodied, Ca-rich species such as 

D. pulex/pulicaria, a weak linear relationship (i.e., slope) between Ca and survivorship is 

surprising. A weak relationship might indicate that the high Ca-content of D.pulex/pulicaria that 

is thought to contributed to the high calcium demands of this species (Jeziorski & Yan, 2006), 

might not be as important in contributing to Ca-limitation. These results align with the current 

notion that body size and specific calcium-content should be considered ineffective proxies for 

gauging responses to Ca-limitations across species (Cairns 2010; Tan & Wang 2010).  

 D. ambigua was the only species that was not affected by the calcium gradient, as 

consistent rates of mortality were seen across Ca treatments (Figure 1). As a species whose 

presence in soft-water lakes is thought to be unrelated to aqueous calcium levels (Cairns 2010), 

and as the smallest of the tested species we can expect there is no relationship between 

survivorship and Ca-concentration due to the inherently low Ca-demands of D. ambigua. 

Therefore, if D. ambigua was tolerant of low Ca conditions then mortality rates should be lower 

in comparisons to other species, but at low Ca all species including D. ambigua preformed 

equally poorly. In addition, persistent premature mortality may be overriding this possible 
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relationship as D. ambigua also experienced greater rates in mortality at high-Ca treatments in 

comparison to other daphniid species (Table 1). Persistent premature mortality makes it difficult 

to disentangle mortality attributed to calcium, or by existing laboratory effects. High rates of 

mortality for D.ambigua are surprising; as this species has been known to thrive in laboratory 

conditions, where mean female longevity has been noted at 102 days (Lei & Armitage 1980).  

 A major concern surrounding these species-specific survivorship models are that maternal 

effects may be driving variability in survivorship, as models were run using the parental 

generation (P). To remove provisions that can be passed onto offspring, life-history experiments 

use individuals from the second generation to determine accurate treatment responses. Here, 

because all species experienced earlier mortality in the P generation (Figure 2), we might 

postulate that maternal effects have increased survivorship. Besides maternal effects, the F2 

generations may also have become more acclimated to treatment conditions (2.5 mg of Ca/L) and 

laboratory conditions than P individuals removed directly from dense batch cultures.  

Premature mortality 

 Although most notable in treatment groups below 2.5 mg of Ca/L; high mortality occurred 

across treatment groups, where individuals in all species generally died within the first 10 days of 

trials (Figure 1). Premature mortality experienced across Ca treatment could be attributed to the 

ongoing acclimation of clone lines to the laboratory test conditions. Acclimation to laboratory 

conditions could favour clone lines that prefer a monoculture food source or standard 

temperature and light conditions. 

  Concerns were raised over the use, and potential residue left behind of Sparkleen soap 

(Fisher Scientific), which was used to wash trial jars.  The soap residue may have acted as a 

potential irritant, increasing premature mortality across daphniids of all treatment levels. A small 
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troubleshooting experiment using conditioned jars (presoaked with FLAMES and non-test 

Daphnia) and non-conditioned jars (equal to regular trials) took place in order determine the 

effects of Sparkleen (Appendix F). By running conditioned jars it was hoped that conditioning - 

either by the presence of non-treatment daphniids or by soaking jars in FLAMES medium - 

would remove any harmful effects, as the greatest rates of mortality were experienced in the first 

few days of trials. Moreover, as some of the most prolific reproduction was experienced in the 

batch cultures that had large quantities of biofilm build-up, we also believed that conditioning 

could provide similar environments. However, attempts to comprehend underlying mortality 

through conditioning treatments were proven ineffective, as percentage survival remained nearly 

identical (33%, 31%) in conditioned and non-conditioned jars respectively. The density, volume 

of jars and the use of distilled water instead of double-deionized water in FLAMES were factors 

that also proved futile in explaining premature mortality. 

 As premature mortality was most notable in low-Ca treatments (<2.5 mg of Ca/L), 

mortality could also be attributed to the main effect of calcium. Premature mortality at low-Ca 

conditions could be the result of daphniids experiencing the greatest Ca-demands in early life-

history phases (Hessen et al. 2000). Higher Ca-demands are attributed to more frequent molting 

events (juveniles: every 2 days; adults: every 4-5 days) and higher Ca-influx rates (juveniles: 

3.24–4.10 mg g dry weight; adults:1.51–1.62 mg g dry weight) experienced by juveniles than 

adult daphniids (Hessen et al. 2000). Therefore, sub-lethal effects of low-Ca may result in 

juvenile individuals being unable to properly build their exoskeleton, which functions for aspects 

of both homeostasis and mobility (Ashforth & Yan 2008). Furthermore, to maintain homeostasis 

in low-Ca environments crustaceans must increase metabolic rates to allow for the active uptake 

of ions – potentially another stress in low-Ca treatments (Robertson 1960; Aner & Koivisto 
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1993). Because of this, premature mortality has been noted in other studies conducted in 

relatively low-Ca treatments (Hessen et al. 2000; Tan &Wang 2009). Our results support the 

current theory that low-Ca environments may establish a juvenile bottleneck in natural 

populations (Hessen et al. 2000). This bottleneck is a concern for impairing biological recovery 

in previously stressed aquatic systems, such as those impacted by historic acidification.    

Acclimation to control Ca-conditions  
 
 Moving across the Ca-gradient a threshold relationship between survivorship and calcium 

is expected (Ashforth & Yan 2008).  Yet this was not found in our study, as survivorship was 

greatest at a moderate Ca treatment (2.5 mg of Ca/L), rather than the highest Ca treatment (5.0 

mg of Ca/L) (Table 1). Thus, the argument is made that improvements in survival at 2.5 mg of 

Ca/L (Figure 1) may be attributed to clone line mothers and batch cultures being reared in 

identical Ca concentrations (2.5 mg of Ca/L). Daphniid mothers were raised, and acclimated to 

control conditions of 2.5 mg of Ca/L, in some cases for as long as seven months. Therefore, we 

could surmise that the transfer to Ca treatment groups other than 2.5 mg of Ca/L could induce 

metabolic or osmotic stress. This additional stress may lead to increased susceptibility to 

mortality. This hypothesis is supported in that the 2.5 mg of Ca/L treatment, rather than the 5.0, 

was the only Ca-level in which some individuals of all three species survived for the entire trial 

period (21 days).  

Survivorship Variability 

 In treatments of 2.5 mg of Ca/L and 5.0 mgCa/L, different patterns of survivorship emerge 

as mortality exhibited greater variability, where some individuals of D. pulex/pulicaria and D. 

catawba experienced early mortality, while others survived the full 21-days. D. ambigua 

appeared to only exhibit survivorship variability in the 2.5  mg of Ca/L treatment. Increased 
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survivorship for D. pulex/pulicaria, D. catawba and D.ambigua at 2.5 mg of Ca/L might be 

classified as a survival threshold, although this is difficult to conclusively say due to the 

extensive rates in background premature mortality. Even still, our experiments apparent survival 

threshold at 2.5 mg of Ca/L is higher in comparison to the 0.1-0.5 mg of Ca/L survival threshold 

for D. pulex/pulicaria documented in the literature (Ashforth & Yan 2008; Hessen et al. 2000). 

 Another way to interpret these findings is to move to a finer scale and examine how 

individual iso-female clone lines within a species responded. Underlying variation in the timing 

of mortality from the use of multiple clone lines may have resulted of differing survivorship 

responses of a species (Figure 3). D. ambigua exhibited the greatest contrast in clone line 

survivorship, where Daphnia from AY Jackson and George Lake experienced opposing 

survivorship patterns. Individuals from AY Jackson significantly outlived George individuals 

over 21 days trials. Significant differences in survivorship were also noted in D. catawba (David 

& Acid) and D. pulex/pulicaria (Round & Long) (Figure 3). Thus, the relationship between 

mortality and Ca concentration may not be dependent on species type alone, but considerable 

variation among populations may also exist. It is worth-noting that similar studies (Ashforth & 

Yan 2008; Hessen et al. 2000) avoided differences attributed to clonal variation by using one 

clone line for trials. 

 Calcium concentration of the source lake was examined as a possible factor influencing 

variation in mortality among clone lines (Figure 4). As Daphnia were taken from lakes with 

aqueous calcium levels ranging from 1.0-1.8 mg of Ca/L (soft-water) to 6.0-27.6 mg of 

Ca/L(hard-water) (Appendix B), local adaptation to aqueous Ca concentration of source lake may 

have influenced mortality. For example, as D. ambigua and D. catawba were sourced from low-

Ca lakes, and D. pulex/pulicaria was mostly taken from high-Ca lakes, we might expect greater 
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survival of soft-water species at 2.5 mg of Ca/L, as this is closer to their normal Ca levels. 

However, the aqueous calcium concentration of the source lake did not explain the variation 

among clone line survivorship at 2.5 mg of Ca/L. This is most likely due to other factors such as 

premature mortality also influencing survivorship.  

 For D. catawba and D. pulex/pulicaria, wide variability in survivorship responses were 

also experienced within clone lines themselves (Figure 3). Thus, it appears that not even iso-

female clone lines responded in the same manner to laboratory conditions, again making it 

difficult to model survivorship. As iso-females are genetically identical, environmental variation 

is most likely dictating differences in survivorship.  

 Environmental variation experienced within brood development can attribute to differences 

seen in the development of several life-history traits. Differences in resource allocation within a 

given clutch can determine size at birth, age of maturity, and the number of offspring produced 

(Sakwinska 2004), all of which ultimately influence survival. Although we selected experimental 

individuals from at least the third clutch of mothers, trade-offs between offspring size and 

offspring number that a mother produces may still occur. Given a finite amount of resources 

(food, or possibly Ca), the mother decides between producing one offspring that is larger than 

optimum size or two offspring that are smaller than optimum size (Guinnee et al. 2004; 

Appendix G). As experimental individuals were taken from clutch sizes ranging from 1 to 17 

neonates, it might be expected that variation in survivorship would ensue. Here, larger neonates 

could potentially experience greater survivorship because they may have already obtained greater 

calcium during brood development, as opposed to smaller individuals that might struggle with 

obtaining calcium at the beginning of life-history trials. However, this is just speculation as to my 

knowledge no research has ever highlighted these conclusions. Maternal age may also play an 
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important role in this, as older mothers produce larger offspring, which are generally noted to 

have a greater probability of survival (Sakwinska 2004). I did not keep track of mothers’ ages 

relative to survivorship of experimental neonate.   

Reproduction  

  Reproductive output is another important aspect of life-history that is used when assessing 

Ca-tolerances of daphniids, as it predicts growth rates (r) of naturally sustaining populations 

under Ca-limitation. Even small reductions in the number of individuals produced over time or 

delays in maturity can reduce population growth rates (r) overtime (Walthall & Stark 1997). The 

1.5 mg of Ca/L reproductive threshold established by Ashforth and Yan (2008) highlight this as 

D. pulex population growth rates are predicted to decrease in Ca conditions less than 1.5 mg of 

Ca/L. 

 The established reproductive threshold of 1.5 mg of Ca/L (Ashforth & Yan 2008) was not 

apparent in our experiment due to large rates in mortality that resulted in very few individuals 

reaching reproductive age, let alone producing neonates. D. ambigua only reproduced at high-Ca 

treatment groups 2.5 mg of Ca/L averaging 3 neonates/clutch, while D. catawba appeared to 

have the greatest output at both 2.5 and 5.0 mg of Ca/L averaging 2 and 4 neonates/clutch 

respectively (Figure 5).  It should be stressed that these levels should not be defined as 

reproductive thresholds for each species, as they do not appear to be survival thresholds due to 

increased rates of background mortality. D. pulex/pulicaria was the only species that was able to 

reproduce at all five treatment levels ranging between 1-15 neonates/clutch (Figure 5). This may 

be attributed to this species being considered a robust, ‘laboratory friendly’ species. 

  For all species, the greatest total number of neonates produced over the 21-day trials is seen 

in the 2.5 mg of Ca/L treatment (Appendix H). Following my earlier suggestion, that mothers 
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and batch cultures have acclimated to 2.5 mg of Ca/L conditions over time, it may not be 

surprising that we also see the greatest neonate output at this moderate treatment level. For 

treatment levels <2.5 mg of Ca/L, reproduction rarely, if ever, occurred. This is evident by the 

small samples sizes (Figure 6) that resulted from premature mortality in Ca-limited conditions. 

  In Daphnia, where maturation is size-dependent rather than age dependent, a reduction in 

body size dictated by low-calcium conditions could result in delays of sexual maturity (Ebert 

1992). Such delays in reproduction have been seen in Ca-limited conditions <1.5 mg of Ca/L 

(Ashforth & Yan 2008). Unfortunately, our results could only compare timing of reproduction 

within high-Ca treatments levels (2.5 & 5.0 mg of Ca/L) due to larger sample sizes at these 

treatments (Figure 6). Based on comparisons made with McCauley et al. (1990), our results 

suggest even at high Ca-treatment levels delays in reproduction occurred. Under the same food 

and laboratory conditions (1.0 mg C/L, at 20°C, 14:10 light:dark photoperiod, sufficient-Ca) 

McCauley et al. (1990) found D. pulex needs a minimum of 6 days to produce their first clutch. 

By comparison, our D. pulex/pulicaria clone lines took an average of 12 days to reproduce 

(Figure 6).    

 Furthermore, in comparison to the 2.5 mg of Ca/L treatment, greater average delays (1.5 

days) were experienced in the 5.0 mg of Ca/L treatment for both D. catawba and D. 

pulex/pulicaria (Figure 6). These results are surprising as recall that maturity is size-dependent; 

thus, at 5.0 mg of Ca/L larger individuals could be supported and fewer delays would be 

expected at this Ca-level. Fewer delays in reproduction at 2.5 mg of Ca/L again lends support to 

the theory that trial individuals may have become acclimated to the 2.5 treatment because 

mothers clone lines and batch cultures have been reared at similar Ca-levels.  

 In short, generalizations made on the reproductive capacities of daphniids across Ca 
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treatments cannot be made in full confidence due to small sample sizes as few individuals 

reached reproductive age, in addition to lack of body size measurements on trial individuals.  

Critique  

  Laboratory analyses provide an ideal setting for controlled life-history trials to take place. 

In addition, as genetically identical individuals, iso-female Daphnia are organisms that are also 

ideal for testing how the same individual responds to different environmental conditions. 

However, it is also important to recognize the limitations associated with laboratory experiments. 

 Although results generated from this experiment fail to conclusively establish species-

specific survival or reproductive thresholds, inherent concerns arise surrounding these set limits. 

Laboratory trials fail to mimic numerous environmental and ecological conditions found in 

natural settings. Therefore, laboratory defined thresholds are thought to be relatively conservative 

(Jeziorski et al. 2012), as Daphnia populations are simultaneously exposed to additional stressors 

in Ca-limited environments. Interactions such as competition, predation and changes in abiotic 

regimes such as temperature (Cairns 2010), are also shaping communities exposed to Ca-decline. 

For instance, when combined, UV radiation and Ca-limitation is considered a multiple stressor, 

where decreased Ca-content of Daphnia increases susceptibility to harmful radiation (Hessen et 

al. 2000). Thus, Ca-decline in aquatic system should not be viewed in isolation as multiple 

stressors also arise in reality of disturbances stemming from climate change and invasive species 

(Keller 2009); further questioning the applicability of laboratory derived Ca-thresholds.  

 Laboratory analyses may also not be representative of daphniid life-history - where 

individuals grown in the laboratory tend to live for a longer amount of time, produce larger 

clutch sizes with greater offspring, and experience greater growth rates than field conspecifics - 

the cumulative result from higher food availability and quality in the lab (Lei & Armitage 1980). 
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In situ experiments have further highlighted this food quality/quantity discrepancy between the 

laboratory and the field. Under natural food conditions in the field, survival thresholds for 

Daphnia have been established around 1.4 mg Ca/L (Cairns 2010) – a natural survival threshold 

(1.4 mg of Ca/L) that far exceeds the laboratory survival threshold established by Hessen et al. 

(0.1 mg of Ca/L; 2000). 

 Further discrepancies between Ca- thresholds of field and laboratory individuals are also 

seen in this experiment, where clone lines were obtained from self-sustaining populations in low-

Ca lakes (1.08-1.82 mg of Ca/L), yet when exposed to these Ca-conditions in trials, premature 

mortality persisted. Therefore, either natural populations are adapting in some unforeseen way to 

Ca-limitations, or more likely, confounding effects in the laboratory are occurring.   

Methods for improvement 

 To decrease the wide variability in survivorship demonstrated across and within clone 

lines, a few methods are suggested. First, experimental individuals should be taken from a 

standardized clutch size, as neonate body size is proportional to clutch size (Guinnee et al. 2004). 

In order to discount large, highly fit neonates (from small clutches) and small weak neonates 

(from large clutches) (Guinnee et al. 2004), it is suggested that experimental individuals are 

taken from clutches that range between 6-10 neonates (Appendix G). Guinnee et al. (2004) 

suggests that variance in offspring size would be reduced at these clutch sizes. Second, that 

experimental individuals are taken from mothers that are within a certain age range, to again 

control the fitness of their offspring (Sakwińska 2004). Here, our experimental individuals were 

taken from the 3rd to upwards of the 10th clutch. Again, it is suggested that this be standardized, 

where individuals can only be taken from between the 6-10th clutch of slightly older, more fit 

mothers. Alternatively, body size measurements of neonates could be recorded before trials begin 
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to highlight these initial fitness differences. These measurements could also be useful to 

investigate the role of body size in relation to reproductive success, as maturity is size rather than 

age dependent. 

 The persistent mortality experienced here may be attributed to trial Daphnia not being 

acclimatized to the laboratory environment, as our clone lines have been in the laboratory a 

relatively short amount of time (~7 months). In comparison to thresholds obtained from Ashforth 

and Yan (2008), where their culture was established in 2004; individuals that could not survive 

laboratory conditions were effectively removed. From this, it is recommended that clone lines are 

maintained in the laboratory for a minimal amount of time, approximately 1 year, to become 

accustomed to set photoperiods, food regimen, water changes and general laboratory conditions. 

Mortality may also be attributed to individuals being entrapped on water surface by water 

tension; unfortunately I did not keep track of mortality induced by this. To reduce water tension, 

it is recommended that a small flake (0.4-1.1 mg) of cetyl alcohol (CH3(CH2)14CH2OH) be used 

in each trial jar, as was done by Ashforth and Yan (2008).  

 To test our hypothesis that mother clone lines and batch cultures have acclimated to 2.5 mg 

of Ca/L conditions, I suggest that multiple batch cultures are created for each treatment level, if 

possible. This may reduce the chance of mortality that is induced by shock from being 

transferred into new treatments conditions. Additionally, after reviewing methods of similar 

experiments, it appears that our culturing conditions for batch cultures (2.5 mg of Ca/L) are 

relatively low in comparison to studies that have reared batch cultures in mediums containing 

between 10 mg of Ca/L (Ashforth & Yan 2008) and ~ 20 mg of Ca/L (Tan & Wang 2010). 

Raising batch cultures at such high-Ca levels could possibly have long-lasting effects on 

increased experimental survivorship. 



31 

 

 Interpreting the effect of Ca-limitation in Daphnia has proven a difficult task due to 

premature mortality that is believed to exist primarily from confounding laboratory conditions. 

High rates of mortality may have misrepresented our species survivorship models, in addition, to 

also reducing the number of individuals that made it to reproductive age. These two factors have 

limited our ability to make definitive conclusions about how Ca-limitation differs between the 

life-history strategies of Daphnia species. Before Ca-limitations can be established in the 

laboratory, further troubleshooting experiments, as well as following the recommendations made 

here should be undertaken.  
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SUMMARY 

1. The life-history of ten iso-female Daphnia clones composed of Daphnia pulex/pulicaria, D. 

catawba and D. ambigua were tracked over 21-day trials exposed to five Ca-treatment 

groups (1.0, 1.5, 2.0, 2.5 and 5.0 mg of Ca/L). The number of neonates produced, the day of 

clutch release, and the day of mortality were recorded.  

 

2. The survivorship models of  three daphniid species differed across the Ca-gradient; D. 

pulex/pulicaria and D. catawba survivorship was significantly affected by the Ca-gradient. 

Contrary to expectation, as a species tolerant to low-Ca conditions, D. catawba experienced 

increases in survivorship along the Ca-gradient. D. ambigua survivorship was not affected by 

the Ca-gradient, possibly due to smaller body size and inherently lower Ca-demands.  

 

3. Premature mortality (<10 days) occurred across species and treatment levels, but was most 

notable in low-Ca treatments. Premature mortality in low-Ca treatments could be the result of 

high Ca demands of juveniles, supporting the current theory that low-Ca environments may 

establish a juvenile bottleneck in natural populations.  

 

4. Survivorship was highly variable within and across clone lines, suggesting that survival is not 

a species-specific response, but rather a response driven by other confounding factors. 

Differences in survivorship are thought to be due to body size/fitness of experimental neonates 

at birth. To control for size of experimental neonates, it is suggested that individuals be 
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measured, taken from standardized clutch sizes (6-10 neonates), as well as be taken from 

mothers of a certain age (6th-10th clutch).  

 

5. Although species-specific survival or reproductive thresholds were not established, greater 

survival and reproductive output, as well as fewer average delays (1.5 days) in reproduction 

were observed at moderate Ca-levels (2.5 mg of Ca/L) for D. catawba and D. pulex/pulicaria. 

This may be attributed to iso-female clone lines and batch cultures being reared in the same 

Ca-conditions (2.5 mg of Ca/L) of standard FLAMES medium, and therefore would have 

become acclimated to these conditions over time.  

 

6.  Laboratory investigations can only go so far in determining survivorship models and Ca-

thresholds, as discrepancies between the laboratory and field environment will occur due to 

higher food quality and quantity in the laboratory; in combination with being removed from 

predation, competition and the reality of multiple stressors. This highlights the need to 

focus on in situ studies, for investigating specific Ca-tolerances across daphniids in the 

natural setting to make more informed predictions on future Ca-decline.  
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Figure 1. Number of days to mortality of Daphnia catawba, D. pulex/pulicaria, and D. ambigua 
across calcium treatment groups. Trials took place on individuals taken from the parent 
generation (P). There was a significant interaction between daphniid species and Ca (F-ratio test; 
p= <0.001, Appendix E), as well as for the main effect of calcium (F-ratio test; p= <0.001, 
Appendix E). D. catawba (Poisson regression; R2=0.204, p<0.001) and D. pulex/pulicaria 
(Poisson regression; R2=0.029, p=0.0311) were found to be significantly affected by calcium 
gradient, where increasing calcium levels resulted in greater survivorship. D. ambigua 
survivorship was not affected by calcium gradient (Poisson regression; R2= 0.023, p=0.212) 
[Note: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’].  

***	  

	  

* 
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Figure 2. Number of days to mortality of the parental (P) and second generations (F2) of 
Daphnia pulex/pulicaria, D. catawba and D. ambigua within control (2.5 mg of Ca/L) group. 
Generation was found to have a significant role explaining survivorship (Two-way ANOVA; 
p=0.018, Appendix E).  
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Figure 3. Number of days to mortality within individual iso-female clone lines (n=10) in 2.5 
mg/L treatments (One-way ANOVA; F= 7.163, df=89, p=<0.001). Significant differences in 
clone line survivorship was noted within all three species (Tukey HSD, Appendix E). [Note: ‘A’: 
<0.001, ‘B’: <0.001, ‘C’: 0.01]. 
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Figure 4. Number of days to mortality at 2.5 mg of Ca/L versus source-lake calcium 
concentration. The slope was not significantly different from zero (Regression; F= 1.579, df=97, 
p= 0.212, R2= 0.006).  
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Figure 6. Number of neonates produced per clutch across Ca treatments for Daphnia ambigua, 
D. catawba, (One-way ANOVA; F=1.99, df=28, p=0.997), and D. pulex/pulicaria (One-way 
ANOVA; F=0.763, df=64, p=0.3755).  
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Figure 6.  Timing of first reproduction for species previously found to be significantly affected 
by calcium levels (Daphnia catawba, D. pulex/pulicaria) in comparison to timing of first clutch 
release (red line) noted by McCauley et al. (1990). High treatment groups (2.5, 5.0mg Ca/L) had 
significant effects on the timing of first clutch release (Two-way ANOVA; p=0.033, Appendix 
E). Calcium had a similar effect on timing of clutch release across both species, where greater 
delays for both species were experienced in 5.0 mg of Ca/L (Two-way ANOVA; p=0.881, 
Appendix E). Low-Ca treatment groups (<2.5 mg of Ca/L) were not examined due to small 
sample size. 

 

 

 

 

 



43 

 

 

 

Table 1: Percent mortality (n=10) across Daphnia species and calcium treatment levels from i) 

life-history trials, as well as ii) the Conditioned/Non-conditioned troubleshooting experiment. 

 i) Percent Mortality (Day 21)  

Ca-level (mg of Ca/L) D. ambigua D. catawba D. pulex/pulicaria 

1.0 100% 100% 98% 

1.5 100% 93% 96% 

2.0 100% 100% 100% 

2.5 60% 77% 72% 

5.0 97% 83% 96% 

 ii) Percent Mortality (Day 15)  

Ca-level (mg of Ca/L) Conditioned Non-conditioned  

2.5 67% 69%  
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Appendix A: Ca-contents of daphniid species described in the literature. 
 
 Species  
	  

 Ca (% dry weight) at 
~1.0 mg/L 

 (Average dry weight µg) 
(Jeziorski & Yan 2006) 

 Source 

D. magna -4.4% 
- 1.0-4.2% 
-3.8-4.7 % 

N/A - Wærva ̊gen et al. 2002 
- Alstad 1999 
- Tan &Wang 2009 

D. pulex/pulicaria  - 2.0-8.0% 
- 2.2-9.0% 

411 - Jeziorski & Yan, 2006 
- Wærva ̊gen et al. 2002 

D. catawba  ~3.0-8.0% 170 - Jeziorski & Yan, 2006 
D. ambigua  ~2.0-6.0% (1 lake:1.88 

mgCa/L) 
86 - Jeziorski & Yan, 2006 

 
 
Appendix B: Lake description from where clone lines were retrieved. 
 

Lake Daphniid Species Region Aqueous Calcium 
[mgCa/L] 

Longitude Latitude 

Acid D.catawba Killarney Park 1.08(2011) 81°26’W 46°2’ N 

AY Jackson D. ambigua Killarney Park 1.44(2011) 81°23’W 46°1’N 

Ax D. pulex/pulicaria Dorset 1.31(2013) 79° 30’ W 45°23’N 

Bell D.catawba Killarney Park 1.82(2011) 81° 12’W 46°7’N 

David D.catawba Killarney Park 1.08(2011) 81°17’ W 46°8’N 

Doe D. pulex/pulicaria Frontenac 6.0 (2013) 76°32’ W 44°29’N 

George D. ambigua Killarney Park 1.44 (2013) 81°17’ W 46°1’N 

Long D. pulex/pulicaria Frontenac 27.6 (2013) 76°24’ W 44°31’ N 

Round D. pulex/pulicaria Frontenac 25.4(2013) 76°24’W 44°32’N 

South Otter D. pulex/pulicaria Frontenac 13.6 (2013) 76°32’ W 44°29’ N 
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Appendix C: Volume of calcium sulphate-dihydrate (CaSO4· 2H2O) added for Ca-adjusted 
FLAMES.  
 
Target Ca-concentration 
(mg of Ca/L) 

Volume of Stock Solution (F1) 
added to 20 L FLAMES (ml) 

5.0 785 

2.5 400 

2.0 314 

1.5 235.6 

1.0 157 

0.5 78.53 

 

Appendix D: Calculations for high-algal food concentrations 

Chlamydomonas High Food:  Reported value: (mg C/L) 

40 pg carbon/cell 50ug of carbon/day 50 ug C = 0.05 mg C 

40 pg==> 0.00004ug 1,250,000*2 50 ml>0.05L 

0.00004ug of C per cell /50 ug C/day 1,250,000 cells/days 0.05 mg C/ 0.05L 

 2,500,000 cells/daphnia 1.0 mg of C/L 

 2,500,000/concentration of 
batch algae 
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Appendix E: P-value results from F-ratio test and Two-Way ANOVA tests.  
 

R-ratio Test Factors F df P 

Survivorship and Ca: Species 21.3241 465 <0.001 

 Ca 2.9257 463 0.05462 

 SpeciesX Ca 12.1698 461 <0.001 

Two-way ANOVA Factors F df P 

Delays in Reproduction: Treatment 5.04 1 0.033 

 Species 2.37 1 0.135 

 SpeciesXTreatment 0.023 1 0.881 

Survivorship in 
Generation:  

Generation 5.859 1 0.018 

 Species 2.63 1 0.081 

 GenerationXSpecies 1.622 1 0.206 

 
Output TukeyHSD:    P 
Bell X Acid             0.9741055 

David X  Acid          >0.01 

George X Acid          0.9999999 

Doe X Ax                0.9991798 

Long X Ax               0.1245754 

Round X Ax             0.8809575 

South Otter X Ax        0.9999999 

George X  AY         >0.0001 

David X Bell            0.3244884 

Long X Doe           0.4576534 

Round X Doe            0.3885283 

South Otter X Doe      0.9999672 

Round X  Long <0.0001 

South Otter X Long     0.1859870 

South Otter X Round    0.7220267 
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Appendix F: Methods and results for conditioning and non-conditioning experiment. 
 
 In hopes to pinpoint the cause of the mortality experienced across Ca treatments a 
troubleshooting experiment took place to compare mortality rates of non-condition to 
conditioned jars. Jars were conditioned over four days, where 1 daphnia was reared in FLAMES, 
and fed under regular conditions. After this time period, individuals were removed and jars were 
rinsed once with standard FLAMES. Non-conditioned jars were treated as was done for jars of 
the life-history trials, where standard lab protocol requires them being soaked and scrubbed with 
Sparkleen (Fisher Scientific) followed by a 6 rinses (3 regular water, 3 RO water).  
 Trials took place over 15 days, where mortality was tracked for three robust clone lines, 
each representing a different species. Forty individuals from each clone line were subjected to 
2.5 (n=10) and 5.0 (n=10) mg of Ca/L treatments replicated for both conditioned jars and non-
conditioned jars. From here, percent survivorship was calculated if individuals remained alive 
until Day 15. 
	   Results from this troubleshooting experiment suggest that unconditioned jars are unlikely 
causing premature mortality (<10 days), as percent survivorship was comparable in non-
conditioned (31%) or conditioned jars (33%) at 2.5 mg of Ca/L.  

Appendix G: Modeled relationship between number of neonates and clutch size of the largest  
(upper line) and smallest neonates (lower line) predicted from Guinnee et al. (2004) life-history 
experiments.

 

Figure 8. Modeled relationship of trade-offs between neonate size and clutch size predicted by 
equation 1(Guinnee et al. 2004). The distance between the uppers points (largest neonate size 
predicted) and lower points (smallest neonate size predicted) represents the total range of neonate 
sizes expected for that clutch size. To control for neonate size, it is suggested that experimental 
individuals are taken form clutch sizes ranging between 6-10 individuals.	  
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