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Abstract 

Over the last several decades, human activities have resulted in environmental changes that have 

increased the number of stressors that can act on a single environment. In Canadian Shield lakes, 

two recent stressors, the invasion of Bythotrephes longimanus and calcium decline, have been 

documented. Widespread acidification of hundreds of North American lakes has resulted in the 

precipitous decline of lake water calcium concentration. Crustacean zooplankton with high 

calcium demands are likely to be vulnerable to calcium decline, especially <1.5 mg Ca/L, where 

survival and reproduction rates are reduced. These taxa are also vulnerable to predation by 

Bythotrephes that has been implicated in the loss of pelagic biodiversity in soft water lakes. Despite 

laboratory and field studies aimed at understanding the independent impact of these stressors, it is 

unclear how their co-occurrence will influence community response. Using a combination of data 

from a large regional lake survey and field experiments, I examined the individual and joint effects 

of Bythotrephes and calcium decline on native zooplankton community structure.  

 Results demonstrated that much is known about Bythotrephes and our findings of reduced 

total zooplankton and species richness, due to the loss of Cladocera, are consistent with field 

surveys and other experimental studies. While we did not detect strong evidence for an effect of 

calcium on zooplankton using the lowest calcium concentration among invaded lakes (1.2 mg 

Ca/L), there is evidence that, as lake water calcium concentrations fall <1 mg Ca/L, per capita 

growth rates of a broad variety of taxa are expected to decline. At the regional scale, negative 

effects of Bythotrephes and calcium on abundances of small cladocerans and Daphnia pulicaria, 

respectively, were in agreement with my experimental observations. We also observed significant 

interactions between Bythotrephes and calcium for a broad variety of taxa. As Bythotrephes 

continues to spread and invade lakes that are also declining in aqueous calcium, both stressors are 
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likely to amplify negative effects on Cladocera that appear the most vulnerable. Loss of these 

important zooplankton in response to both Bythotrephes and calcium decline, is likely to lower 

zooplankton productivity, with potential effects on phytoplankton and higher trophic levels. 
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MULTIPLE STRESSORS 

Freshwater ecosystems, as hotspots for biodiversity (Strayer and Dudgeon 2010), are experiencing 

declines in species richness far greater than those in terrestrial ecosystems (Sala et al. 2000). Due 

to the growing demand of humans, freshwater ecosystems are being impacted by natural and 

anthropogenic stressors (e.g., invasive species, nutrient loading, habitat destruction, acidification, 

and overexploitation of resources) that could result in multiple stressor interactions that have 

resulted in population declines and large reductions in freshwater biodiversity worldwide (as 

reviewed by Dudgeon et al. 2006).  

Since the late 1970s and early 1980s, several authors have raised the issue of unknown 

perturbations or stressors acting on biodiversity (e.g., Odum 1985; Loucks, 1985; Barrett et al. 

1976). In the late 1990s, there was a call to identify and understand multiple stressor impacts in 

ecology (Breitburg et al. 1998; Paine et al. 1998; Schindler et al. 1996; Yan et al. 1996). Paine et 

al. (1998) was the first to raise the inevitability of “ecological surprises”, which were the 

unexpected outcomes of interactions between natural and anthropogenic disturbances in response 

to human activities. On the other hand, Breitburg et al. (1998) highlighted the need for multiple 

stressor experiments and further hypothesized that an ecosystem’s response to multiple stressors 

may depend on the specificity of the stressor, their sequence of action, the likely interactions 

between stressors, their similarity or dissimilarity in how they acted on ecosystems, and the extent 

of stressor effects. However, the greatest difficulty in understanding multiple stressors appears to 

be their unpredictability, since interactions between stressors could be considered additive (where 

the interactive effect is equal to the sum of the effects of the individual stressors), synergistic 

(where the interactive effect is greater than the sum of the individual stressors), or antagonistic 



3 
 

(where the interactive effect is less than the sum of the individual stressors) (Folt et al. 1999), thus 

making it difficult to predict a species or an ecosystem-level response.        

 Although there are three likely responses from multiple stressor interactions, a large 

percentage of studies appear to have non-additive (synergistic or antagonistic) interactions 

(Jackson et al. 2016; Harvey et al. 2013; Crain et al. 2008; Darling and Côté 2008). The prevalence 

of non-additive interactions is likely to have implications in freshwater conservation and 

management. Where stressor pairs generate additive or synergistic effects on communities, any 

management efforts on a local stressor should have huge benefits on the ecosystem (Brown et al. 

2013). However, where stressor pairs are antagonistic, local management efforts would provide 

little to no benefit or could worsen stressor impacts (Brown et al. 2013). Despite this, there is 

recent evidence that non-additive interactions are not as prevalent as previously thought (Côté et 

al. 2016), but the single-stressor approach in ecology would still be inadequate. As multiple 

stressors are now so pervasive (Côté et al. 2016; Halpern et al. 2008), there is a need to examine 

each type of stressor interaction since they appear not to be uniformly additive. 

 

STRESSORS ON THE CANADIAN SHIELD 

Given the pervasive nature of multiple stressors, it is not surprising that the Canadian Shield, 

Canada’s largest biome that makes up 58.5% of the country’s area (Schindler and Lee 2010), is 

being impacted by several stressors (Schindler and Lee 2010; Keller 2009; Yan et al. 2008a; 

Schindler 2001). Two main geological provinces of the Canadian Shield are represented in Ontario 

- the Superior Province and the Grenville Province. The Grenville Province extends southwest to 

northeast from Georgian Bay to the Labrador coast (Jeffries and Snyder 1983) and makes up 

approximately 20% of the Canadian Shield in Ontario (Percival and Easton 2007). Freshwater 
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lakes in the Muskoka River Watershed, our study area, fall entirely in the Grenville Province and 

is characterized predominately by silicate bedrock, overlain by thin glacial drift (Jeffries and 

Snyder 1983). There are many local exceptions, but the bedrock of this region is extremely 

resistant to weathering and has low natural buffering capacities, which results in soft water lakes 

that are low in nutrients as well as major ions (Jeffries and Snyder 1983).  

 Due to its underlying geology, lakes in the Muskoka River Watershed are susceptible to the 

effects of acid deposition (Nixdorf et al. 2003). The release of hydrogen and sulphate ions has 

resulted in the accelerated leaching of base cations, such as calcium (Ca), from soil complexes that 

are washed out into solution, and lost to the environment (Likens et al. 1996). In the Muskoka 

River Watershed, large losses of Ca from the soil have occurred in the last 20 years (Watmough et 

al. 2003) during peak acidification (Molot and Dillon 2008; Likens et al. 1996). However, as acid 

deposition declined because of reduced industrial emissions, Ca exports from soil pools have also 

declined (Watmough et al. 2003). As Ca losses exceed inputs from mineral weathering (Watmough 

and Dillon 2003a, 2003b), [Ca] have declined in soft water lakes in the Muskoka River Watershed. 

 While lakes of the Canadian Shield do not provide ideal habitats for many potential invasive 

species because of cold water temperatures and low levels of dissolved ions (e.g., Ca), they can be 

extremely sensitive to species invasions (Vander Zanden et al. 2004). Vulnerability can be 

determined based on the invader’s ability to (i) reach the new environment, (ii) colonise, and (iii) 

negatively impact native biota (Vander Zanden et al. 2004). One such invader is the predatory 

zooplankter, Bythotrephes longimanus Leydig (spiny water flea; Crustacea, Branchiopoda, 

Onychopoda, Cercopagidae; hereafter referred to as Bythotrephes). In its native range, 

Bythotrephes prefers large, deep, nutrient poor lakes (MacIsaac et al. 2000), a lake type typical of 

the Canadian Shield (Weisz and Yan 2010), and has also been found in lakes with [Ca] as low as 
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0.4 mg/L (Wærvågen et al. 2002). However, the [Ca] in Canadian Shield lakes are not likely to be 

low enough to be lethal to Bythotrephes, as this species has low Ca demands, and its survival was 

found to markedly decline below 0.1 mg/L in contrast to higher survivorship beyond 0.6 mg Ca/L 

(Kim et al. 2012). Additionally, there were no statistically significant differences in its 

reproduction along a Ca gradient from 0.1 to 2.6 mg Ca/L (Kim et al. 2012).  

 Despite the fact that Bythotrephes are unlikely to be limited by environmental conditions, 

they are still not present in every lake because they are limited by dispersal. Human-assistance 

appears key to the spread of Bythotrephes into lakes in our study region. Bythotrephes first 

colonized Lake Muskoka, a popular recreational lake in 1989 that served as an invasion hub for 

39 direct and indirect recent invasions as of 2003 (Muirhead and MacIsaac 2005). Since then, this 

species has spread to at least 60 inland lakes in the region (Ministry of the Environment and 

Climate Change (MOECC), Dorset Environmental Science Centre (DESC), Dorset, Ontario, 

unpublished data), likely via boaters and anglers.  

 Another factor that may contribute to the continued spread of Bythotrephes and other 

potential invaders, is the predicted climate change due to anthropogenic greenhouse gas emissions. 

In general, warmer climates are likely to impact soft water lakes in the Canadian Shield due to 

increased evaporation rates and low precipitation that could result in low lake levels (Schindler 

and Lee 2010). By 2050, most parts of the Muskoka River Watershed are expected to increase in 

average daily and nightly temperatures by 3-4°C, and between 3°C and 5.2°C, respectively, each 

month (Sale et al. 2016). Despite these projections, higher temperatures have already been 

associated with increased dissolved organic carbon levels in several lakes (Keller et al. 2008) that 

reduces water clarity, and is likely to lower the risk of zooplankton taxa to visual predators, such 

as Bythotrephes, whose predation rates are light dependent (Jokela et al. 2013; Pangle and Peacor 



6 
 

2009). Small increases in water temperatures are likely to influence Bythotrephes establishment 

(Witmann et al. 2011), but may also prove lethal to some zooplankton, such as Daphnia where 

survival, growth and reproduction decline in temperatures >25°C (Folt et al. 1999; Moore et al. 

1996; Moore and Folt 1993). Large losses of this efficient grazer are likely to result in increased 

algal densities (Leibold 1989). In addition, based on current climate projections, a longer growing 

season and warmer temperatures are likely to influence algal cycles and increase the probability 

of algal blooms (Sale et al. 2016).   

 In summary, over the last several decades, the underlying bedrock and surface geology of 

lakes on the Canadian Shield have made them vulnerable to several stressors, such as acid 

deposition, climate change, the introduction of invasive species, and a regional decline in [Ca]. In 

most cases, significant negative impacts on zooplankton taxa have been documented (e.g., Strecker 

and Arnott 2005; Rusak et al. 1999; Havens et al. 1993). However, data from long-term aquatic 

monitoring of lakes in the Muskoka River Watershed are revealing changes in crustacean 

zooplankton communities, because of possible interactions between these stressors (e.g., Palmer 

and Yan 2013; Yan et al. 2008b). Despite this, little, if any information currently exists on an 

interaction between Bythotrephes and declining aqueous [Ca] in Canadian Shield lakes. Given that 

Bythotrephes is invading lakes that are also declining in [Ca], understanding the combined effects 

of these stressors on crustacean zooplankton communities is important since multiple stressors can 

produce “ecological surprises” (sensu Paine et al. 1998) in aquatic ecosystems.  

 

Invasion history and biology of Bythotrephes 

Bythotrephes is a large, Palearctic, predatory cladoceran that invaded the Laurentian Great Lakes 

during the 1980s (Cullis and Johnson 1988; Evans 1988; Lehman 1987; Bur et al. 1986; Lange 
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and Cap 1986) (Figure 1.1). Bythotrephes can survive under a wide range of conditions in its native 

range, tolerating broad temperature, salinity, and pH gradients (discussed in detail in Chapter 2). 

It is therefore not surprising that this invader has spread inland to lakes on the Canadian Shield. It 

was first discovered in Canadian Shield lakes in 1989 (Muirhead and MacIsaac 2005; Yan et al. 

1992), and has since expanded its range to about 186 inland lakes in Ontario (EDDMaps Ontario 

2015). In the early stages of its invasion, Bythotrephes was misidentified in the literature as 

Bythotrephes cederstroemi Schoedler, a related species found in the northern parts of its native 

range (Lehman 1987). It was also believed that there were two distinct species of Bythotrephes 

(one with a kink in its caudal spine: Bythotrephes cederstroemi, and one without a kink: 

Bythotrephes longimanus); however, the existence of a single species (Bythotrephes longimanus) 

was later confirmed by mitochondrial DNA analyses (Therriault et al. 2002) and morphological 

studies (Martin and Cash-Clark 1995), with Lake Ladoga, Russia being identified as the source of 

the North American population (Berg et al. 2002). 

 Bythotrephes is a cyclical parthenogen that reproduces asexually during the summer and 

sexually later in the year (Ketelaars et al. 1995; Yurista 1992; Mordukhai-Boltovskoya 1957). 

Parthenogenic females produce 2-4 embryos, although larger clutch sizes (>4 eggs/clutch) have 

been observed in early summer (Straile and Halbich 2000). In contrast, gametogenic females 

produce 2-5 resting or diapausing eggs that overwinter in lake sediments (Ketelaars et al. 1995; 

Yurista 1992; Herzig 1985), and can hatch during the following spring or early summer. In general, 

parthenogenic populations often peak in July (Yan and Pawson 1998), with sexual reproduction 

commencing in late summer (Yan et al. 2001; Straile and Halbich 2000) and fall (Yan and Pawson 

1998). The switch from sexual to asexual reproduction occurs from late July to mid-October but 

varies inter-annually (Yan et al. 2001).  
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 The invasion success of Bythotrephes is due in part to its reproductive strategy, as both 

resting eggs and parthenogenetic females can be dispersed to new lakes through human-mediated 

dispersal (recreational boaters) (Muirhead and MacIsaac 2005). Humans can contribute up to 

99.75% of these propagules to lakes thus increasing its invasion range (Gertzen and Leung 2011). 

The ability of Bythotrephes resting eggs to withstand ingestion by planktivorous fish, coupled with 

recreational boaters who can move animals or resting eggs attached to minnow seines, fishing 

lines, or anchor ropes or are present in bait buckets and live wells, is likely responsible for some 

of Bythotrephes’ spread throughout inland lakes (Kerfoot et al. 2011; Jarnagin et al. 2000).  

 Despite human-mediated dispersal, the establishment of Bythotrephes depends on its 

ability to overcome Allee effects in the new environment. Allee effects can occur when the risk of 

extinction is high at low population densities because of difficulties in finding a mate. Extinction 

risk would therefore decline as population densities increased (Drake 2004). An analysis of Allee 

effects in Bythotrephes populations suggest that the parthenogenic mode of reproduction can 

increase its probability of establishment (Drake 2004). Since parthenogenesis is seasonal in 

Bythotrephes, Allee effects would become more important during specific periods, resulting in 

reduced invasion opportunities later in the year (Drake et al. 2006; Drake 2004). The importance 

of Allee effects in influencing establishment of Bythotrephes was also found to be dependent on 

the timing of the introduction, as well as the lake temperature (Witmann et al. 2011). This finding 

is not surprising, because invasion risk was found to be highest in mid-summer when water 

temperatures were warm, stimulating high reproductive rates (Drake et al. 2006). Continued 

persistence of Bythotrephes depends on the number of resting eggs produced, which in turn 

determines the size of the summer population (Brown and Branstrator 2011; Potapov et al. 2011). 

Thus, if a small number of resting eggs are produced, then the invader may not persist. However, 
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recent evidence has shown that spring prey availability is a good indicator of Bythotrephes 

abundance in Canadian Shield lakes (Young et al. 2011).  

Bythotrephes is a voracious predator that tears up its prey using mandibles, and then sucks 

in the body content (Monakov 1972). Its diet is predominantly composed of cladoceran prey 

(Strecker et al. 2006; Boudreau and Yan 2003; Yan et al. 2002, 2001; Wahlström and Westman 

1999; Yan and Pawson 1997; Vanderploeg et al. 1993) and, unlike most macro-invertebrate 

predators, Bythotrephes is capable of handling relatively large prey items (>2 mm), such as 

Daphnia spp. (Schulz and Yurista 1999). Although Bythotrephes prefers cladoceran taxa, it may 

also consume other abundant species, such as rotifers, planktonic chironomid larvae, and copepods 

(see Grigorovich et al. 1998 for the full list). Declines in some copepod taxa (e.g., Mesocyclops 

edax and Leptodiaptomus minutus) in several studies (Bourdeau et al. 2011; Strecker et al. 2006; 

Strecker and Arnott 2005; Boudreau and Yan 2003; Yan and Pawson 1997), suggest a variety of 

zooplankton taxa are susceptible to Bythotrephes invasion. 

Since its invasion into inland lakes, the abundance and richness of pelagic biodiversity, 

especially cladocerans, have fallen (Strecker et al. 2006; Barbiero and Tuchman 2004; Yan et al. 

2002, 2001), because of Bythotrephes’ voracious appetite, where it can consume about 75% of its 

body weight in prey each day (Lehman et al. 1997). Bythotrephes has also induced vertical 

migration in its prey to cooler hypolimnetic waters, where food would be generally less abundant, 

thus lowering their growth and reproductive rates (Pangle et al. 2007; Pangle and Peacor 2006; 

Lehman and Cáceres 1993). Negative impacts of Bythotrephes are, however, not limited to 

zooplankton. The effects of reduced pelagic biodiversity have cascaded down the food chain to 

rotifers that appear to benefit from competitive and/or predatory release as native macro-

invertebrate populations decline (Hovius et al. 2007, 2006). Increased algal biomass has also 
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occurred in productive lakes as cladoceran abundances declined post-invasion (Walsh et al. 2016). 

The competing macro-invertebrate predator, Leptodora kindtii, has also declined severely in 

abundance (Weisz and Yan 2011; Foster and Sprules 2009; Schulz and Yurista 1999).  

In addition to being an important predator of zooplankton, Bythotrephes is consumed by a 

number of fish species (see Gigorovich et al. 1998 for the full list) because of its large size that 

makes it conspicuous to visual predators. However, its caudal spine can reduce predation by 

smaller and/or younger fish (reviewed by Branstator 2005). In contrast, reduced growth was 

detected in adult rainbow smelt (Osmerus mordax) in Lake Erie due to indigestible Bythotrephes 

spines in its stomach. Based on bioenergetics models, replacing Bythotrephes spines with more 

digestible prey would result in increased growth by 66-155% (Parker Stetter et al. 2005). 

 Overall, much is known about the impacts of Bythotrephes in North American lakes, and 

results are consistent between spatial surveys, laboratory and field experiments, and long-term 

monitoring studies (discussed in detail in Chapter 2) that Bythotrephes will have negative impacts 

on cladoceran taxa. Given the breadth of knowledge that exists for Bythotrephes, this planktonic 

invader is an excellent model organism for studying its role in lakes with multiple stressors.  

 

Calcium decline 

[Ca] are declining in hundreds of soft water lakes on the Canadian Shield (Reid and Watmough 

2016; Jeziorski et al. 2008; Keller et al. 2001). The declines in aqueous [Ca] are, however, not 

limited to the Canadian Shield. Regions in North America (Adirondacks, Atlantic Canada, Maine, 

Quebec, Vermont) and Europe (East Central Europe, Scandinavia, United Kingdom) are also 

experiencing reduced base cation concentrations (e.g., Ca and magnesium) ranging from 10-34% 
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when compared to concentrations in the 1990s (Garmo et al. 2014). Further declines of 10-40% 

compared to concentrations in 1997 are expected in Canada (Watmough and Aherne 2008).     

Lake water [Ca] is determined primarily by the export of Ca from soils of the surrounding 

watershed and, to a lesser extent, atmospheric deposition (Hedin et al. 1994). For the most part, 

declines in [Ca] are largely due to historical acid deposition that released hydrogen and sulphate 

ions, which accelerated the release of Ca from the soil. However, despite marked declines in 

sulphate ions in some lakes, there has been no increase in soil [Ca] (Driscoll et al. 1995). Thus, 

depleted soil cation pools, logging in watersheds, and the subsequent uptake of Ca by growing 

forests have been implicated in the observed declines of lake water [Ca] (Molot and Dillon 2008; 

Watmough and Aherne 2008; Watmough et al. 2003a, 2003c; Likens et al. 1998, 1996).  

Aqueous Ca is an important element to aquatic organisms. For example, Ca is known to 

reduce the toxic effects of acid and metal to fish (Brown 1983), limit the duration of the moult 

cycle of amphipods (Cairns and Yan 2009) as well as their distribution (Zehmer et al. 2002), and 

is important in the development, growth, survival, and fecundity of molluscs (Briers 2003; Dillon 

2000). Ca is also important to the crustacean zooplankton, Daphnia that relies on the availability 

of ambient [Ca] to make a calcified exoskeleton (Greenaway 1985). Daphnia spp. have high body 

Ca content by weight (1-7% DW; Azan et al. 2015) compared to other non-daphniid cladocerans 

and copepods. Thus, Daphnia spp. require a constant supply of Ca, as they shed their carapace 

often, and lose most of their total body Ca (~90%; Alstad et al. 1999) during moulting. Since post-

moult is the period of greatest Ca uptake during the moult cycle (Greenaway 1974), low [Ca] may 

be a limiting factor for Daphnia survival. 

Studies investigating the effects of low [Ca] on Daphnia have documented reduced growth, 

survival and reproduction in the laboratory (Ashforth and Yan 2008; Rukke 2002b; Hessen et al. 
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2000). Similarly, other laboratory studies have observed changes in predator-prey interactions 

mainly driven by impaired anti-predator defences (Riessen et al. 2012), and increased Daphnia 

sensitivity to UV radiation in low Ca environments (Hessen and Rukke 2000). Low aqueous Ca 

has also been implicated in the geographic distribution of Daphnia, which was largely attributable 

to losses of large Daphnia species in soft water lakes (Cairns 2010; Wærvågen et al. 2002; Hessen 

et al. 1995; Tessier and Horwitz 1990). There is also evidence of zooplankton community shifts, 

as lake sediments are revealing reductions in the relative abundance of Daphnia that are associated 

with declining [Ca], and the concomitant increases in the relative abundance of bosminids and the 

jelly-clad, Holopedium glacialis (Jeziorski et al. 2015; DeSellas et al. 2011).  

Despite the perceived threat of declining aqueous [Ca], studies on the effects of low [Ca] 

have been limited to laboratory and field studies (i.e., lake surveys and paleolimnological) on a 

few Daphnia species. Lake surveys are unable to identify the indirect and direct effects of Ca on 

zooplankton taxa due to the presence of multiple environmental gradients that can change through 

time in lakes being impacted by multiple stressors. Moreover, a lack of taxonomic resolution that 

distinguishes taxa that are Ca-poor or Ca-rich in sediment records limits our ability to determine 

species-specific sensitivities. Despite evidence that declining [Ca] could result in the loss of Ca-

rich Daphnia with concomitant increases in species tolerant of low Ca environments, there has 

been no investigation on the likely impacts of low [Ca] on crustacean zooplankton communities 

and individual species abundances.  

 

Interaction between Bythotrephes and calcium decline? 

Across the Canadian Shield landscape, both Bythotrephes and declining aqueous [Ca] are large-

scale threats to a large number of lakes. In isolation, both Bythotrephes and low [Ca] have the 
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potential to negatively impact different Cladocera species resulting in top-down or bottom-up 

cascades that could impact aquatic food webs. Unfortunately, declining [Ca] in Canadian Shield 

lakes will not deter the spread of Bythotrephes. Laboratory studies have shown that Bythotrephes 

is quite tolerant of low [Ca], as it has low body Ca content (0.03% dry mass) compared to other 

Cladocera, although some studies have shown that body Ca content is not a reliable indicator of a 

species sensitivity to Ca decline (Azan et al. 2015; Tan and Wang 2010), and its survival, growth, 

and reproduction was not impaired <1.5 mg Ca/L (Kim et al. 2012). Survival, however, markedly 

decreased at 0.1 mg Ca/L (Kim et al. 2012).  

Although Bythotrephes spread is unlikely to be dampened by Ca decline, the Muskoka River 

Watershed is an ideal site to examine the likely impacts of both stressors on zooplankton 

community structure for two reasons. First, the Muskoka River Watershed has the longest invasion 

history of Bythotrephes for any lake region in North America (Yan et al. 1992). Second, the mean 

lake [Ca] in this area has declined by 30% since the 1980s, although the rate of decline has tapered 

off as the region recovers from historical acid deposition (Reid and Watmough 2016). Thus, any 

negative impacts (additive, synergistic, or antagonistic) detected on zooplankton community 

structure in lakes with both Bythotrephes and low [Ca], is broadly applicable to other lakes on the 

Canadian Shield. Since the Muskoka River Watershed is a tourist destination (Sale et al. 2016), 

human activities are likely to further expand the range of Bythotrephes to other lakes, presently 

uninvaded. As such, Bythotrephes invasion is likely to increase exponentially at a much faster rate 

than that documented in the last 35 years (Figure 1.2). Similarly, Ca decline in lakes is likely to 

increase. Of 770 lakes within Ontario that were monitored in the 1980s, and again in the early 

2000s, 35% had [Ca] <1.5 mg/L and 62%, <2 mg/L (Jeziorski et al. 2008). However, steady-state 

water chemistry models are predicting further declines in lake water [Ca], where 38% of these 
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lakes will fall <1.5 mg/L, and 8%, <1 mg/L (Reid and Watmough 2016). Such a high percentage 

of lakes <1.5 mg Ca/L suggest that the majority of Canadian Shield lakes could attain [Ca] low 

enough to cause ecological damage.  

It is also likely that as Bythotrephes continues to spread and invade lakes in the Muskoka 

River Watershed that are also declining in aqueous [Ca], we are likely to see an increase in the co-

occurrence of both stressors. I tested this hypothesis using 151 invaded lakes for which Ca data 

was available and determined that 22 lakes fell <2 mg/L, 5, <1.5 mg/L, and 1, <1 mg/L (MOECC, 

DESC, Dorset, Ontario, unpublished data) (Figure 1.3). Such a small representation of invaded, 

low Ca lakes suggests that the prevalence of both stressors in combination is not yet widespread. 

Although 28 Ontario lakes with both stressors can be considered a fraction of the total number of 

lakes on the Canadian Shield, as Bythotrephes continues to spread through regions where [Ca] are 

also declining, the probability of these stressors co-occurring also increases.  

  

CRUSTACEAN ZOOPLANKTON 

As described above, both Bythotrephes and declining aqueous [Ca] can impact different crustacean 

zooplankton that are a diverse group of animals that are ubiquitous in freshwater habitats. They 

are important components of aquatic food webs, occupying a central position between 

phytoplankton and higher level predators, such as planktivorous and piscivorous fish, and 

invertebrate predators (Figure 1.4). As primary consumers, crustacean zooplankton are often 

grazers, regulating phytoplankton biomass in lakes, and as secondary producers, mediating the 

energy flow between phytoplankton and higher trophic levels.  

In general, both Bythotrephes and low [Ca] are likely to amplify negative impacts on 

cladoceran taxa. These zooplankton represent a group of organisms known to display a variety of 
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inducible defences in response to kairomones, water-borne chemical cues produced by predators. 

Inducible defences have been particularly well-studied in Daphnia and include morphological 

changes, as well as behavioural responses. For example, in response to predation by Bythotrephes, 

Daphnia mendotae migrates to darker cooler waters during the day, and resides higher in the water 

column during the night (Pangle et al. 2007; Pangle and Peacor 2006). In addition, taxa in the 

genus Daphnia often use morphological defences, such as elongated tail spines, curved and larger 

helmets, and neck teeth formation in response to Bythotrephes (Burgantz and Branstrator 2003; 

Yan and Pawson 1997) and other predators (e.g., Chaoborus spp.: Tollrian and Dodson 1999; 

Notonecta spp.: Krueger and Dodson 1981). However, despite the benefits of inducible defences 

in Daphnia, there is still an uncertainty about how these defence strategies may change in low Ca 

lakes, especially in the presence of Bythotrephes. We are also unaware of how species interactions 

and behaviour may change in the presence of Bythotrephes at low [Ca].  

 Copepods have low body Ca content (0.05-0.4% DW; Azan et al 2015), which suggests 

tolerance of low Ca environments. However, body Ca content is not a good predictor of a species 

response to low [Ca] (Azan et al 2015; Tang and Wang 2010). Therefore, the likely effects of low 

[Ca] on copepods remains poorly understood, as there is no available information on Ca storage 

within copepods (Greenaway 1985). In addition, little, if any information currently exists on how 

copepods may respond to predators, such as Bythotrephes, in Ca-deficient environments.  

 

THESIS OBJECTIVES 

The overarching goal of my doctoral research is to investigate the independent and interactive 

effects of Bythotrephes and declining aqueous Ca on crustacean zooplankton communities. In 

Chapter 2, I reviewed current knowledge on the effects of Bythotrephes and declining Ca on 
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crustacean zooplankton, identified gaps in the literature, and examined the likely impacts of a co-

occurrence of Bythotrephes invasion and declining aqueous Ca on crustacean zooplankton. I also 

used several quantitative assessments and a population demographics model to test hypotheses on 

zooplankton sensitivity to Bythotrephes and Ca decline, independently, as well as jointly. This 

initial exploration of the literature allowed me to understand the likely impacts of these stressors 

on crustacean zooplankton in Canadian Shield lakes.    

In Chapter 3, I examined the independent and interactive effects of Bythotrephes and Ca on 

crustacean zooplankton communities. Specifically, I experimentally tested the effect of 

Bythotrephes invasion along a Ca gradient that ranged from 1.2 to 2.6 mg/L. This field experiment 

allowed me to examine the sensitivity of the zooplankton community and individual species to 

both stressors. In Chapter 4, I examined direct causal relationships of Ca decline on crustacean 

zooplankton communities. In particular, I experimentally tested the effect of a Ca gradient that 

ranged from 0.6 to 2.4 mg/L on zooplankton communities from different lakes that differed in their 

historical Ca exposure. This experiment allowed me to explore if zooplankton communities 

differed in their response to Ca decline, and how population growth rates might change as [Ca] 

continue to decline in Canadian Shield lakes. Finally, in Chapter 5, I used data from a large regional 

lake survey to determine if patterns observed for Bythotrephes and Ca in my experiments were 

detectable across a landscape of lakes that differed in physical, chemical, and biological attributes.  

Overall, by examining the interactions between Bythotrephes and declining aqueous Ca on 

crustacean zooplankton, this research provides insight into stressor impacts that are possible as 

Bythotrephes continues to invade soft water lakes that are also experiencing declines in aqueous 

[Ca].   
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Figure 1.1. A specimen of Bythotrephes longimanus collected from Lake of Bays, Muskoka, Ontario. This 

female has three pairs of barbs (only two are seen here), and is carrying developing embryos within her 

brood sac. Body length, including tail spine, is about 1.5 cm (Photo credit: Shakira Azan). 
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Figure 1.2. Spread of Bythotrephes into inland lakes in Ontario since its first discovery in the Laurentian Great Lakes circa 1980 (Data source: 

EDDMaps Ontario 2015).
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Figure 1.3. Calcium concentration of 151 lakes invaded by Bythotrephes in Ontario below 2 mg Ca/L (Data 

source: Ministry of the Environment and Climate Change, Dorset Environmental Science Centre, Dorset, 

Ontario). Lakes with calcium concentration greater than 2 mg/L are not presented. 
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Figure 1.4. Simplified food web interactions in Canadian Shield lakes showing central position of 

crustacean zooplankton, and trophic levels impacted by Bythotrephes. Organisms are not drawn to scale 

(Illustration by Shakira Azan).
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Chapter 2  

A review of the effects of Bythotrephes longimanus and 

calcium decline on zooplankton communities – can 

interactive effects be predicted? 
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ABSTRACT 

Anthropogenic stressors, including acid deposition, invasive species, and calcium decline, have 

produced widespread damage to Canadian Shield lakes, especially to their zooplankton 

communities. Here, we review current knowledge on the individual effects on zooplankton by the 

non-indigenous predator, Bythotrephes longimanus, and calcium decline; we identify knowledge 

gaps in this literature; and we examine the likely interactive impacts of Bythotrephes invasions 

and calcium decline on zooplankton. The negative impacts of Bythotrephes on zooplankton 

communities are well known, whereas current understanding of the effects of declining calcium 

on zooplankton is restricted to Daphnia spp.; hence, there is a large knowledge gap on how 

declining calcium may affect zooplankton communities in general. The co-occurring impacts of 

Bythotrephes and declining calcium have rarely been studied at the species level, and we expect 

daphniids, particularly Daphnia retrocurva and Daphnia pulicaria, to be the most sensitive to both 

stressors. We also expect a synergistic negative interaction on cladocerans in lakes with both 

stressors leaving a community dominated by Holopedium glacialis and (or) copepods. Our 

predictions form testable hypotheses, but since species and ecosystem response to multiple 

stressors are difficult to predict, we may actually see ecological surprises in Canadian Shield lakes 

as Bythotrephes continues to spread, and calcium levels continue to fall. 

 

INTRODUCTION 

Freshwater ecosystems cover only ~0.8% of the Earth’s surface (Dudgeon et al. 2006), but they 

are hotspots of biodiversity, and provide vital resources for humans (Strayer and Dudgeon 2010). 

Human needs for the essential services that freshwater ecosystems provide have increased over 

time, but our activities have often resulted in their degradation (e.g., increased nutrient loading, 
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pollution, and introduction of alien invasive species), threatening the provision of these services. 

While there has been considerable effort to understand how these environmental stressors 

individually influence biodiversity and ecosystem function, the stressors commonly occur in 

combination (e.g., Schindler 2001). In freshwater conservation and management, therefore, a 

major challenge is to understand the effects of multiple stressors on species, populations, 

communities, and ecosystems (Altshuler et al. 2011; Schindler et al. 1996; Yan et al. 1996), given 

that multiple stressors are now so pervasive (Halpern et al. 2008; Christensen et al. 2006; Breitburg 

et al. 1998). 

 The Canadian Shield biome contains 80%-90% of Canada’s (Schindler and Lee 2010) and 

60% of the Earth’s available surface freshwater (Schindler 2001). The Canadian Shield region is 

underlain by predominantly silicate bedrock, capped with thin glacial tills. In consequence, Shield 

lakes and streams have soft waters that are low in nutrients and ions (Watmough et al. 2003). Over 

the last several decades, eastern Canadian Shield lakes have experienced several widespread 

stressors, two of which are the introduction of invasive species and a decline in lake water calcium 

(Ca) concentrations.  

 Bythotrephes longimanus (the spiny water flea, hereafter Bythotrephes) is a generalist 

cladoceran predator (Schulz and Yurista 1999) that invaded the Laurentian Great Lakes during the 

1980s from Europe (Sprules et al. 1990). First detected in Lake Ontario in 1982 (Johannsson et al. 

1991), Bythotrephes has subsequently spread into 179 inland lakes in Ontario (EDDMaps Ontario 

2015). In its native range, Bythotrephes can survive under a wide range of conditions, tolerating 

broad temperature (4-30°C), and salinity gradients, but preferring temperatures between 10 and 

24°C and low salinity between 0.04‰ and 0.06‰ (Grigorovich et al. 1998). Bythotrephes can 

tolerate waters with pH between 4 and 8 (Hessen et al. 2011; Grigorovich et al. 1998). It prefers 
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large, deep, circumneutral, oligotrophic lakes although it has been observed in shallow lakes and 

ponds and small tundra pools (Grigorovich et al. 1998). In North America, Bythotrephes occupies 

lakes similar to those in its native range, but its distribution in the early days of the North American 

invasion was linked to greater lake depth and lake area (MacIsaac et al. 2000).  

 Human assistance appears to be key for the spread of Bythotrephes into many small to mid-

size lakes on the Canadian Shield. Weisz and Yan (2010) demonstrated a strong correlation 

between Bythotrephes occurrence and human activity on lakes. Invaded lakes were more 

accessible to humans through public or private boat launches, had more heavily developed 

shorelines, and had more motorized boats than uninvaded lakes. Gravity models have also shown 

that invaded lakes are closer to roads and experience higher boater traffic from other invaded lakes 

in contrast to uninvaded lakes (Muirhead and MacIsaac 2005; MacIsaac et al. 2004). These models 

also indicate that larger lakes closer to highly populated areas are more frequently invaded 

(Gertzen and Leung 2011). Bythotrephes propagules are most likely dispersed by recreational 

anglers moving among lakes, moving animals or resting eggs attached to anchor ropes, fishing 

lines, or minnow seines, or in bait buckets and live wells.  Propagules may also be spread among 

lakes by migrating fish that can carry live Bythotrephes resting eggs in their stomachs (Kerfoot et 

al. 2011).  

 Bythotrephes is a zooplanktivore that detects potential prey within the water column by 

vision, using its enormous compound eye (Pangle and Peacor 2009; Muirhead and Sprules 2003). 

Bythotrephes captures its prey with its large, first thoracic legs, dismembers the prey using its 

mandibles, and imbibes the prey’s liquid content (Burkhardt and Lehman 1994; Monakov 1972). 

Bythotrephes is a voracious predator, consuming about 75% of its body weight in prey each day 

(Lehman et al. 1997). It prefers slow moving and visible prey (e.g., Bosmina, Daphnia) 
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(Grigorovich et al. 1998; Vanderploeg et al. 1993; Monakov 1972). Thus, Bythotrephes has 

impacted pelagic biodiversity in larger (MacIsaac et al. 2000) and smaller lakes (Weisz and Yan 

2010), reducing cladoceran abundance and species richness (e.g., Strecker et al. 2006; Yan et al. 

2002). Bythotrephes occupies epilimnetic waters during the day (Young and Yan 2008), and it 

induces vertical migration of its prey to cooler hypolimnetic waters, lowering their growth rates 

(Pangle et al. 2007; Pangle and Peacor 2006; Lehman and Cáceres 1993). These impacts of 

Bythotrephes on the abundance, composition, and vertical migration of its prey can also cascade 

down the food chain to lower trophic groups such as rotifers that appear to benefit from competitive 

release and/or predatory release as native invertebrate populations decline (Hovius et al. 2007, 

2006).     

 Ca decline is an emerging stressor for soft water lakes on the Canadian Shield and similar 

soft water lakes in Europe (e.g., Skjelkvåle et al. 2005; Evans et al. 2001; Kirchner and Lydersen, 

1995; Hedin et al. 1994). In these lakes, base cation concentrations have declined in response to 

long-term exposure to atmospheric acid deposition. Of 770 lakes within Ontario that were 

monitored in the 1980s, and again in the early 2000s, 35% have <1.5 mg of Ca/L and 62% have 

<2 mg of Ca/L (Jeziorski et al. 2008). Steady-state Ca concentrations are projected to decline 

between 10-40% in comparison to 1980 to 1990 levels (Watmough and Aherne 2008), which may 

result in Ca concentrations in a majority of Canadian Shield lakes that are low enough to cause 

ecological damage.  

The local causes of Ca decline may vary, but must be related to changes in the soil Ca pool, 

i.e., reductions in the rates of input to, or export from, the exchangeable Ca pool in watershed soils. 

Inputs come from the atmosphere (wet and dry deposition), from chemical weathering of Ca-

containing minerals within the soil and bedrock, and perhaps from human activities (e.g., liming 
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of forest soils). Export rates are influenced by unit water runoff and Ca concentrations in the runoff 

waters, which themselves will be a function of soil base saturation and thickness, and human 

activities, such as additions of dust suppressants (Yao et al. 2011). Ca in its ionic form runs off 

into aquatic systems within the watershed, and the runoff rate, coupled with direct atmospheric 

inputs, regulate Ca levels in lakes. If the watershed or atmospheric supply of Ca decline, or the 

hydrological input itself declines, Ca levels in lakes may fall, for several specific reasons, including 

(i) reduced atmospheric Ca deposition (Watmough et al. 2005; Keller et al. 2001; Likens et al. 

1998; Driscoll et al. 1995); (ii) historic depletion of exchangeable Ca ions in the soil caused by 

decades of elevated rates of Ca leaching from the soil, during recent decades when rates of acid 

deposition exceeded mineral weathering rates (Watmough and Dillon 2003a, 2003b; Lawrence et 

al. 1999); and (iii) logging in watersheds and the ensuing uptake of Ca by trees as the forest re-

grows (Piiraninen et al. 2004; Watmough et al. 2003; Likens et al. 1998).  

 Ca is an essential macro-element for organisms and declines in aqueous Ca will likely have 

implications for aquatic biodiversity. Crustaceans (e.g., Daphnia and crayfish) have high Ca 

requirements akin to other Ca-rich aquatic organisms, i.e. those with calcareous shells or heavily-

calcified carapaces (Table 2.1), as they shed their exoskeleton (carapace) regularly as they grow 

(Greenaway 1985). Water and food are the main sources of Ca for crustaceans, but dissolved ionic 

Ca is the most important source for zooplankton (Cowgill et al. 1986). The carapace of daphniids 

contains the majority of their Ca, and 90% of body Ca is either trapped in the shed exuviae or lost 

to the surrounding medium during moulting (Alstad et al. 1999). After moulting, hardening of the 

carapace follows rapid uptake of Ca; however, this uptake is dependent on the [Ca] in the water, 

which is the major source of Ca for post-moult calcification (Greenaway 1985). In lakes with low 

[Ca], remineralisation of the carapace is compromised (Greenaway 1985) and the survival, growth, 
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and reproduction of daphniids are threatened (Ashforth and Yan 2008). A poorly calcified carapace 

increases the vulnerability of daphniids to predation (Riessen et al. 2012); thus there may be both 

direct and indirect effects of Ca decline on crustaceans. Reduced crayfish abundances (Edwards et 

al. 2009) and loss of daphniids in pelagic communities (Cairns 2010; Hessen et al. 1995) have 

been attributed to Ca decline. Low Ca can also affect the distribution and size of zooplankton 

communities as species with high Ca demands are mainly found in lakes with high ambient Ca 

(Wærvågen et al. 2002). Furthermore, small-bodied cladocerans such as Daphnia retrocurva, 

Daphnia parvula, Daphnia ambigua, and Daphnia catawba occur in softer lakes with Ca levels 

<2 mg/L compared to their larger counterparts (e.g., Daphnia pulex, Daphnia pulicaria and 

Daphnia mendotae) that are largely restricted to high Ca lakes (Tessier and Horwitz 1990).  

 Bythotrephes and Ca decline are large-scale threats to the Canadian Shield as they are 

impacting a large number of lakes that cover a broad area within North America. Their individual 

impacts on different Cladoceran species have the potential to decimate many herbivorous 

cladocerans, important animals within the aquatic food web. Bythotrephes and Ca decline also 

have the potential to co-occur in Canadian Shield lakes (Jeziorski et al. 2015; Palmer and Yan 

2013) that may also be experiencing other stressors to produce ecological surprises (sensu Paine 

et al. 1998) that could exceed (synergistic), or fall below (antagonistic) their expected additive 

effects (Folt et al. 1999). Here we (i) review current knowledge on the effects of Bythotrephes and 

Ca decline on zooplankton, (ii) identify gaps in the literature, and (iii) examine the likely impacts 

of a co-occurrence of Bythotrephes invasions and Ca decline on zooplankton. We hypothesized 

that, in combination, the impacts of declining aqueous Ca and Bythotrephes would (i) be 

synergistic (the most severe non-additive effect) on daphniids as Ca decline would impair 

reproduction, as well as increase their vulnerability to Bythotrephes predation due to the reduction 
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or absence of anti-predator defences. Declining daphniid abundances would result in the 

concomitant increase of more resistant species that are co-tolerant of both stressors such as 

Holopedium glacialis and copepods (antagonistic interaction); (ii) be antagonistic on small 

cladocerans (e.g., Bosmina) that would be consumed by Bythotrephes, but may increase with Ca 

decline as they would benefit from reduced competition with daphniids; and (iii) have no effect on 

copepods, either through predation or impaired reproduction.      

 

MATERIALS AND METHODS 

Literature on Bythotrephes and Ca decline were identified using the search engines Web of Science 

and Google Scholar. Key words used during the search, whether singly or in combination, were: 

Bythotrephes, Bythotrephes longimanus, spiny water flea, calcium, calcium decline, base cations, 

calcium content, acid deposition, multiple stressor, Boreal/Canadian Shield lakes, Daphnia, 

freshwater, and crustacean zooplankton. Identified papers were reviewed and subsequent searches 

based on author or cited literature were also performed. A paper was included if it provided 

information relevant to our stated objectives.   

 Two over-arching categories were identified in the Bythotrephes retrievals: field surveys and 

experiments. Field surveys were subdivided into lake survey, long-term study of an inland lake 

(Harp Lake), and long-term study in the Great Lakes. Experiments were also subdivided into field 

mesocosms and laboratory work. Lake surveys were conducted mainly during the ice-free season, 

from May to September. Lakes were either sampled fortnightly at the deepest spot in the lake, or 

once or twice during the ice-free season using zooplankton conical nets that varied between 65 and 

285 µm mesh size (diameter range 0.3 to 0.75 m). The number of lakes sampled ranged from eight 

to 193 lakes in the Muskoka-Haliburton-Parry Sound regions of south-central Ontario, Canada. 
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Only one survey compared 212 Canadian Shield lakes to 342 Norwegian lakes. The Norwegian 

data on zooplankton was not included except as a comparison to North American results. Canadian 

Shield lakes surveyed ranged from 0.01 to 122.56 km2. Long-term analysis of Harp Lake was 

achieved primarily through weekly, fortnightly or monthly sampling since 1978 at a single mid-

lake station, with the exception of one study that collected fortnightly samples and diel samples 

over a 24 hour period. An 80 µm mesh size conical net (0.12 m diameter) was mainly used. Great 

Lakes research, for the most part, focused on Lake Michigan using time-series data collected from 

a 100 m deep reference station, multiple stations, or data from cruises, all of which were conducted, 

at some point, between May and September. Zooplankton were collected using a Puget Sound 130 

µm (1 m diameter), 62 µm (0.5 m diameter), or 153 µm mesh size conical net. Lakes Erie, Huron, 

Superior and Ontario were rarely included. 

 The mesocosm experiments we included were conducted in Canada and Sweden. Both 

studies used clear, plastic cylinders (1 to 1.6 m in diameter) suspended on floating wooden frames 

in a lake, and elevated 0.3 m above the surface water level to prevent immigration of new species. 

Mesocosms ranged in depth from 8 (Sweden) to 8.7 m (Canada). Sampling frequency also varied 

with location. In Canada, samples were collected once a week using an 80 µm (0.15 m diameter) 

mesh size conical net, whereas in Sweden, sampling was done twice a week using a 100 µm (0.25 

m diameter) net. Experimental manipulations included Bythotrephes addition, or non-added 

control, fully crossed with stages of recovery from acidification (recovered versus acid-damaged) 

for 28 days in Canada and zooplankton communities inoculated with Bythotrephes densities (0, 

100, 600, 1000 individuals/m3) for 16 days in Sweden. The majority of the laboratory experiments 

included were conducted in Canada and used clear acrylic cylinders, 60-80 cm tall (18-19 mm 

diameter) and diffuse light (50 W halogen bulbs) to investigate the response of Daphnia mendotae 
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and copepods to Bythotrephes water-borne cues. Wide-mouth Nalgenes have also been used to 

examine the prey preference of Bythotrephes over a short time frame (24 to 96 h).         

 Within the above five study sub-categories, we scored impacts on zooplankton abundance 

and species richness, first at the whole crustacean community level, and for Cladocera and 

Copepoda, and finally, for individual cladoceran and copepod species.  

 To further address our first objective, we employed a different approach to assess the impact 

of Ca decline on zooplankton. Ca thresholds were tallied only for daphniids, the cladoceran genus 

reported to be most sensitive to Ca decline. All Ca thresholds were reported in milligrams per litre 

(mg/L), and all ambient Ca was assumed to be present as free Ca since the majority of the studies 

were conducted in soft waters. Unless otherwise indicated, Ca thresholds were reported as nominal 

concentrations if they were presented as such in the literature. Laboratory-defined Ca thresholds 

for experiments using various Ca concentrations and other stressors such as high/low and 

good/poor food, temperature, and ultraviolet (UV) radiation, were also recorded. The laboratory-

defined thresholds were for the section of the experiment that was conducted at or above incipient 

food levels, and at standard, control experimental temperatures. Ca thresholds were also provided 

for daphniids derived from field studies such as lake surveys and a microcosm study. Ca content 

was recorded for all zooplankton species found in the literature. Paleolimnological studies were 

also included to increase our understanding of the subsequent changes in cladoceran remains 

associated with Ca decline. The majority of these studies used the “top/bottom” approach (Smol 

2008). Some studies focused on changes between modern and pre-industrial times, whereas others 

had a secondary objective that examined changes in the sedimentary remains of lakes above and 

below 1.5 mg Ca/L, the laboratory-defined threshold for Daphnia pulex (Ashforth and Yan 2008). 

To capture the objectives of all studies reviewed, we divided the data into two groups: those that 



31 
 

examined the impact on cladocerans below and above 1.5 mg Ca/L; and those that examined 

changes in the relative abundance of cladocerans between modern and pre-industrial times.  

 Cairns and Yan (2009) identified three gaps in the literature on the effects of Ca decline on 

Crustacea. These gaps were (i) no verification of experimental thresholds of daphniids in situ, (ii) 

use of species that originate from or are adapted to Ca-poor waters to fully understand impacts of 

Ca decline, and (iii) lack of knowledge of Ca saturation points and lower lethal thresholds for 

aquatic species other than daphniids. During our review, we determined if these gaps have been 

filled.  

 Finally, our concern was with the co-occurrence of these two stressors, a factor little 

examined in the literature. To examine the likely joint impacts of a Bythotrephes invasion and Ca 

decline, we used a population demographics conceptual model to ascertain how both stressors 

would impact birth and death rates and thus overall population size. We consider factors such as 

growth rates, predation, time to maturation and primiparity. For this model and based on the details 

of our review, we assessed the likely sensitivity of differing zooplankton species to the co-

occurrence of the stressors, identifying those species that would most likely suffer synergistic 

impacts.  

 

How does Bythotrephes impact zooplankton communities? 

Bythotrephes is, by far, the world’s most studied invasive zooplankter (Strecker 2011; Bollens et 

al. 2002). In its native range in Europe, Bythotrephes inhabits lakes that are larger and deeper, with 

higher transparency, lower maximum bottom temperatures during the summer, lower maximum 

surface temperature, and lower total chlorophyll concentrations in comparison to uninvaded lakes 
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(MacIsaac et al. 2000) and it has a relatively minor impact on zooplankton communities compared 

to changes observed in Canadian Shield lakes (Kelly et al. 2012).  

 At the overall community level in North America, crustacean zooplankton abundance 

declined in response to Bythotrephes invasion. Abundance declined in four out of six studies, 

increased in one study, and no effects were observed in the remaining studies (Table 2.2). These 

studies ranged from broad scale lake surveys, including long-term monitoring in the Great Lakes 

to controlled field mesocosm experiments. There were, however, a few contrasting studies. 

Increased crustacean zooplankton abundance in Lake Huron was likely due to higher densities of 

copepods and their nauplii post-invasion, which was attributed to Bythotrephes’ higher clearance 

rates on cladocerans than fast-swimming copepods (Fernandez et al. 2009). Boudreau and Yan 

(2003) detected no differences in overall crustacean zooplankton abundance between invaded and 

uninvaded lakes, because they sampled only once and may not have captured seasonal zooplankton 

changes. It would appear that studies that examine zooplankton over the entire ice-free season, 

irrespective of study design, are better able to capture changes in crustacean zooplankton 

abundance in response to Bythotrephes than synoptic surveys (Table 2.2; Appendix 1).    

 Species richness, like crustacean zooplankton abundance, declined post-invasion. This 

decline occurred in seven out of nine studies (Table 2.2). In Harp Lake, ice-free species richness 

declined by 17%-18%, from 9.92-9.98 species/count pre-invasion to 8.1-8.25 species/count post-

invasion (Yan et al. 2002, 2001). Strecker et al. (2006) observed similar reductions from a mean 

of 15 species in uninvaded lakes to 11.6 species in invaded lakes during the ice-free season from 

May to September. Similar trends were observed in 26 invaded Canadian lakes (a reduction from 

10.9 species pre-invasion to 9.65 species post-invasion) (Kelly et al. 2012) and in the Great Lakes 

(Table 2.2). Like crustacean zooplankton abundance, Fernandez et al. (2009) observed an overall 
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increase in species richness post-invasion in Lake Huron, despite a reduction in cladoceran 

abundance. Increased species richness was attributed to the increased number of copepods 

sampled, and the large number of samples collected post-invasion. Another theory postulated was 

the presence of offshore species in ecological niches that became available due to the disruption 

of nearshore communities by Bythotrephes. In addition, predation on the visible, slow-moving, 

more dominant prey, could have resulted in the increased abundances of faster-moving species 

(e.g., copepods) or small cladocerans that are able to escape Bythotrephes, which in turn become 

dominant (“size efficiency hypothesis”; Brooks and Dodson 1965). Strecker and Arnott (2005) 

detected no effect on species richness using a four week enclosure experiment. The short length of 

this experiment, however, may be the reason why no effect on species richness was observed when 

compared to North American lake surveys that consistently observed declines over time. The 

absence of an effect on species richness suggests that short-term studies (e.g., mesocosms) may 

not be ideal to identify the potential long-term impacts of Bythotrephes. Over time, studies 

conducted in inland lakes may reflect increased species richness post-invasion as documented in 

the Great Lakes (e.g., Fernandez et al. 2009) and in Norwegian lakes (cf. Hessen et al. 2011) that 

have been invaded for centuries (Kelly et al. 2012).    

 A reduction in crustacean zooplankton abundance and richness was primarily associated 

with the loss of cladoceran zooplankton taxa. Cladoceran richness declined by 36% post-invasion 

in Harp Lake (Boudreau and Yan 2003) with average cladoceran species/count declining from 5.8 

to 2.44 species/count (Yan et al. 2001). This decline was not restricted to Harp Lake, however, and 

was documented in a survey of 26 invaded Canadian lakes (Kelly et al. 2012) and 10 invaded lakes 

in the Muskoka-Haliburton-Parry Sound regions (Strecker et al. 2006). Cladoceran abundance like 

cladoceran richness also declined post-invasion in Harp Lake (Yan et al. 2001), other invaded 
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lakes in the Canadian Shield lakes (Strecker et al. 2006), and in the Great Lakes (Barbiero and 

Tuchman 2004). Changes in cladoceran abundance were attributed to the loss of small cladocerans 

in the Great Lakes (Fernandez et al. 2009) and Harp Lake (Yan et al. 2002). Bythotrephes impact 

on small cladoceran abundance was also documented in field mesocosm experiments (Strecker 

and Arnott 2005). 

 The pervasive loss of cladoceran taxa observed by different studies in response to 

Bythotrephes indicates that we can expect a similar outcome in lakes that may become invaded in 

the future. But are we sure that small cladocerans are more sensitive to Bythotrephes than other 

species? And of this group, can we identify the most sensitive species to Bythotrephes? Based on 

the frequency of negative impacts observed per study, Bosmina is the most sensitive Cladoceran 

to Bythotrephes, declining in 12 out of 15 studies (Figure 2.1). The macro-invertebrate predator, 

Leptodora kindtii, and Daphnia retrocurva are the second and third most sensitive species 

respectively (Figure 2.1). Only one copepod, the carnivore Mesocyclops edax appears sensitive to 

Bythotrephes. Bythotrephes may interact competitively with the native macro-invertebrate 

predators, Leptodora kindtii and the glacial relict Mysis diluviana (opossum shrimp). In long-term 

monitoring studies in Harp Lake (e.g., Yan and Pawson 1997), the Great Lakes (e.g., Lehman and 

Cáceres 1993), and lake surveys (e.g., Weisz and Yan 2011; Foster and Sprules 2009; Strecker et 

al. 2006), Bythotrephes has severely reduced Leptodora abundances. Bythotrephes is also 

responsible for changes in the diet of Mysis diluviana in Canadian Shield lakes (Nordin et al. 

2008); no effect of Mysis diluviana has been detected on Bythotrephes abundance (Jokela et al. 

2011; Foster and Sprules 2009).  

 Negative impacts on copepods (e.g., Mesocyclops edax, Leptodiaptomus minutus) are 

surprising since the majority of North American studies have not detected effects on overall 
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copepod abundance or richness (Table 2.2). This suggests that Bythotrephes may have greater 

impacts at the species level for copepods, in which more sensitive species are replaced by more 

tolerant ones that may perform similar ecological functions (“functional complementarity”; Frost 

et al. 1995). Bythotrephes can eat copepods (Grigorovich et al. 1998), but they have faster escape 

responses than do Daphnia retrocurva, and Daphnia pulicaria under light and dark conditions 

(Pichlová-Ptáčníková and Vanderploeg 2011). When prey escape responses are greater than the 

swimming speed of their predator, the prey can move out of the sensory range of the predator. 

Copepods also migrate with increasing Bythotrephes abundance (Bourdeau et al. 2011) to darker, 

cooler hypolimnetic waters, which can act as a refuge from predation. The negative impacts 

documented on copepods documented may be attributed to Bythotrephes’ ability to catch slow-

swimming species that do not reproduce as quickly as cladocerans.  

If we disregard the sensitivity level of Leptodora kindtii and Mesocyclops edax to 

Bythotrephes in Figure 2.1, we see that small cladocerans such as Bosmina, Daphnia retrocurva, 

Diaphanosoma birgei, Eubosmina tubicen, and Chydorus sphaericus are more sensitive to 

Bythotrephes than large cladocerans such as Daphnia mendotae, Holopedium glacialis, and 

Daphnia pulicaria and most copepods (Figure 2.1). The lack of sensitivity of Daphnia mendotae 

to Bythotrephes is interesting as eight out of 15 studies observed increased abundance post-

invasion in contrast to seven out of 15 studies that observed the converse. Increased abundance of 

Daphnia mendotae in invaded lakes is probably due to (i) its ability to migrate to cooler waters 

during the day to escape predation and to upper, warmer waters at nights in response to 

Bythotrephes (Pangle and Peacor 2006); (ii) faster swimming speeds, comparable to diaptomid 

copepods, to escape predation (Pichlová-Ptáčníková and Vanderploeg 2011); and (iii) its ability to 

escape predation in low light conditions (Jokela et al. 2013). Higher predation on Daphnia 
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mendotae occurred with increasing light intensities (>100µmol/m2s) in the laboratory (Pangle and 

Peacor 2009).            

 The impact of Bythotrephes on Holopedium glacialis is site-specific since there is conflicting 

evidence that the abundance of this species may increase or decrease in experiments. The relative 

abundance of Holopedium glacialis has increased between 5% and 30% in invaded lakes in south-

central Ontario possibly due to (i) increased predation pressure on daphniids by Bythotrephes but 

also (ii) reduced interspecific competition for food with larger Ca-rich daphniids (Daphnia dubia, 

Daphnia longiremis, Daphnia mendotae, Daphnia pulicaria, and Daphnia retrocurva) that 

declined with falling Ca levels (Jeziorski et al. 2015). Increased Holopedium glacialis abundances 

in invaded lakes that were acid-damaged or recovering from acidification is also likely since this 

species is acid-tolerant, and is found across a broad pH range (e.g., Strecker and Arnott 2008). 

Daphniids are vulnerable, not only to Bythotrephes but also to Chaoborus larvae (phantom midge) 

that occurs in 100% of invaded lakes surveyed (Jokela et al. 2011). In invaded, low Ca lakes, 

daphniids are probably more susceptible to predation by both Bythotrephes and Chaoborus due to 

their inability to produce anti-predator defences (e.g., in low Ca they have a less calcified carapace, 

reduced body size, and lack neck teeth) (Riessen et al. 2012), thereby facilitating increased 

abundances of Holopedium glacialis that are superior competitors to daphniids in low Ca 

environments (Hessen et al. 1995). Increased Holopedium glacialis abundance may also occur due 

to its large gelatinous mantle that provides protection from invertebrate planktivores (e.g., Vanni 

1988) and may prove difficult for Bythotrephes to grasp with its thoracic legs. In contrast, neonates 

and moulted individuals have a thin gelatinous mantle (Hamilton 1958), which suggests that these 

individuals or life stages would be easier to capture. Increased predation by Bythotrephes would 

affect their recruitment to adults and may account for the reduced abundances observed in five out 
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of 13 studies (Table 2.2). Reduced abundances may also occur due to size-selection predation, in 

which Holopedium glacialis densities are reduced in lakes with fish (e.g., Stenson 1973). Where 

these lakes are invaded by Bythotrephes, we may see an example of “emergent facilitation” (i.e., 

stage-specific biomass overcompensation of prey), in which the presence of one predator may help 

the persistence of another predator, by size-selective foraging on a shared prey, especially when 

resources are limited (de Roos et al. 2008, 2007). Using mesocosms, Huss and Nilsson (2011) 

detected an increase in juvenile Holopedium glacialis due to increased per capita reproduction, as 

a result of competitive release, as adults were harvested from treatments (proxy for fish predation). 

Bythotrephes subsequently consumed juveniles, as favoured prey.  

 Our review allows us to confidently predict that Bythotrephes invasion will be followed by 

a decline in the abundance of small Cladocera and some larger daphniids that are efficient grazers. 

These daphniids and smaller Cladocera are directly vulnerable to Bythotrephes predation (Schulz 

and Yurista 1999; Grigorovich et al. 1998; Vanderploeg et al. 1993). The reduction in abundance 

of these herbivorous cladocerans, which are key components of pelagic ecosystems, could result 

in cascading effects through the food web. For example, algal standing stocks could increase, 

although the evidence for this is mixed. No such increase was observed in Lake Michigan, despite 

a decline in herbivory following invasion (Lehman 1988), in several Shield lakes (Strecker and 

Arnott 2008) and in experimental mesocosms (Wahlström and Westman 1999). In contrast, algal 

biomass increased with Bythotrephes introduction in mesocosms with zooplankton communities 

from lakes recovering from acidification (Strecker and Arnott 2005) and in Harp Lake (Paterson 

et al. 2008). Bythotrephes also had an indirect effect on algal composition in Harp Lake and other 

lakes (Strecker et al. 2011) on the Canadian Shield. Based on the literature, it would appear that 

we have more to learn about indirect effects of Bythotrephes on algae. Any effects may well be 
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site-specific, and where they do occur, the effects may be small, given that zooplankton grazing 

does not have much of an influence on average algal standing stocks in oligotrophic lakes on the 

Shield (Paterson et al. 2008). 

 Overall, cladocerans suffer more than copepods from Bythotrephes invasions, but sensitivity 

varies among Cladocera species, with Bosmina being most vulnerable. But is there a similar trend 

at different levels of taxonomic resolution? Bythotrephes has greater impacts at higher levels of 

taxonomic resolution, i.e. at the species, rather than at the order level (Figure 2.2). We can confirm 

that cladocerans are more sensitive to Bythotrephes than copepods. In freshwater ecosystems, loss 

of cladocerans may result in the concomitant increase in more tolerant species (e.g., copepods), 

which may alter lake food web interactions. For example, loss of herbivorous zooplankton could 

result in top-down cascades through the food web as copepods are less efficient grazers of algae 

than herbivorous cladocerans. In addition, increased copepod abundances may alter nutrient 

cycling within lakes as they sequester less phosphorus than Daphnia and require more nitrogen 

(Williamson and Reid 2009).  

 The impacts of Bythotrephes in North American lakes are quite consistent across lake 

regions, but we cannot as yet assume that the impacts will be permanent. Community and species 

response to Bythotrephes were quite similar in the Laurentian Great Lakes (e.g., Barbiero and 

Tuchman 2004), Harp Lake (e.g., Yan and Pawson 1997), and other inland lakes on the Canadian 

Shield. Across these quite different landscapes species richness declined, especially among 

cladocerans. However, some site-specific impacts have occurred. In some invaded lakes, species 

richness (e.g., Bernard Lake in Ontario) and abundance (e.g., Peninsula and Vernon lakes in 

Ontario) were higher in comparison to uninvaded lakes. Also, longer persistence times of 

Bythotrephes resulted in increased species richness possibly due to competitive interactions with 



39 
 

other invertebrate predators (Strecker et al. 2006). Lakes in Norway, which Bythotrephes invaded 

centuries ago have greater zooplankton diversity, especially amongst the copepods (Kelly et al. 

2012). There were, however, some differences in species response across lakes. In the Great Lakes, 

variation in species response was likely due to multiple stressors, which may confound the issue 

of identifying single-stressor impacts of Bythotrephes. Differences between inland lakes and the 

Great Lakes may be a result of factors such as species naiveté to invasion, species behaviour, lake 

morphometry and chemistry, the number of lakes used in the study, and sampling design.  

While there is no evidence across the landscape of rescue effects by local or regional 

dispersers on zooplankton communities in invaded lakes, there is evidence of community 

resilience to Bythotrephes with the addition of native dispersers in mesocosm experiments 

(Strecker and Arnott 2010). Although the majority of Canadian Shield lakes have not recovered in 

the ~22 years since it was first detected in inland lakes, we can expect that over time regional 

dispersers may assist in the colonisation of empty niches created by species vulnerable to 

Bythotrephes by providing new propagules that are resistant to or can tolerate predation. Through 

behavioural and morphological adaptations, we may also see communities dominated by copepods 

with a few cladocerans (e.g., Daphnia mendotae) that are able to increase their population over 

time. 

 Since multiple environmental stressors are acting on Shield lakes (e.g., increased dissolved 

organic carbon (DOC), falling total phosphorus (TP); Yan et al. 2008b), we may see 

complementary responses with resistant species dominating. In invaded lakes, we would expect 

Bythotrephes to primarily reduce the abundance of small Cladocera, while abundances of larger 

taxa such as Daphnia mendotae and Holopedium glacialis might increase. Declining TP levels 

would facilitate increased abundances of these species, as they should outcompete smaller 
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cladocerans for food, as this resource decreases (Gliwicz 1990). Increasing DOC would likely 

reduce the impact of Bythotrephes because decreased water clarity would lower the risk of all taxa 

to visual predators. For example, high predation rates on daphniids and small cladocerans were 

detected in small plastic enclosures (~24 L) under ambient light than those under dark light 

conditions (Jokela et al. 2013).       

 In summary, quite broad agreement between studies indicates that we do know a lot about 

the relatively short-term (a few decades) effects of Bythotrephes on zooplankton communities. 

Following invasion, community abundance and richness fall mainly because cladoceran 

abundance and richness fall, with small Cladocera being particularly vulnerable. Should long-term 

dynamics of Canadian Shield lakes match Norwegian lakes, zooplankton communities may 

eventually recover from Bythotrephes invasion.  

 

How does calcium decline affect zooplankton? 

Our knowledge on the impacts of declining Ca on zooplankton is poor despite the comprehensive 

review by Cairns and Yan (2009). In that review, the authors determined that crayfish would likely 

be the most sensitive crustacean group to ongoing Ca decline. A review of the then-current 

literature, revealed a lower lethal threshold (the point of 50% mortality and no reproduction 

possible) of 0.5 mg/L for daphniids. Life history or physiological changes such as diminished 

longevity, reduced calcification leading to smaller animal size, and delayed maturity and 

primiparity were theorised to occur in the suboptimal range (point between lower lethal threshold 

and saturation). However, the authors cautioned that the Ca thresholds for daphniids identified in 

the laboratory might not reflect actual thresholds for survival and reproduction in the field.  
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 Cairns and Yan (2009) identified three main knowledge gaps: Ca saturation points and lower 

lethal thresholds for aquatic species other than daphniids, further research using species that 

originate from or are adapted to Ca-poor soft waters, and no verification of experimental daphniid 

thresholds in situ. Of the three, only one has been subsequently addressed. Thresholds for five 

daphniid species were estimated by Cairns (2010) using data from a survey of 304 lakes. The 

critical lower threshold ranged from 1.26 to 1.69 mg/L whereas the optimum Ca varied between 

2.76 and 16.1 mg/L (Table 2.3). The larger daphniids (Daphnia retrocurva, Daphnia mendotae, 

and Daphnia dubia) were the most sensitive to low Ca with Daphnia longiremis being the least 

sensitive. Distribution of daphniids along a Ca gradient in 346 Norwegian lakes also indicate that 

the sensitivity of daphniids to low Ca varies among species, for example, Daphnia cucullata is 

more sensitive than Daphnia hyalina (Table 2.3). Related species also vary in their response to 

low Ca; for example, Daphnia galeata has a lower Ca threshold in Norway (0.7 mg/L) than its 

North American counterpart, Daphnia mendotae (1.63 mg/L). Interestingly, these two related taxa 

are both particularly tolerant to Bythotrephes (Hessen et al. 2011). Key knowledge gaps remain. 

For example, clones of daphniids isolated from Ca-poor waters have rarely been used for 

ecotoxicological research (but see Ashforth and Yan 2008), and Ca saturation points and lower 

lethal thresholds have yet to be identified for non-daphniid species.  

Daphniids are key herbivores in pelagic food webs that are filter feeders of phytoplankton 

(Cyr and Curtis 1999), and food for planktivorous invertebrates and fish. Due to their short moult 

cycles, sensitivity to environmental perturbations, regular parthenogenic reproduction, and ease of 

culture, daphniids are model organisms to investigate the effects of declining aqueous Ca (Table 

2.3). Survival thresholds for Daphnia magna varied between 0.1 and 5 mg Ca/L irrespective of the 

secondary stressor used (e.g., high food and UV radiation; Table 2.3). Survival thresholds for 
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Daphnia pulex varied under different experimental conditions with field microcosm experiments 

providing a higher threshold (1.3 mg/L) compared to the laboratory-derived threshold (0.1-0.5 

mg/L) (Table 2.3). We would expect laboratory thresholds to be low as Daphnia pulex neonates 

cultured in the laboratory are well fed compared to individuals in the field, where food is a limiting 

factor since the majority of Shield lakes are oligotrophic. Reproduction and the development of 

anti-predator defences were impaired at the laboratory-derived threshold of 1.5 mg Ca/L for 

Daphnia pulex. In contrast, reduced reproduction in Daphnia magna occurred at 0.5, 1, and 5 mg 

Ca/L. Saturation levels for Daphnia magna ranged from 5 to 10 mg/L and with a Ca content of 

7.7% DW (Cowgill 1976), this species clearly requires high Ca waters. The saturation levels for 

Daphnia galeata, and Daphnia tenebrosa were similar with complete calcification occurring 

between 1 and 5 mg/L, suggesting these species are more tolerant of low Ca or soft waters, and 

require less Ca for complete calcification than Daphnia magna. In addition, these results suggest 

species-specific variation in carapace calcification among daphniids of similar body size. 

 The lowest lethal [Ca] for larger daphniids, such as Daphnia magna, Daphnia mendotae, 

and Daphnia pulex, is 0.5 mg/L in various experiments. Unfortunately, this threshold, while 

applicable to controlled environments in the laboratory, may not reflect thresholds in nature. 

Thresholds observed in the field may be up to three times higher than those in the laboratory (Table 

2.3). The differences observed between laboratory and field thresholds are most likely attributed 

to the influence of food sufficiency on animal responses to Ca. In the laboratory, test organisms 

are usually fed to a point of saturation, whereas in soft water, oligotrophic lakes, algal densities 

are usually well below satiating concentrations, and they are frequently falling of late, as levels of 

TP, the main determinant of algal densities, are commonly declining (Palmer and Yan 2013). Low 
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food increases the sensitivity of daphniid survival to falling [Ca] (Ashforth and Yan 2008), as it 

does for other stressors such as road salt (Brown and Yan 2015).  

 While much research has focused on survival, it is not the key metric needed to assess if 

populations can persist as aqueous Ca declines. Persistence requires survival, maturation, and 

reproduction, and these appear to have quite different sensitivities to falling Ca, i.e., daphniids can 

survive at Ca levels that slow maturation and reduce reproduction. The laboratory-derived 

threshold for reproduction of Daphnia pulex is 1.5 mg/L (Ashforth and Yan 2008), very similar to 

the field (microcosm)-derived threshold of 1.3 mg/L (Cairns 2010), albeit for population 

persistence. Field survival thresholds (the [Ca] where the greatest reduction in daphniid presence 

along a Ca gradient occurs) for other North American daphniids such as Daphnia longiremis (1.26 

mg/L), Daphnia dubia (1.58 mg/L), Daphnia mendotae (1.63 mg/L), and Daphnia retrocurva 

(1.69 mg/L) (Cairns, 2010) were also relatively close to the 1.5 mg/L laboratory derived 

reproduction threshold for Daphnia pulex (Ashforth and Yan 2008).    

 Since Cairns and Yan’s review, paleolimnological studies have documented changes in 

daphniid assemblages associated with declining aqueous Ca. Coincident with declining Ca levels, 

the relative abundances of daphniids from the Daphnia longispina species complex (Daphnia 

ambigua, Daphnia dubia, Daphnia mendotae, Daphnia longiremis, and Daphnia retrocurva) 

declined in post-industrial (modern) sediments in all but one of 37 lakes (Jeziorski et al. 2012a). 

Dickie Lake, the single lake where declines in the Daphnia longispina species complex was not 

detected, had Ca levels that increased from 2.1 mg/L to 3.2 mg/L in the late 1990s, following 

additions of calcium chloride (CaCl2) as a dust suppressant to gravel roads (Shapiera et al. 2012). 

As the relative abundances of the Daphnia longispina species complex declined in the modern 

sediments of 36 lakes (Jeziorski et al. 2012a), there was a concomitant increase in the relative 
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abundances of the Daphnia pulex species complex (Daphnia catawba, Daphnia pulex, and 

Daphnia pulicaria), Bosmina and Holopedium glacialis (Table 2.4). In contrast, as the Daphnia 

longispina species complex increased in the sediment profile of Dickie Lake, the relative 

abundances of the Daphnia pulex species complex and Holopedium glacialis also increased, but 

bosminid relative abundances declined (Shapiera et al. 2012) (Table 2.4). When low- and high-Ca 

lakes were considered separately, contrasting responses were observed in the two categories. 

Daphniid relative abundances declined in lakes with current Ca <1.5 mg/L, the laboratory-derived 

reproduction threshold, while bosminid relative abundances increased. Conversely, in lakes with 

Ca >2 mg/L daphniid relative abundances increased as bosminid relative abundance declined 

(Table 2.5). Where aqueous Ca has declined, Ca-rich daphniids may be at a competitive 

disadvantage against species with much lower Ca content such as bosminids and Holopedium 

glacialis (Yan et al. 1989).  

 Although most paleolimnological studies observed reductions in daphniid relative 

abundances in lakes with Ca <1.5 mg/L, there is varied response to low Ca within daphniid species 

complexes. Although species within the Daphnia pulex species complex cannot be distinguished 

in the paleolimnological record, plankton samples taken from the study lakes revealed that 

Daphnia catawba was the dominant daphniid present in lakes with Ca <1.5 mg/L (Jeziorski et al. 

2012b). Higher abundances suggest that Daphnia catawba has greater tolerance to low Ca than 

other members in the same species complex and would also explain why relative abundances of 

Daphnia pulex species complex increased in modern sediments. Cairns (2010) similarly observed 

no change in the occurrence of Daphnia catawba with falling Ca in her survey of 304 Ontario 

lakes confirming Cairns and Yan’s (2009) prediction that smaller daphniids including Daphnia 

catawba have lower Ca lethal thresholds and Ca saturation points allowing them to persist in lake 
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with lower Ca levels than their larger counterparts. This prediction requires additional 

experimental examination.  

 The Ca content of zooplankton varies among and within species, depending on body size, 

life stage, and ambient Ca in the water. The Ca content of daphniids is certainly high (1%-7% DW) 

compared to other non-daphniid cladocerans (0.04%-2.32% DW) and copepods (0.05%-0.4% 

DW) (Table 2.6). Surface area to volume ratio decreases with increased body size and the majority 

of post-moult Ca extracted from the water is deposited in the carapace to make a calcified 

exoskeleton. Therefore, increased body size should result in decreased carapace Ca-content 

(Alstad et al. 1999), assuming that carapace calcification does not vary with body size. This 

prediction, however, does not apply to most daphniids. Large daphniids have higher Ca content 

(e.g., 5.2% DW for Daphnia mendotae) compared to smaller daphniids (e.g., 0.8% DW Daphnia 

cristata) (Table 2.6). Juveniles, however, on average, have higher Ca content than adults (e.g., 

3.35% DW versus 2.79% DW) cultured under similar laboratory conditions (Table 2.6). 

Differences in Ca content between life stages is not surprising since juveniles have a larger surface 

to body volume ratio, and therefore has a greater Ca demand than adults in order to overcome 

“juvenile bottleneck” that is associated with Ca deficiency (Hessen et al. 2000). 

 Smaller daphniids generally have low Ca content, suggesting that these animals may require 

less Ca to make a calcified, albeit thinner carapace compared to their larger counterparts. This may 

have implications for predator-prey relationships as small daphniids with thinner carapaces could 

be easily crushed and without a defence mechanism, there would be more successful predator 

attacks. To date, our knowledge on daphniid response to predators in low Ca is limited to Daphnia 

pulex and Chaoborus americanus larvae. In this predator-prey relationship, Daphnia pulex 

defences were impaired resulting in weaker carapaces, and a smaller body size in low Ca 
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environments in the presence of Chaoborus (Riessen et al. 2012); as such, further research is 

required for other daphniids found on the Canadian Shield.  

 [Ca] of the ambient water can also influence the Ca content of daphniids. The Ca content of 

Daphnia pulex, Daphnia catawba, and Daphnia ambigua cultured in the laboratory at 2.5 mg Ca/L 

was four to seven times lower (Table 2.6) than from populations collected from the wild from 

higher Ca lakes (Jeziorski et al. 2015). Jeziorski and Yan (2006) similarly observed significant 

differences between the Ca content of Daphnia catawba and Daphnia pulex collected from lakes 

ranging widely in [Ca]. The influence of the [Ca] of the water on the Ca content of an individual 

is, however, not limited to daphniids. The Ca content of Bosmina freyi cultured in FLAMES 

medium at 2.5 mg Ca/L was three times lower than related taxa collected in the field (Table 2.6); 

however, unlike Daphnia pulex and Daphnia catawba, there were no significant differences in Ca 

content for Bosmina collected from lakes of varying [Ca] (Wærvågen et al. 2002). 

 Non-daphniid cladocerans, for the most part, have lower Ca content than daphniids (0.04%-

0.8% DW). The low Ca content of Holopedium glacialis is not surprising, since this species is 

covered by a transparent, gelatinous, polysaccharide mantle, lacks a calcified carapace, and is often 

a dominant species in low Ca lakes in Norway (Wærvågen et al. 2002), and Canada (Jeziorski et 

al. 2015). However, there are some non-daphniid cladocerans that have higher Ca content 

compared to other species in the non-daphniid cladoceran group. The littoral taxa Disparalona sp., 

Pleuroxus truncatus, Scapholebris rammneri, and Alona rectangula (1.46%-2.32% DW) were on 

par with other daphniids (Table 2.6). The Ca content of these littoral species would suggest that 

Ca-rich daphniids may not be the only cladocerans to be impacted by declining Ca; however, this 

possibility has not been tested to date. Since the majority of non-daphniid cladocerans are small, 

we would expect them to have large surface area to volume ratios and therefore, higher Ca content; 
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however, this is not the case as they have low Ca content that ranged from 0.04%-1.2% DW. It is 

possible that these small cladocerans, like daphniids, are able to regulate their Ca through influx 

and efflux rates (Tan and Wang 2010; 2009); as such, these species may have high efflux and low 

influx rates, which could explain their low Ca content. Like smaller daphniids, we are unaware 

how the Ca-content of these small cladocerans may impact their response to predators in low Ca 

environments.  

 Copepods have lower Ca content than daphniids and non-daphniid cladocerans (0.05%-0.4% 

DW) (Table 2.6). The low Ca content of copepods suggests a weakly calcified carapace and 

tolerance to declining Ca; however, there are no studies that have examined the effects of declining 

Ca on copepods and there is no available information on Ca storage within copepods (Greenaway 

1985). Since specific Ca content can vary with body size (e.g., Alstad et al. 1999), it is possible 

that copepod juveniles have greater Ca demands to overcome “juvenile bottleneck” associated with 

Ca deficiency; however, there is no evidence to support our hypothesis. Limited information on 

the Ca content of copepods suggest that we have more to learn; for example, we are unsure (i) how 

copepod life stages would respond to Ca deficiency, (ii) how food supply may impact copepods in 

declining Ca environments, and (iii) how copepods respond to predators in Ca deficient 

environments.  

We have shown that Ca content varies between crustacean zooplankton taxa, with 71% of 

the daphniids having higher Ca concentration (2.4%-7.7% DW) than non-daphniid cladocerans 

and copepods. There is also a positive relationship between body Ca content and the [Ca] in the 

water (Jeziorski and Yan 2006; Alstad et al. 1999; Cowgill et al. 1986); as such, species with high 

Ca content should be more sensitive to declining Ca than their counterparts. We tested this 

hypothesis on the daphniids, since they are the only group for which we have Ca thresholds for 
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survival and reproduction. Although survival is not a key metric for population persistence in 

response to declining Ca, it was the only metric for which we had a Ca threshold for all daphniids 

(Table 2.3). We use survival as a proxy for sensitivity to declining Ca. A measure of sensitivity 

was achieved by averaging the [Ca] threshold listed for each species, where applicable. A similar 

approach was taken for Ca content (Table 2.6). Sensitivity to declining Ca appears not to be 

dependent on the Ca content of daphniids (Figure 2.3).  

 Species with high Ca content (>2.4% DW) such as Daphnia magna, Daphnia pulex, 

Daphnia mendotae, and Daphnia hyalina had low sensitivities to declining Ca. A similar trend 

was observed in daphniids with low Ca content, such as Daphnia cristata, Daphnia longiremis, 

Daphnia longispina, and Daphnia galeata (Figure 2.3). Daphnia tenebrosa and Daphnia cucullata 

were the only daphniids with low Ca content and high sensitivity to declining Ca. As expected, 

Daphnia ambigua and Daphnia catawba have low sensitivities to declining Ca as well as Daphnia 

longiremis, which agrees with the sensitivities described by Cairns (2010). We were unable to 

determine the relationship between sensitivity and Ca content for Daphnia retrocurva, nor for 

Daphnia pulicaria, and Daphnia dubia due to missing data on their Ca content. The majority of 

the Norwegian daphniids have low sensitivities to declining Ca. Our findings are not surprising, 

since soft water lakes in this region have lower [Ca] than lakes in North America, and the daphniids 

from Norwegian lakes have lower Ca content than their North American counterparts (Figure 2.3; 

Table 2.6). Similarly, Ca content for Holopedium glacialis in Norway is lower compared to North 

America, while the Ca content for Diaphanosoma birgei is the same, irrespective of origin.  

 Our findings indicate that Ca content is not a key indicator of the sensitivities of daphniids 

to low Ca. These results also suggest that haemolymph Ca content or some other source of Ca 

within the body might be a better indicator of species response to declining Ca. Ca content as the 
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imperfect metric for daphniid sensitivity was also documented by Tan and Wang (2010) using life 

table experiments and four cladocerans. The daphniids, Daphnia carinata and Daphnia mendotae, 

had higher Ca content but mortality was 100% after 21 and seven days respectively at 0.5 mg Ca/L. 

In contrast to daphniids, the Ca-poor species, Ceriodaphnia dubia and Moina macrocopa, had 

lower influx and higher efflux rates than their Ca-rich counterparts. Survival for Ceriodaphnia 

dubia was better at 0.5 mg Ca/L in contrast to Moina macrocopa that had 100% mortality within 

15 days of birth. The authors suggested that a species response to declining Ca may be dependent 

on the supply of Ca in the environment and the ability of the individual to extract and retain Ca 

from the environment. Water is the major source of Ca for post-moult calcification. The length of 

time required for post-moult calcification is dependent on the [Ca] of the water and the availability 

of food (Greenaway 1985). Unfortunately, regardless of the [Ca] of the water, daphniid moulting 

rate is fixed and therefore, they cannot increase the post-moult time period for Ca influx (Hessen 

et al. 2000). Although food is a minor contributor to the Ca requirements of aquatic organisms, it 

is also necessary for the synthesis of an organic matrix in the endoskeleton in which the Ca will 

be deposited (Greenaway 1985).  

In summary, we found strong evidence that populations of Ca-rich daphniids are damaged 

by environmental Ca decline. However, most laboratory studies have employed Ca-rich daphniids 

such as Daphnia mendotae, Daphnia pulex, and Daphnia magna as test animals, and there is much 

more limited evidence on how declining Ca will affect other daphniids (e.g., Daphnia longiremis, 

Daphnia dubia, and Daphnia retrocurva), other cladocerans and copepods. Specifically, lethal and 

optimum Ca thresholds have not been identified for non-daphniid cladocerans and copepods. There 

is also limited research on the particular effects of declining Ca levels on entire zooplankton 

communities. 
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 To date, possible clonal, or population differences of species to Ca decline have received 

little if any attention. Most studies have employed single clones from single lakes or ponds. Rukke 

(2002b) proves that this research gap might be serious. She compared the sensitivity to declining 

Ca of Daphnia galeata isolated from two lakes, and found the neonates from a low Ca lake (2-3 

mg/L) had higher mortality at 0 mg Ca/L compared to the neonates from a high Ca lake (>10 

mg/L). Clearly, inter-population variation may exist; thus determining how zooplankton 

communities from lakes of varying [Ca] respond to falling Ca is an important knowledge gap. 

Examining how individual taxa and populations from different soft water lakes respond to 

declining Ca is important as there could be local adaptation in which some taxa and populations 

have lower Ca thresholds. We may also see the impact of maternal effects, which would impact 

an offspring’s fitness and survival to environmental variation. Controlled field mesocosm and 

laboratory experiments using daphniids and zooplankton communities from low Ca soft water 

lakes should be conducted to aid our understanding of species response in areas where Ca decline 

is projected to continue. Further research is also required to determine if populations from lakes 

with high and low Ca have different survival thresholds to declining Ca. 

 We have also shown that body Ca content is not a good indicator of daphniid sensitivity to 

declining Ca, and as such, cannot be used to predict how different species will respond to declining 

Ca. Their response may depend on their Ca uptake mechanisms; but there is limited knowledge on 

how the uptake mechanism changes for daphniids, other cladocerans, and copepods in low Ca 

environments. In addition, we are unaware how haemolymph Ca content or other sources of Ca in 

the body may impact a species’ response to declining Ca.  

 Paleolimnological field studies have documented large changes in the relative abundances 

of taxa over recent decades during a time when lake water Ca levels have fallen. However, these 
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studies have drawbacks in taxonomic resolution (Smol 2010), i.e., they cannot currently 

distinguish the daphniid remains of species that have high (e.g., Daphnia catawba and Daphnia 

ambigua) or low (e.g., Daphnia pulicaria and Daphnia mendotae) tolerance to declining aqueous 

Ca, as these species are present in the two species complexes that can be distinguished. 

Paleolimnology could resolve these taxonomic drawbacks by resurrecting or conducting genetic 

analysis on Daphnia ephippia present in the sediments of low Ca lakes to identify those taxa that 

are sensitive or tolerant to Ca decline. The other drawback of paleolimnological studies is it 

provides mainly correlational information during a time when many limnological variables have 

been changing. Nonetheless, we have few, if any, other sources of information that provide such 

long monitoring records.  

  Given that multiple stressors are impacting lakes on the Canadian Shield, we need more 

studies that investigate Ca decline as one among many stressors. Although some laboratory 

experiments have included secondary stressors, there are few studies that have adopted a multiple 

stressor approach in the field (e.g., Palmer and Yan 2013; Cairns 2010). As such, further field 

research is required to increase our knowledge on multiple stressor impacts on zooplankton 

communities. One such combination of stressors is the possible joint impacts of predation from 

the invading zooplanktivore, Bythotrephes, in Shield lakes that are also suffering widespread, and 

long-term Ca decline.  

 

How does the presence of both Bythotrephes and declining calcium impact 

zooplankton? 

Across Canadian Shield lakes, Bythotrephes has colonized both large and small lakes that are 

experiencing Ca decline. Only one study has considered how zooplankton might respond to both 
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stressors. Using data from a large-scale field survey of 34 lakes that were sampled repeatedly in 

the 1980s and then again in 2004 to 2005, Palmer and Yan (2013) examined the effects of changes 

in physicochemical parameters and Bythotrephes on crustacean zooplankton assemblages. Total 

zooplankton abundance decreased whereas species richness and diversity increased over time 

across all lakes; however in invaded lakes, both metrics decreased. Changes in community 

composition of crustacean zooplankton were detected in response to Bythotrephes and water 

quality changes. Bythotrephes had a negative effect on species richness and diversity. Interactions 

between declining TP and Bythotrephes and between Ca and mean autumn lake temperature 

negatively impacted small cladoceran abundance; however, a direct interaction between 

Bythotrephes and Ca on zooplankton communities or on individual species was not detected. As 

the survey was designed to investigate multiple stressor impacts and their interactions at a regional 

scale, and as it was conducted not too long after the Bythotrephes invasion of local lakes, the study 

had only five invaded lakes and the number of lakes was not balanced around a putative Ca 

threshold. Thus the study was not ideally designed to detect any combined effect of Bythotrephes 

and low Ca, and indeed this was not the study’s intent.     

 Bythotrephes is quite tolerant of low environmental Ca levels. It has very low body Ca levels 

and can produce many offspring at 1.5 mg Ca/L in the laboratory (Kim et al. 2012). As such, it is 

unlikely that the spread of Bythotrephes will be affected by Ca decline. Bythotrephes is found in 

Norwegian lakes with Ca levels as low as 0.4 mg/L (Wærvågen et al. 2002), suggesting that Ca 

levels in Canadian Shield lakes are certainly not now, nor will they ever be low enough to be lethal 

to Bythotrephes. Therefore, it is likely that crustacean zooplankton in Canadian Shield lakes will 

experience both stressors simultaneously, i.e., falling Ca will not itself harm Bythotrephes directly. 

To understand how low Ca and Bythotrephes could impact zooplankton, we built a conceptual 
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model (i.e., a hypothesis of potential biotic and abiotic interactions) of how Bythotrephes and 

declining Ca might influence the birth and death rates, and thus the population sizes of 

zooplankton. Due to its tolerance to low Ca, we did not include any direct effects of Ca decline on 

Bythotrephes in the model.    

 

Conceptual model 

Bythotrephes remain in the epilimnion or upper metalimnion in most lakes, where there is enough 

light for them to hunt, thus we did not include a Bythotrephes migration component in the 

conceptual model. On the other hand, in the presence of Bythotrephes, some of their daphniid prey 

do vertically migrate into hypolimnetic waters (Pangle et al. 2007; Lehman and Cáceres 1993), 

whose cold waters will slow growth rates. We included this proven possibility in the conceptual 

model. With such predator-induced migrations, reduced growth rates would lower daphniid birth 

rates while also reducing death rates by predation, both a cost and a benefit. Bythotrephes also 

increase prey death rates directly through predation, thus reducing population size (Figure 2.4). 

From laboratory-derived thresholds we know that Ca levels at or around 0.5 mg/L are lethal to 

daphniids and 1.5 mg/L is a threshold at which reproduction can fall. Ca levels in Canadian Shield 

lakes are not low enough, as yet, to be directly lethal to daphniids, but many lakes have Ca <1.5 

mg/L (Jeziorski et al. 2015, 2008), and at such levels, several daphniid species may experience 

reduced growth that delays maturation and primiparity (Figure 2.4).   

 With our conceptual model, we are able to assess the sensitivities of different crustacean 

zooplankton to both stressors at an aggregated level. Presently, daphniids appear to be sensitive to 

both stressors since Bythotrephes directly impacts them through predation and declining Ca can 

reduce their birth rates and thus, their population size. The model can also be expanded to examine 



54 
 

the effect of both stressors on small cladocerans (Figure 2.4) that are negatively impacted by 

Bythotrephes (Table 2.2; Figure 2.1), and for which we have limited information on their impacts 

with declining Ca (Table 2.3). A similar exercise was pursued for copepods (Figure 2.4). 

Bythotrephes negatively impacts small cladocerans through predation, reducing their abundances. 

Most small cladocerans, with the exception of Daphnia retrocurva, can be considered Ca-poor 

species based on their Ca content or the Ca content of related species (range 0.09%-0.6% DW). 

Copepods are also Ca-poor species with low Ca content (body Ca ranges from 0.05%-0.4% DW) 

but not effected by Bythotrephes in general. Although the conceptual model allows us to explore 

sensitivities to both stressors on zooplankton taxonomic groups, our findings cannot extend to 

higher levels of taxonomic resolution, as it does not include species interaction in terms of 

competition or different responses to both stressors. In addition, our findings may not reflect how 

daphniids, non-daphniid cladocerans, and copepods would respond to Bythotrephes predation in 

high or low Ca in lakes with multiple stressors. Daphniids may use vertical migration, armaments 

(e.g., neck spines), swimming speeds, or morphological changes in helmets and tail spines (e.g., 

Bungartz and Branstrator 2003), as an avoidance response to predation; however, there is no 

existing data, on how migration responses and anti-predator defences may change in the presence 

of both stressors.      

 To determine the sensitivity of daphniids, small cladocerans, and copepods (for which we 

have data) to both stressors, we examined the additive joint sensitivity of each species using the 

following criteria. Where negative impacts on a species by Bythotrephes was documented >10 

times (Table 2.2) a six was assigned; six to eight negative impacts, a four; three to five negative 

impacts, a two; and one to two negative impacts, a one. With regards to declining Ca, high 

sensitivity was a six; and low sensitivity, a one. The scores for Bythotrephes and low Ca were 
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subsequently added to get the additive sensitivity value. We determined synergism and antagonism 

for each species based on the likely combined effects of Bythotrephes and low Ca (Table 2.7). 

Based on the additive values, the order of daphniid sensitivity to both stressors was Daphnia 

mendotae and Daphnia retrocurva > Daphnia pulicaria > Daphnia catawba > Daphnia dubia, 

Daphnia longiremis and Daphnia ambigua. Small cladocerans were ordered as Bosmina sp., 

Diaphanosoma birgei, Eubosmina tubicen, Chydorus sphaericus > Ceriodaphnia dubia, and 

copepods, Mesocyclops edax > Leptodiaptomus minutus and Cyclops scutifer (Table 2.7).  

 

Hypothesis 1: synergism on daphniids 

Based on our additive sensitivity values, Daphnia retrocurva appear to be one of the most sensitive 

daphniids to both stressors. Daphnia retrocurva is heavily preyed upon by Bythotrephes (nine out 

of nine studies: Table 2.2), which would increase its death rate and consequently, reduce its 

population size. This species also has a low field prevalence threshold of 1.69 mg/L (±1.15SE) 

(Cairns 2010), making it vulnerable to declining Ca. Daphnia retrocurva may experience an 

additive response from both stressors if Bythotrephes directly impacts it through predation, and 

declining Ca reduces its birth rates relative to death rates. A synergistic response to both stressors 

is likely, since exposure to declining Ca could also reduce Daphnia retrocurva’s anti-predator 

defences (e.g., a less calcified carapace), thus increasing its vulnerability to predation.  

 Daphnia mendotae was the other daphniid with a high additive sensitivity value (Table 2.7). 

As one of the larger daphniids with a Ca content of 5.2% DW (Jeziorski and Yan 2006) and a low 

field prevalence threshold of 1.63 mg/L (±0.59SE) (Cairns 2010), Daphnia mendotae would be 

extremely vulnerable to declining Ca. Mixed responses to Bythotrephes have been documented 

(Table 2.2); but coexistence tends to occur in long-term lake studies (e.g., Harp, Great Lakes). To 
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date, Daphnia mendotae is the only species with a documented diurnal vertical migration that leads 

to increased population abundances post-invasion. Migration to cooler hypolimnetic waters to 

escape predation would result in reduced growth (e.g., Pangle et al. 2007), but would likely lower 

death rates more than birth rates; thus, the population would be maintained despite the presence of 

both stressors. In addition, Daphnia mendotae has fast swimming speeds, so its death rate, 

regardless of migration, may be lower compared to other daphniids, since population increases 

have been observed post-invasion (e.g., Yan et al. 2001). In addition, we are unaware how 

behavioural responses (e.g., migration and fast escape rates) to predation are influenced by 

declining Ca. We therefore conclude that although Daphnia mendotae had a high additive 

sensitivity value, it may not be one of the most sensitive species to both stressors because its’ 

effective anti-predator strategies are unlikely influenced by Ca.  

 Daphnia pulicaria, Daphnia catawba, and Daphnia ambigua populations have been lost in 

invaded lakes in five out of six, three out of three, and two out of two studies respectively (Table 

2.2). Through direct predation, the death rates of these daphniids would increase and ultimately 

decrease their population size. Since Daphnia pulicaria has a higher frequency of negative impacts 

than the others, we would expect its death rate to be higher thereby resulting in a smaller population 

size compared to Daphnia catawba and Daphnia ambigua. Daphnia pulicaria has a high optimum 

Ca threshold of 16.1 mg/L in the field, which suggests that this species has high Ca requirements 

and would also be highly susceptible to declining Ca. Like Daphnia retrocurva, we may see an 

additive response of both stressors on Daphnia pulicaria, since it is a preferred prey of 

Bythotrephes (Schulz and Yurista 1999), and has high Ca demands. However, a synergistic 

response is expected since low Ca could impair anti-predator defences for Daphnia pulicaria (e.g., 

a less calcified carapace, and reduced body size), which would increase its vulnerability to 
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Bythotrephes. In addition, in the presence of Bythotrephes, Daphnia pulicaria migrates to 

hypolimnetic waters, whose cold waters would slow their growth rates and therefore lower birth 

rates (Pangle et al. 2007). Death rates would increase and population size would decrease for 

Daphnia catawba and Daphnia ambigua in the presence of Bythotrephes, but the high Ca content 

of Daphnia catawba (4.25% DW) and Daphnia ambigua (3.03% DW) would suggest that these 

species are vulnerable to declining aqueous Ca; however, lower prevalence field thresholds for 

these daphniids could not be determined using Gaussian logistic regression models, which suggests 

that both may have high tolerances for declining aqueous Ca (Cairns 2010). Jeziorski et al. (2015) 

also observed increased abundances for these species in Ontario lakes as Ca levels have declined. 

We therefore expect an antagonistic response on both Daphnia catawba and Daphnia ambigua. 

As larger daphniids such as Daphnia pulicaria decline, these species would likely increase in low 

Ca lakes due to competitive release, which would reduce the magnitude of predation and Ca 

combined. In addition, we expect some predation by Bythotrephes but low Ca would not likely 

impact body size, since smaller daphniids would require less Ca for calcification. 

 Last, negative impacts on Daphnia dubia and Daphnia longiremis associated with 

Bythotrephes invasion have been documented in two out of two and two out of four studies 

respectively; as such, death rates would likely increase and population sizes would decline over 

time in invaded lakes. Both Daphnia dubia and Daphnia longiremis have low prevalence field 

thresholds of 1.58 mg/L (±0.96SE) and 1.26 mg/L (±0.69) (Cairns 2010) respectively, making 

them less susceptible to declining aqueous Ca than Daphnia retrocurva, Daphnia mendotae, and 

Daphnia pulicaria. Like Daphnia catawba and Daphnia ambigua, we would expect an 

antagonistic response on these daphniids, since they would likely increase in low Ca environments 

due to competitive release, and be consumed by Bythotrephes.  
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 Our hypotheses may change in unstratified lakes of various sizes that have no hypolimnion 

or a dark layer for refuge against predation. Cairns (2010) observed reduced frequency of 

occurrence for all daphniids in unstratified lakes with low Ca. We therefore predict that the effects 

of both stressors may be greater in shallow or unstratified lakes. We may lose Daphnia mendotae, 

a common pelagic species that is found in 56%-63% of Canadian Shield lakes (Locke et al. 1994; 

Keller and Pitblado 1984). Daphnia pulicaria, a key herbivore in the aquatic food web would also 

be lost in unstratified lakes with both stressors. Loss of these daphniids along with Daphnia 

retrocurva and Daphnia dubia, could result in the concomitant rise of Daphnia catawba and 

Daphnia ambigua through competitive release; however, these species are also prey for 

Bythotrephes. Over time, we may also see the loss of these daphniids in unstratified lakes with 

both stressors, which may result in the increase of Holopedium glacialis, a species that exhibits 

both a neutral to positive response to Bythotrephes but has a competitive advantage over daphniids 

in low Ca environments (Jeziorski et al. 2015; Hessen et al. 1995) and/or copepods that are Ca-

poor and relatively unaffected by Bythotrephes. 

 

Hypothesis 2: antagonism on small cladocerans 

As one of the preferred prey of Bythotrephes, direct predation would increase small cladoceran 

death rates, ultimately leading to a reduced population. Based on their low Ca content, declining 

aqueous Ca would likely increase their birth rates and population size through release from 

competition as the negative impacts of declining Ca would be greater on daphniids; as such, the 

likely impacts of Bythotrephes and declining aqueous Ca presented supports our hypothesis of an 

antagonistic response on small cladocerans. The additive sensitivity values calculated also 

suggests that small cladocerans are similar to daphniids in their expected response to both stressors. 



59 
 

Additive effects were similar for most of the small cladocerans but were higher than Daphnia 

catawba, Daphnia longiremis, Daphnia dubia, and Daphnia ambigua (Table 2.7). Higher additive 

effects for small cladocerans compared to some small (e.g., Daphnia ambigua) and medium-sized 

(e.g., Daphnia dubia) daphniids suggest that body size does not play a key role in species response 

to both stressors.  

 

Hypothesis 3: no effect on copepods 

Unlike small cladocerans and daphniids, we expected no effect of Bythotrephes, declining Ca or 

both on copepods since (i) copepods are relatively unaffected by Bythotrephes, and (ii) their Ca 

content suggests tolerance to declining Ca. However, we saw some response at the species level. 

Mesocyclops edax was the only copepod with an additivity value comparable to small cladocerans 

(mainly driven by its susceptibility to Bythotrephes), and the additivity values for Leptodiaptomus 

minutus, and Cyclops scutifer were low and similar to Daphnia ambigua, Daphnia catawba, 

Daphnia dubia, and Daphnia longiremis (Table 2.7).  

 

As we pointed out earlier, Ca content represents the Ca demand of a species but does not 

indicate how the species will cope with Ca deficiency. In addition, there are no existing 

experimental data about the effects of declining Ca for non-daphniids and copepods. Nevertheless, 

based on our joint effects assessment, zooplankton susceptibility to both stressors may be more 

pronounced at the species level. If we combine what is known and projected for species response 

in lakes with both stressors, declining Ca will negatively impact the larger daphniids such as 

Daphnia pulicaria that would allow the increase of small cladocerans (including small daphniids) 

and copepods through competitive release (e.g., Jeziorski et al. 2015). Bythotrephes, in turn, would 
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reduce the abundance of small cladocerans and daphniids, leaving a community dominated by 

copepods and Holopedium glacialis. This double impact on daphniids is an example of negative 

species co-tolerance (Vinebrooke et al. 2004), a form of synergistic interaction in which the 

presence of one stressor increases the effect of the other stressor.  

 Our hypotheses on how a particular group or individual species may respond to Bythotrephes 

and declining aqueous Ca may not reflect what happens in reality as invaders can modulate the 

impact of other stressors, making it harder to distinguish their individual effects (Strayer 2010). 

Ecological surprises (sensu Paine et al. 1998) that result from synergistic, antagonistic, or additive 

effects (Folt et al. 1999) are also possible. Nevertheless, we can test our hypotheses using 

controlled field experiments such as mesocosms and/or data from large-scale field surveys. 

Mesocosms are advantageous in providing a semi-natural and reasonably controlled environment 

(Townsend et al. 2008). Use of zooplankton communities in field experiments would allow for the 

identification of those species within the community that are most sensitive to either Bythotrephes 

or declining Ca, as well as the integration of ecological processes (e.g., food web dynamics) that 

naturally occur in lake ecosystems (Culp et al. 2000). Field surveys of a large number of invaded 

lakes could provide information on how a community with varying functional and life-history 

attributes may respond to Bythotrephes and declining Ca, and show patterns that may arise in the 

community because of both stressors (Thrush et al. 2008).  

 

SUMMARY 

The literature is clear that Bythotrephes exerts a negative effect on crustacean zooplankton at least 

for a few decades after invasion, but as Ca decline has been studied mainly on daphniids, we do 

not yet know the overall effects of Ca decline on zooplankton communities. However, given their 
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Ca requirements and their general sensitivity to Bythotrephes we do expect daphniids to be the 

most sensitive species to both Bythotrephes and declining Ca. It is unclear, however, how other 

zooplankton, cladocerans as a taxonomic group, and the zooplankton community will respond in 

lakes with both stressors.  

 Bythotrephes are found in lakes with Ca <0.5 mg/L in Norway (Kim et al. 2012); however, 

in south-central Ontario, we are at an early stage of the Bythotrephes invasion. Of the 179 invaded 

inland lakes in Ontario (EDDMaps Ontario 2015) for which we have Ca data (i.e., 147 lakes), 22 

lakes currently have Ca levels <2 mg/L, and 5 have Ca <1.5 mg/L (Ministry of the Environment 

and Climate Change, Dorset Environmental Science Centre, Dorset, Ontario, unpublished data). 

Such a small representation of invaded, low Ca lakes suggests that the prevalence of both stressors 

in combination is not yet widespread. In addition, although 27 Ontario lakes with both stressors is 

minor relative to the number of lakes on the Canadian Shield, as Bythotrephes spreads through 

regions where Ca levels are declining, we are likely to see an increase in the co-occurrence of these 

stressors.  

 Nonetheless, we have to consider that (i) we have likely underestimated the number of 

invaded lakes, (ii) the presence of more than one stressor in an ecosystem could result in 

indistinguishable direct and indirect causal linkages among multiple drivers (Didham et al. 2005), 

(iii) communities within ecosystems may vary in response to multiple stressors because different 

interactions may occur between the component species (Crain et al. 2008), and (iv) multiple 

stressors effects may be unpredictable - biotic and abiotic factors and the magnitude of either 

stressor could change, thereby dictating how individual species may respond to the stressors 

present (Breitburg et al. 1998). The complexity of these factors suggest that we may not be able to 

predict the possible impacts of the co-occurrence of Bythotrephes and declining Ca on zooplankton 
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in any particular Canadian Shield lake with confidence. Nevertheless, on average, and in lakes 

with both stressors, we expect to see the loss of large daphniids such as Daphnia pulicaria, a key 

herbivore in the aquatic food web. Over time, we expect the loss of other daphniids (e.g., Daphnia 

retrocurva and Daphnia dubia) and small cladocerans, with lake communities dominated by 

Holopedium glacialis and/or copepods. Indeed, we have some field evidence that these changes 

are already occurring (e.g., Jeziorski et al. 2015).   

 The conservation and management of Shield lakes may depend on our ability to understand 

the simultaneous influence of the stressors present. The unpredictability of multiple stressors and 

the varied response that can be seen in lake ecosystems supports further research on multiple 

stressors on zooplankton within Canadian Shield lakes. Research on the likely impacts of 

Bythotrephes and Ca decline on zooplankton communities is crucial since Bythotrephes is 

spreading rapidly despite declining Ca, and daphniids appear to be the group most likely to be 

extirpated. We suggest that controlled field experiments and large-scale lake surveys will be useful 

to predict the interacting effects on zooplankton of Bythotrephes and declining Ca.   
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Table 2.1. Comparison of calcium content of different groups of heavily calcified organisms. 

 

Organism Ca content (% DW) Reference 

Daphniids 2-8 Jeziorski and Yan (2006) 

Molluscs 8-30 

20-30 

37-39 

Baby et al. (2010)  

Scheuhammer et al. (1997) 

Jurkiewicz-Karnkowska (2005) 

Decapods 13.5-33.4 

15.3-28 

Edwards et al. (2015)  

Huner and Lindqvist (1985) 

Amphipods ~4.4-12.7g Rukke (2002a) 
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Table 2.2. Bythotrephes longimanus impacts on zooplankton community attributes in different studies and study design categories. Results are 

classed as: -, negative effect; +, positive effect; 0, no effect, based on statistical significance. Letters in the table legend provide the study identity. 

 

Variable Field survey Experiment 

Lake survey Long-term study  

Harp Lake 

Long-term study 

Great Lakes 

Field mesocosms  Laboratory  

Crustacean zooplankton 

Abundance 

Richness 

Diversity 

Biomass 

Productivity 

 

-(a), 0(f) 

-(a, o), -(f) 

-(o) 

-(f) 

-(m) 

 

-(c) 

-(b, c, d) 

NA 

NA 

NA 

 

+(n), 0(j) 

-(j), +(n)  

NA 

NA 

NA 

 

-(g), -(h) 

0(g) 

0(g) 

-(g), -(h) 

NA 

 

NA 

NA 

NA 

NA 

NA 

Order Cladocera  

Abundance 

Richness 

Diversity 

Biomass 

Productivity 

 

-(a, f) 

-(a, f, o) 

-(a) 

NA 

-(m),  0(m) 

 

-(c) 

-(b) 

NA 

NA 

NA 

 

-(j, n) 

NA 

NA 

NA 

NA 

 

-(g), 0(g) 

NA 

NA 

NA 

NA 

 

NA 

NA 

NA 

NA 

NA 

Subclass Copepoda 

Abundance 

Richness 

Diversity 

Biomass 

Productivity 

 

-(a), 0(f) 

0(a, f) 

0(a) 

NA 

-(m) 

 

0(c) 

NA 

NA 

0(d) 

NA 

 

0(j), +(n) 

NA 

NA 

NA 

NA 

 

-(g), 0(g) 

NA 

NA 

-(g) 

NA 

 

NA 

NA 

NA 

NA 

NA 
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Variable Field survey Experiment 

Lake survey Long-term study  

Harp Lake 

Long-term study 

Great Lakes 

Field mesocosms  Laboratory  

Cladocera species 

Bosmina 

Holopedium glacialis 

Eubosmina tubicen 

Eubosmina longispina 

Leptodora kindtii 

Daphnia longispina 

Daphnia pulicaria 

Daphnia mendotae 

Daphnia catawba 

Daphnia longiremis 

Daphnia ambigua 

Daphnia retrocurva 

Daphnia dubia 

Sida crystallina 

Diaphanosoma birgei 

Chydorus sphaericus  

Polyphemus pediculus 

Acroperus harpae 

Alona sp. 

Ceriodaphnia lacustris  

 

-(a, f, o), 0(u) 

-(a), 0(o, u), +(x) 

-(a, o) 

+(o) 

-(a, o, s, v) 

NA  

+(o) 

-(a), +(o, u) 

-(a, f, o) 

-(a), 0(o) 

-(a, o) 

-(a), 0(o) 

-(f, o) 

-(a, f, o) 

-(a, f, o) 

-(a, f), 0(o) 

-(a, o) 

-(a) 

-(o) 

-(o) 

 

-(b, c, d, e) 

+(c, d, e) 

-(b, c, d) 

NA 

-(b, d) 

 NA  

NA 

+(c, d, e) 

NA 

NA 

NA 

-(b, c, d) 

NA 

NA 

-(b, c, d, e) 

-(b, c, d, e) 

NA 

NA 

NA 

NA 

 

+(i, j), -(l, n, q) 

-(j, l), 0(n) 

NA 

NA 

-(i, j, l, n) 

NA  

-(i, j, k, l) 

-(j, q, n), +(i, k, l) 

NA 

+(j) ,-(n) 

NA 

-(i, j, k, l, n, q) 

NA 

-(n) 

-(j, n) 

-(n) 

NA 

NA 

NA 

-(n) 

 

-(h) 

+(g), -(h) 

NA 

NA 

NA 

-(h)  

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

-(h) 

 

-(t) 

-(t) 

NA 

NA 

NA 

 NA 

-(t) 

-(p, r, t) 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
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Variable Field survey Experiment 

Lake survey Long-term study  

Harp Lake 

Long-term study 

Great Lakes 

Field mesocosms  Laboratory  

Copepod species 

Acanthocyclops sp. 

Mesocyclops edax 

Leptodiaptomus minutus 

Leptodiaptomus sicilis 

Diacyclops thomasi 

Epischura lacustris 

Tropocyclops extensus 

Eucyclops agilis 

Eucyclops elegans 

Senecella calanoides 

Cyclops scutifer 

Skistodiaptomus oregonensis 

Skistodiaptomus reighardii 

 

-(a) 

-(a, f, o) 

-(a), 0(o) 

NA 

-(a), +(o) 

-(a), +(o) 

0(o) 

-(o) 

+(o) 

+(o) 

-(o), 0(u) 

-(o) 

-(o) 

 

NA 

-(b, c, d) 

NA 

 +(d) 

NA 

NA 

-(d, e) 

NA 

NA 

NA 

NA 

NA 

NA 

 

NA 

-(j, l) 

-(w) 

 +(n), -(w) 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

 

NA 

NA 

-(g) 

 NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

 

NA 

NA 

-(w) 

 0(w) 

 -(w) 

-(t) 

NA 

NA 

NA 

NA 

NA 

NA 

NA 
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aStrecker et al. (2006); survey of 20 lakes. 
bYan et al. (2002); survey of Harp Lake. 
cYan et al. (2001); survey of Harp Lake. 
dYan and Pawson (1997); survey of Harp 

Lake. 
eDumitru et al. (2001); diel samples over a 24 

hour period. 
fBoudreau and Yan (2003); single mid-

summer sampling. 
gStrecker and Arnott (2005); 30 day 

mesocosm experiment in Canada. 
hWahlström and Westman (1999); 21 day 

mesocosm experiment in Sweden. 
iLehman and Cáceres (1993); time series data 

in Lake Michigan. 
jBarbiero and Tuchman (2004); multiple 

stations in lakes Michigan, Erie, and Huron.  
kLehman (1991); time series data in Lake 

Michigan. 
lMakarewicz et al. (1995); multiple stations in 

Lake Michigan. 
mStrecker and Arnott (2008); survey of eight 

lakes.  
nFernandez et al. (2009); Lake Huron, 10 

sample sites in South Bay. 
oKelly et al. (2012); comparison of 212 lakes 

in Canada and 342 lakes in Norway.  
pBourdeau et al. (2013); Daphnia mendotae 

and water-borne cues ({P/A}). 
qPangle et al. (2007); surveys in lakes Erie 

and Michigan at multiple stations. 
rPangle and Peacor (2006); Daphnia 

mendotae and Bythotrephes karimones. 

sFoster and Sprules (2009); survey of eight 

lakes. 
tSchulz and Yurista (1999); prey preference of 

Bythotrephes in Lake Michigan. 
uHessen et al. (2011); survey data of 1541 

lakes (sampled 1970-2000) and 400 lakes 

(sampled 1998-1992) in Norway. 
vWeisz and Yan (2011); survey of 193 lakes: 

single stations. 
wBourdeau et al. (2011); field and laboratory 

experiments in Lake Michigan. 
xJeziorski et al. (2015); paleolimnological 

analysis and survey of south-central Ontario 

and Nova Scotia lakes. 
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Table 2.3. Calcium threshold and threshold responses on daphniids observed in laboratory and field studies. 
 

Species [Ca] used (mg/L) 

&/or 2° stressor 

[Ca] threshold 

(mg/L) 

[Ca] threshold 

response 

Reference Notes 

Laboratory experiments 

Daphnia magna 0.5, 1.0, 5.0, 10.0, 

20.0 

5.2 - 10.0 Saturationa Alstad et al. 

(1999) 

Ten day experiment using neonates. Ca % 

DW measured in adults. Incomplete 

calcification below 5 mg/L with significant 

differences in Ca content between 5 and 10 

mg/L. No significant difference between 10 

and 20 mg/L. 

Daphnia magna 

 

0.1, 0.5, 1.0, 5.0, 

10.0 and High 

(0.4 - 0.8 mg C/L) 

and Low (0.1 - 

0.4 mg C/L) food

  

0.1 - 0.5  

(high food)  

 

 

 

0.5 - 5.0  

(high food) 

 

5.0 - 10.0  

(low food) 

Survival  

 

 

 

 

Reduced 

reproduction 

Hessen et al. 

(2000) 

Thirty day experiment using neonates. 

Neonates survived at 0.5 mg/L for 10 d but 

100% mortality by day 30. One individual 

reproduced at 0.1 mg/L but all animals died 

within 48 h. 

Thirty day experiment using neonates. D. 

magna reared at high food and different 

ambient Ca did not produce 3rd and 4th 

clutches between 0.5 and 5 mg/L. Second 

reproduction occurred between 1 and 10 

mg/L. 
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Species [Ca] used (mg/L) 

&/or 2° stressor 

[Ca] threshold 

(mg/L) 

[Ca] threshold 

response 

Reference Notes 

Daphnia pulex 0.5, 1.5, 2.5, 5.0 

and Chaoborus 

americanus 

karimones (P/A) 

0.5 - 1.5 Reduced 

development of 

anti-predator 

defences 

Riessen et al. 

(2012) 

Six day experiment using juvenile instars, in 

which the anti-predator defences normally 

develop. 

Daphnia pulex 0.1, 0.5, 1.5, 2.0, 

5.0, 10.0, High 

(30µg/L) and 

Low (3µg/L) 

food, and four 

temperatures 

(20°, 24°, 28°, 

32°C) 

0.1 - 0.5  

(no influence of 

food or 

temperature) 

Survival  Ashforth and 

Yan (2008) 

Fifteen day experiment using neonates. 0% 

survival at 0.1 mg/L within 10 days at 20°C; 

60% survival and reproduction at 0.5 mg/L; 

0% reproduction at 32°C irrespective of 

food source.  0.5 - 1.5 (high 

temperature, 

low food) 

Reduced 

reproduction 

Daphnia pulex 5.0 and 20.0, 

cyanobacteria 

(good and poor 

food), and two 

temperatures 

(25°, 29°C) 

5.0  Survival Jiang et al. 

(2014) 

Life table experiments using 20 neonates 

within 24 h of birth. A decline in aqueous 

Ca from 20mg/L to 5 mg/L, decreased D. 

pulex fitness regardless of food type and 

temperature. 
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Species [Ca] used (mg/L) 

&/or 2° stressor 

[Ca] threshold 

(mg/L) 

[Ca] threshold 

response 

Reference Notes 

Daphnia galeata 0.0, 1.0, 2.0, 5.0, 

10.0 and 

populations from 

Lake Erken (>10 

mg/L) and Lake 

Ånnsjön (2-3 

mg/L) 

>10.0 (Lake 

Erken 

population) 

Saturation Rukke 

(2002b) 

Mean specific Ca % DW measured in adults 

reared for 7 d. Significant differences 

observed between 2 and 5 mg/L and 5 and 

10 mg/L in Lake Erken populations. 

2.0 - 5.0 (Lake 

Ånnsjön 

population) 

Saturation Mean specific Ca % DW measured in adults 

reared for 7 d. Significant difference 

observed between 1 and 2 mg/L and 2 and 5 

mg/L in Lake Ånnsjön populations. 

0.5 - 2.2 Survival Seven day experiment using neonates and 

adults. At 0.5 mg/L: Lake Ånnsjön 

(neonates, 0% and adults 60% survival) and 

Lake Erken (neonates 80% survival and 

adults 100% survival).  

Daphnia magna 

Daphnia tenebrosa 

  

0.5, 1.0, 5.0, 10.0 

and UV radiation 

(35.95 W/m2 over 

300-400nm)  

5.0 - 10.0  

(D. magna) 

Saturation Hessen and 

Rukke (2000) 

Mean specific Ca % DW measured in adults 

reared for 10 d. Significant difference 

observed between 5 and 10 mg/L. 

0.5 - 5.0  

(D. magna) 

0.5 - 10.0  

(D. tenebrosa) 

Survival 20% mortality at 0.5 mg/L at 6 h of UV 

exposure for D. tenebrosa and 100% 

mortality within 24 h for D. magna.  
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Species [Ca] used (mg/L) 

&/or 2° stressor 

[Ca] threshold 

(mg/L) 

[Ca] threshold 

response 

Reference Notes 

1.0 - 5.0  

(D. tenebrosa) 

Saturation Mean specific Ca % DW measured in adults 

reared for 10 d. Significant difference 

observed between 1 and 5 mg/L. 

Field studies 

Daphnia cristata 

Daphnia cucullata 

Daphnia hyalina 

Daphnia galeata 

Daphnia longispina 

NA 

NA 

NA 

NA 

NA 

~1.1 

~4.3 

~0.5 

~0.7 

~0.6 

P/Ab 

P/A 

P/A 

P/A 

P/A 

Hessen et al. 

(1995) 

Lake survey (n=346) in Norway with a Ca 

gradient of 0.4 to 44 mg/L 

Daphnia longiremis 

Daphnia dubia 

Daphnia mendotae 

Daphnia retrocurva 

Daphnia pulicaria 

Daphnia ambigua 

Daphnia catawba 

NA 

 NA 

NA 

NA 

NA 

NA 

NA 

1.26c - 2.76d 

1.58 - 2.82 

1.63 - 4.87 

1.69 - 3.28 

16.1d 

NTDe 

NTD 

P/A 

P/A 

P/A 

P/A 

P/A 

P/A 

P/A 

Cairns (2010) Lake survey (n=304) of stratified and 

unstratified lakes in the Muskoka-

Haliburton region. P/A analysed using 

Gaussian or logistic regression, with 

threshold identified from the probability of 

50% presence.  

Daphnia pulex 1.1, 1.3, 1.4, 2.3 

and natural vs 

artificial food 

levels  

1.3 (natural 

food levels) 

Survival Cairns (2010) Microcosm study (n=4) in the Muskoka-

Haliburton region 
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aExposure concentration where there is no significant difference in the rate of calcification in comparison 

to other exposure concentrations along an increasing Ca gradient (Cairns and Yan 2009). Calcification is 

generally measured as Ca percentage of total dry weight (Ca % DW).  

 
bP/A indicates presence or absence as defined by field experiments.     

 
cCritical lower threshold (ip) - the [Ca] where the greatest reduction in daphniid presence along a Ca 

gradient occurs (Cairns 2010). 

 
dProbability of 50% presence (u) - maximum Ca at which a species was observed (Cairns 2010).  

 
eNTD indicates that no threshold was detected and that these species are not sensitive to low Ca (Cairns 

2010). 
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Table 2.4. Effects of calcium decline on daphniid complexes, Bosmina, and Holopedium glacialis. Changes 

in the relative abundance of cladoceran remains from pre-industrial (“bottom”) to modern (“top”) sediments 

are classed as: D-decreased, and I-increased. A similar classification is used for the only full sediment 

profile study included. Superscript labels in the table legend provide the study identity.  

   

Species Change in 

modern 

sediments 

Sediment 

profile 

changes 

Daphnia longispina species complex 

(D. ambigua, D. dubia, D. mendotae, D. longiremis, D. 

retrocurva) 

Db Ia 

Daphnia pulex species complex 

(D. catawba, D. pulex, D. pulicaria) 

Ib Ia 

Bosmina Ib,c,d Da 

Holopedium glacialis Ib,c,e Ia 
aShapiera et al. (2012); Dickie Lake, Muskoka. Dust suppression programme in the late 1990s raised [Ca] 

to >2.5 mg/L. 

bJeziorski et al. (2012a); 36 Muskoka-Haliburton lakes along a Ca gradient of 1-3 mg/L. 

cKorosi and Smol (2012a); 48 lakes in Nova Scotia. 

dKorosi and Smol (2012b); 4 lakes in Nova Scotia. 

eJeziorski et al. (2015); paleolimnological analysis and survey of south-central Ontario and Nova Scotia 

lakes. 

 

 

 

 

 

 



74 
 

 

Table 2.5. Effects of calcium decline on daphniids and bosminids in Canadian Shield lakes below and 

above 1.5 mg/L, the laboratory derived reproduction threshold for Daphnia pulex below which, survival, 

reproduction, and fecundity are reduced (Ashforth and Yan 2008). Changes in the relative abundance of 

cladoceran remains from pre-industrial (“bottom”) to modern (“top”) sediments are classed as: D-

decreased, and I-increased. Superscript labels in the table legend provide the study identity.      

 

Species Ca levels (mg/L) 

<1.5 1.5-2.0 2.0-2.5 >2.5 

Daphniids Da,b,c Da,b Ia,b Ia,b,d 

Bosminids Ia,b,c Ia,b Db Db 

aJeziorski et al. (2008); dated lake cores, 43 Muskoka-Haliburton lakes.  
bDeSellas et al. (2011); 42 Muskoka-Haliburton lakes. 
cDeSellas et al. (2008); 42 Muskoka-Haliburton lakes. 
dShapiera et al. (2012); Dickie Lake, Muskoka.  
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Table 2.6. Measured calcium content of crustacean zooplankton species. 
 

Species Ca content (% DW) 

Daphniids 

Daphnia ambigua 3.03a, 0.64f 

Daphnia carinata 1.7-2.8d 

Daphnia catawba 4.25a, 0.62f 

Daphnia cristata 0.8b 

Daphnia cucullata 1.2b 

Daphnia galeata 0.8b, 1.3-2.4d 

Daphnia hyalina 5-7j 

Daphnia longiremis 1.0b 

Daphnia longispina 1.5b 

Daphnia magna 4.4b, 1.99-4.71e, 1.77-3.82e, 1.78f, 7.7h, 2.8-4.8i, 4.2k 

Daphnia mendotae 5.2a 

Daphnia pulex 4.59a, 1.23f, 2.1–4.8g, 3.7h 

Daphnia pulicaria 1.31f 

Daphnia tenebrosa 2.5b, 2.3l 

Other Cladocerans 

Acroperus harpae 0.36c 

Alona rectangula 1.46c 

Alonella excisa 0.38c 

Bosmina freyi 0.09f 

Bosmina longispina 0.3b 

Bosmina sp. 0.32a 

Ceriodaphnia dubia 0.8-1.2d 

Ceriodaphnia quadrangula 0.6b 

Chydorus brevilebris 0.49c 

Chydorus piger 0.43c 

Daphniopsis ephemeralis 0.56c 

Diaphanosoma brachyurum (syn. birgei) 0.2b, 0.18g 

Disparalona sp. 2.32c 

Holopedium glacialis (syn. gibberum) 0.24a, 0.1b, 0.2-0.5g 
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aJeziorski and Yan (2006); survey of nine Muskoka-Haliburton lakes with [Ca] 0.4 to 35 mg/L. 
bWærvågen et al. (2002); survey of 59 Norway lakes.  
cShapiera et al. (2011); survey of three Muskoka-Haliburton lakes with [Ca] 1.4 and 9.5mg/L.  
dTan and Wang (2010); three to six day neonates and [Ca] 2, 20, and 200 mg/L.   
eTan and Wang (2009); four day juveniles and 10 day adults of Daphnia magna cultured in 0.5 and 50 mg 

Ca/L. First set of numbers are for juveniles.  
fJeziorski et al. (2015); supplementary data.   
gYan et al. (1989); survey of Plastic and Red Chalk lakes in Muskoka region.  
hCowgill (1976); chemical composition of laboratory-cultured Daphnia magna and Daphnia pulex. 
iHavas (1985); laboratory experiment on Daphnia magna to assess impact of aluminium at low pH. 
jBaudouin and Ravera (1972); chemical composition of Daphnia hyalina collected from Lago di Monate, 

Italy. 

kAlstad et al. (1999); laboratory experiment on the calcification of Daphnia magna. 

lHessen and Rukke (2000); 10 day adults cultured in 0.5, 1, 5, and 10 mg Ca/L to assess impact of UV 

radiation.  

 

 

 

 

Species Ca content (% DW) 

Limnosida frontosa 0.2b 

Moina macrocopa 0.04-0.07d 

Pleuroxus truncates 2.15c 

Scapholebris rammneri 1.7c 

Copepods 

Acantodiaptomus denticornis 0.4b 

Cyclops scutifer 0.2b 

Eudiaptomus gracilis 0.2b 

Heterocope appendiculata 0.2b 

Leptodiaptomus minutus 0.28a, 0.062-0.063g 

Mesocyclops edax 0.17a, 0.048-0.071g 
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Table 2.7. Sensitivity assessment of Bythotrephes and declining calcium on some zooplankton species. 

Note: Results are classed as: sensitivity to low calcium - six (high) and one (low); negative effects of 

Bythotrephes reported - six to eight (four), three to five (two) and low sensitivity (one). No response (N) or 

a dash (-) is assigned to a species that is not negatively impacted by both Bythotrephes and low calcium or 

where no synergistic (S) or antagonistic (A) response is expected, respectively.   

 

Species Bythotrephes 

assigned score 

Sensitivity to 

Ca decline 

assigned score 

Additive 

sensitivity 

value 

Synergistic/ 

Antagonistic/ 

No response 

Daphniids 

Daphnia ambigua 1 1 2 A 

Daphnia catawba 2 1 3 A 

Daphnia dubia 1 1 2 A 

Daphnia longiremis 1 1 2 A 

Daphnia mendotae 4 6 10 - 

Daphnia pulicaria 2 6 8 S 

Daphnia retrocurva 4 6 10 S 

Small cladocerans 

Bosmina sp. 4 1 5 A 

Ceriodaphnia dubia 2 1 3 A 

Chydorus sphaericus 4 1 5 A 

Diaphanosoma birgei 4 1 5 A 

Eubosmina tubicen 4 1 5 A 

Copepods 

Cyclops scutifer 1 1 2 N 

Leptodiaptomus minutus 2 1 3 N 

Mesocyclops edax 4 1 5 N 
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Figure 2.1. Frequency of impacts observed per species from different study categories. In some cases, a 

single point represents the frequency of impacts for two or more species. Abbreviations for species are: 

Bm: Bosmina; Lk: Leptodora kindtii, Dr: Daphnia retrocurva, Db: Diaphanosoma birgei, Mx: 

Mesocyclops edax, Cs: Chydorus sphaericus, Et: Eubosmina tubicen, Dp: Daphnia pulicaria, Ho: 

Holopedium glacialis, Dm: Daphnia mendotae, Scr: Sida crystallina, Cl: Ceriodaphnia lacustris, Lm: 

Leptodiaptomus minutus, Dc: Daphnia catawba, Da: Daphnia ambigua, Dl: Daphnia longiremis, El: 

Epischura lacustris, Dt: Diacyclops thomasi, Dd: Daphnia dubia, Te: Tropocyclops extensus, Csc: Cyclops 

scutifer, Ah: Acroperus harpae, Pp: Polyphemus pediculus, Ac: Acanthocyclops sp., Al: Alona sp., Ea: 

Eucyclops agilis, Dlg: Daphnia longispina, So: Skistodiaptomus oregonensis, Sr: Skistodiaptomus 

reighardii, Sca: Senecella calanoides, Ee: Eucylops elegans, and Ls: Leptodiaptomus sicilis.    
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Figure 2.2. Bythotrephes longimanus impacts on zooplankton taxonomic resolution. 
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Figure 2.3. Sensitivity of daphniids derived from their sensitivity thresholds (mg/L) for survival to 

declining calcium and based on their mean calcium content (% DW) estimated from field collections. 

Abbreviations for species are: Dh: Daphnia hyalina, Dme: Daphnia mendotae, Dma: Daphnia magna, 

Dpx: Daphnia pulex, Dc: Daphnia catawba, Da: Daphnia ambigua, Dlpa: Daphnia longispina, Dg: 

Daphnia galeata, Dlms: Daphnia longiremis, Dcr: Daphnia cristata, Dcu: Daphnia cucullata, and Dt: 

Daphnia tenebrosa. 
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Figure 2.4. Conceptual diagram of the likely effects of Bythotrephes and declining calcium on daphniids, small cladocerans and copepod 

demographics. 
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Chapter 3  

The effects of Bythotrephes longimanus and calcium 

decline on crustacean zooplankton communities in 

Canadian Shield lakes 
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ABSTRACT  

A decline in calcium concentrations and invasion by Bythotrephes longimanus are two important 

stressors affecting Canadian Shield lakes. Though these stressors often co-occur in Canadian 

Shield lakes, there has been no experimental examination of how they might jointly influence 

zooplankton communities. We conducted a six-week field mesocosm experiment in Havelock 

Lake, Haliburton, Ontario, Canada to examine the individual and joint effects of Bythotrephes and 

calcium along a gradient ranging from 1.2 to 2.6 mg/L on zooplankton communities. Although 

densities of Bythotrephes in our study are unknown, it significantly reduced total zooplankton 

abundance in invaded compared to uninvaded treatments by 46%, with the greatest impacts on 

small cladocerans and daphniids. Low calcium reduced total zooplankton and cladoceran 

abundances. Although Havelock Lake has the lowest calcium concentration among invaded lakes 

in the Muskoka-Haliburton region (1.2 mg Ca/L), an effect of calcium on individual species 

abundances was not detected. Additionally, we did not detect an interactive effect of both stressors. 

Our results suggest that lake calcium concentration may not yet be low enough to effect a strong 

response. However, as Bythotrephes continues to invade low calcium lakes, and as calcium 

concentrations further decline, we may see larger impacts on cladocerans as calcium thresholds 

for reproduction and growth are reached.   

 

INTRODUCTION 

Freshwater ecosystems are increasingly threatened by a variety of anthropogenic stressors such as 

pollution, eutrophication, climate change, and invasive species, resulting in concomitant changes 

in ecosystem function (Hooper et al. 2005; Vinebrooke et al. 2004; Sala et al. 2000). The 

community effects for some individual stressors are well-known (e.g., acid deposition, Havens et 
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al. 1993). However, despite increasing recognition that multiple stressors are now pervasive 

(Halpern et al. 2008; Breitburg et al. 1998) and the single-stressor approach is inadequate to 

explain ecological surprises (sensu Paine et al. 1998) observed in ecosystems, few studies have 

investigated their combined effects. These effects are often unpredictable and can be less than 

(antagonistic) or exceed (synergistic) their expected additive effects (Folt et al. 1999).   

 Over the past decade, two novel stressors have become increasingly important in many soft 

water lakes in south-central Ontario, Canada: the invasion of the voracious zooplanktivore 

Bythotrephes longimanus (spiny water flea; hereafter referred to as Bythotrephes), and declining 

aqueous calcium (Ca).  

 Bythotrephes invaded the Laurentian Great Lakes in the 1980s and has since spread to at 

least 179 inland lakes in Ontario (EDDMaps Ontario 2015), as well as lakes in Manitoba, Canada 

and lakes in Minnesota, Wisconsin, Michigan, New York, Ohio, and Pennsylvania, USA (Global 

Invasive Species Database 2005). Field surveys and experiments provide strong evidence that post-

invasion, the dominant crustacean zooplankton community responses are reductions in species 

richness (Boudreau and Yan 2003; Yan et al. 2002, 2001) due to the loss of cladocerans (Fernandez 

et al. 2009; Strecker et al. 2006; Strecker and Arnott 2005; Barbiero and Tuchman 2004). 

Reductions in cladocerans by Bythotrephes are primarily driven by losses of bosminids and 

daphniids, while copepods are generally unaffected (Azan et al. 2015 and references therein). 

 Many of the clear, nutrient-poor lakes that are susceptible to Bythotrephes, are also 

declining in aqueous [Ca] (Weisz and Yan 2010). A legacy effect from historical regional acid 

deposition, and biomass removal associated with logging within forested watersheds (Watmough 

et al. 2003), declining [Ca] is emerging as an important stressor in hundreds of soft water lakes in 

North America (Jeziorski et al. 2008; Keller et al. 2001) and Europe (Skjelkvåle et al. 2005; 



85 
 

Stoddard et al. 1999; Hedin et al. 1994). Lake water [Ca] is regulated by soil base cation exports 

and direct atmospheric inputs (Watmough and Aherne 2008). As Ca ions within the soil decline, 

export of Ca to lakes also eventually declines (Molot and Dillon 2008). As such, there is growing 

concern that many of the lakes in south-central Ontario will further decline by 10-40% in 

comparison to 1997 [Ca] over the next few decades (Watmough and Aherne 2008). Steady-state 

models also predict that 37% of lakes in south-central Ontario will fall below 1.5 mg Ca/L, while 

8% will fall below 1 mg Ca/L (Reid and Watmough 2016). 

Daphniids are expected to be sensitive to low [Ca] since they are relatively Ca-rich (2-8% 

DW) compared to other zooplankton taxa (Jeziorski and Yan 2006). In low [Ca] conditions, 

Daphnia growth and reproductive rates decline, while mortality rates increase (Azan et al. 2015 

and references therein). Positive correlations between [Ca] and the geographic distribution of some 

daphniid species (Cairns 2010; Wærvågen et al. 2002; Hessen et al. 1995; Tessier and Horwitz 

1990) suggests that declining [Ca] may cause changes in zooplankton community composition and 

ultimately ecosystem functioning. Regional shifts in zooplankton community structure are also 

associated with low [Ca], as daphniid abundances decline and the dominance of taxa that require 

less Ca increase (Jeziorski et al. 2015; Korosi and Smol 2012a; DeSellas et al. 2011; Jeziorski et 

al. 2008).  

Across the Canadian Shield, Bythotrephes has invaded lakes that are experiencing Ca 

decline. However, Bythotrephes is not sensitive to low [Ca]. While Bythotrephes’ survival was 

reduced at 0.1 mg Ca/L, reproduction was not statistically different along a Ca gradient from 0.1 

to 2.6 mg/L (Kim et al. 2012). Individually, Bythotrephes and low [Ca] are likely to impact 

cladocerans. In combination, we would expect a synergistic effect of both stressors on daphniids, 

as low Ca may impair reproduction and increase their vulnerability to Bythotrephes due to the 
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reduction or absence of anti-predator defences (Riessen et al. 2012). As daphniid abundances 

decline, Ca-poor cladocerans (e.g., bosminids) may increase in dominance due to competitive 

release and their ability to thrive in low Ca environments (DeSellas et al. 2011; Hessen et al. 1995). 

Although bosminids are expected to increase, we expect them to exhibit an antagonistic response 

to a combination of both stressors since they are also readily consumed by Bythotrephes. 

Holopedium glacialis and copepods that are tolerant of low Ca and unsusceptible to Bythotrephes 

may thrive under the combined threat of both stressors. Although the presence of Bythotrephes in 

Canadian Shield lakes that are also experiencing Ca decline is likely to amplify the negative 

impacts on some cladocerans, no community-level experiments have been conducted to examine 

this interaction as well as to predict the impacts of these stressors across the regional landscape.   

We tested the individual and combined effects of Bythotrephes and Ca decline on crustacean 

zooplankton communities using a field mesocosm experiment. We hypothesized that in isolation 

(i) Bythotrephes would lower small cladoceran abundances, as they are favoured prey 

(Vanderploeg et al. 1993); and (ii) low Ca would reduce the abundances of the Ca-rich daphniids 

(e.g., Daphnia pulicaria), but increase the abundances of Ca-poor species (e.g., Daphnia catawba, 

bosminids, Holopedium glacialis, and copepods). We also hypothesized that, in combination, 

Bythotrephes and low Ca would have (iii) a synergistic negative effect on daphniids, as low Ca 

impairs their reproduction and may increase their vulnerability to predation due to the reduction 

or absence of anti-predator defences (e.g., carapace thickness, Riessen et al. 2012); and (iv) weaker 

impacts at the community level (e.g., total community and cladoceran abundances), as a result of 

compensation (e.g., increases in copepods and Holopedium glacialis as daphniids and small 

cladocerans decline). At the ecosystem level, we hypothesized that (v) chlorophyll a (chl a), a 

proxy for food availability from which grazing pressure can be inferred, would increase as efficient 
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grazers such as Daphnia species and other cladocerans decline, and are replaced with less efficient 

copepod grazers. 

 

MATERIALS AND METHODS 

Study site and experimental design 

To assess the individual and joint effects of Bythotrephes invasion and Ca decline, we conducted 

a mesocosm experiment in Havelock Lake (45°15.520’N, 78°37.708’W), Haliburton, Ontario, 

from June 26 to August 23, 2013. Havelock Lake (Appendix 2) was chosen as our study site 

because it has been invaded by Bythotrephes (first detected in 2010; Cairns and Yan 2011), and it 

has a [Ca] of 1.2 mg/L, giving it the lowest [Ca] of invaded lakes located in the Muskoka-

Haliburton region (Ministry of the Environment and Climate Change (MOECC), Dorset 

Environmental Science Centre (DESC), Dorset, Ontario, unpublished data). 

Our mesocosms consisted of floating wooden frames that supported clear, 5 mil plastic 

polyethylene enclosures (Filmtech Plastics, Brampton, Ontario) that were 1 m in diameter, ~10 m 

deep, and closed at the bottom. On June 15th and 16th, each mesocosm was filled with water that 

was pumped from ~1.5 m depth in Havelock Lake, then filtered through an 80 µm mesh to exclude 

crustacean zooplankton, but allow most phytoplankton and some small rotifers to pass through. 

The mesocosms were covered with screen mesh to reduce aerial colonization of organisms. On 

June 16th, we added [Ca] in our mesocosms using calcium sulphate dihydrate (CaSO4.2H2O) to 

achieve four nominal concentrations of 1.2, 1.5, 2.2, and 2.5 mg Ca/L that were crossed with 

Bythotrephes presence/absence. We chose this range of [Ca] because (i) it comprises 68% of lakes 

in our study region (MOECC, DESC, Dorset, Ontario, unpublished data), and (ii) there is evidence 

from laboratory studies that 1.5-2 mg Ca/L may be a critical threshold for reproduction in Daphnia 
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species (Tan and Wang 2010; Ashforth and Yan 2008). Field studies also suggest that ecological 

thresholds for daphniids are within this range (DeSellas et al. 2011; Jeziorski et al. 2008), although 

the threshold may be higher when considering the cladoceran community as a whole (Jeziorski et 

al. 2012b). Despite our original goal of achieving four levels of [Ca], our measured [Ca], based on 

three fortnightly water samples (see below), fell along a gradient that was more suited for an 

analysis of covariance (ANCOVA)-design experiment because of variation in mesocosm depth 

and volume. As such, we imposed a Ca gradient spanning from 1.2 to 2.6 mg Ca/L (Appendix 3). 

We had 32 mesocosms in total; however, we lost two mesocosms, Bythotrephes absent/1.75 mg 

Ca/L and Bythotrephes absent/2.25 mg Ca/L that were removed from our analyses.  

We inoculated our mesocosms on June 19th and 20th with a diverse assemblage of 

zooplankton collected from five uninvaded, ‘high’ Ca lakes (>2.5 mg/L) (Appendix 2) using an 

80 µm mesh, conical tow net (25 cm diameter). Zooplankton from each lake were combined in a 

large cooler and gently mixed. Each mesocosm was inoculated with a volume representing the 

average ambient density in the five lakes. We used zooplankton communities from ‘high’ Ca lakes 

because we were interested in detecting potential effects of declining [Ca] on zooplankton from 

unimpacted lakes. Although zooplankton communities in lakes are unlikely to experience sudden 

declines in Ca, we do not believe that our zooplankton inocula were immediately adversely 

affected when introduced into our low Ca treatments, as there is evidence that some cladocerans 

are able to regulate their influx and efflux rates depending on [Ca] (Tan and Wang 2010), and 

lethal concentrations of Ca are generally lower than those used in our experiment (Ashforth and 

Yan 2008; Rukke 2002b; Hessen et al. 2000). Initial zooplankton samples were collected on June 

22nd.   
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Bythotrephes were collected from MacDonald Lake, Haliburton, Ontario (45°14.12’N, 

78°33.38’W; [Ca] 2.28mg/L) and Havelock Lake during the day using an 80 µm mesh net, and 

added to 16 of the 32 mesocosms, in equal amounts, to establish invaded treatments on June 26th 

and 27th. We considered the addition of Bythotrephes as Day 0 of the experiment, although 

zooplankton communities were added the previous week. For subsequent additions we sampled 

Lake of Bays, Muskoka, Ontario (45°15.00’N, 79°04.00’W; [Ca] 4.56 mg/L) at nights due to 

higher population abundances of Bythotrephes. In order to minimize exposure of Bythotrephes to 

UV radiation and to reduce cannibalism, we collected Bythotrephes at night, sorted them into 16 

1 L Nalgene bottles, containing filtered lake water, that were kept in the dark and cooled with ice 

packs until they were released into mesocosms at Havelock Lake. The survival of Bythotrephes 

introduced into each of the 16 mesocosms was verified by their swimming upon release. The 

number of Bythotrephes added on each inoculation date varied depending on the species’ density 

in the source lakes at the time of collection; Day 0: 30 individuals, Day 11: 130 individuals, and 

Day 30: 50 individuals were added to each mesocosm. Although Bythotrephes densities are known 

to decline over time in mesocosms (Wahlström and Westman 1999), strong predation effects can 

be detected at least two weeks after their addition (Jokela 2013). As in other studies (e.g., Strecker 

and Arnott 2010), we used multiple Bythotrephes inoculations to compensate for any mortality 

that may have occurred over the course of the experiment. Bythotrephes were infrequently 

captured in our routine zooplankton sampling since we used a small net (15 cm diameter) that can 

easily be avoided by large zooplankton (Fleminger and Clutter 1965), and so, we do not know the 

actual predation pressure experienced by crustacean zooplankton communities in our experiment. 

Therefore, our Bythotrephes treatments represent presence/absence only and we cannot draw any 

conclusions about per capita predation effects. 
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Sampling protocol and analyses 

We sampled the mesocosms once each week for six weeks. Crustacean zooplankton samples were 

collected by towing an 80 µm mesh net (15 cm diameter) through the water column, starting at 20 

cm above the bottom of each enclosure. Samples were preserved in 70% ethanol. We were unable 

to collect zooplankton samples on Day 25 because of equipment problems.  

 Water samples were collected on Day 7, 21, and 36 using a 9 m integrated tube sampler 

(inner diameter 17 mm), and aqueous [Ca] was analysed by the MOECC, DESC using atomic 

absorption spectroscopy (MOECC 2015). Each week, total chl a was estimated by filtering 500 ml 

of the water sample through a G4 glass-fibre filter (1.2 µm pore size: Fisher Scientific Canada, 

Ottawa) and freezing to lyse algal cells. Edible chl a was similarly processed except that the water 

was passed through a 30 µm mesh to obtain ‘edible’ phytoplankton that is primarily consumed by 

Cladocera (James and Forsyth 1990), prior to its concentration on a glass-fibre filter. Chl a was 

extracted in methanol for 24 hours before fluorometric analysis using a TD 700 fluorometer 

(Turner Designs, Sunnyvale, California) following Welschmeyer (1994).   

Crustacean zooplankton samples were enumerated using a subsample of a known volume 

and counting all individuals within the subsample until three subsamples in a row contained no 

new species (a minimum of eight subsamples were counted for each sample). Crustacean 

zooplankton were identified to species and counted on a Leica MZ12.5 dissecting microscope 

(Leica Microsystems; Solms, Germany). Bosmina freyi and Bosmina liederi were grouped as 

“Bosmina freyi/liederi” and Daphnia pulex and Daphnia pulicaria as “Daphnia pulex/pulicaria” 

due to difficulties in distinguishing these species based on morphology. Immature copepods 

(nauplii and copepodids) were identified to order.  
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Statistical analyses 

We used linear mixed-effect models to test the effect of invasion and Ca gradient on crustacean 

zooplankton community metrics (total zooplankton abundance, species richness, Shannon-Weiner 

species diversity and evenness), individual functional group abundance, and chl a (total and edible) 

from Day 7 to 44. We divided zooplankton functional groups into small (<0.8 mm) and large (>0.8 

mm) cladocerans (based on the mean body size of crustacean zooplankton in Dorset ‘A’ lakes 

located in the Muskoka-Haliburton region; MOECC, DESC, Dorset, Ontario, unpublished data), 

and calanoid and cyclopoid copepods. Small cladocerans included Bosmina freyi/liederi, Chydorus 

sphaericus, Diaphanosoma birgei, Eubosmina tubicen, and Eubosmina longispina. Large 

cladocerans included Holopedium glacialis, and the daphniids: Daphnia catawba, Daphnia 

mendotae, and Daphnia pulex/pulicaria. Ca-rich daphniids were defined based on their high body 

Ca content (2-8% DW; Jeziorski and Yan 2006) and their sensitivity to low Ca (Cairns 2010). Ca-

rich daphniids included Daphnia mendotae and Daphnia pulex/pulicaria. Only one Ca-poor 

species, Daphnia catawba, was detected. 

 ANCOVAs were conducted on initial zooplankton data from samples collected on June 22nd, 

before Bythotrephes treatments were established, to ensure starting zooplankton communities were 

similar for proposed treatments. Statistical assumptions of ANCOVAS were checked using plots 

of residual versus fitted values, normal quantile-quantile plots, standardised residuals versus fitted 

values, and standardised residuals versus leverage plots. In cases where normality and assumptions 

of homoscedasticity were violated, response variables were log- or log(x+1) transformed to 

improve normality of residuals, and to reduce variance differences between treatments. Initial 

differences were detected in total cladoceran and calanoid abundances, as well as in individual 

species abundances for Eubosmina longispina, and Leptodiaptomus siciloides (p<0.05) but in all 
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cases, abundances were higher in proposed invaded treatments, which would make our results 

more conservative (Appendix 4). We detected a significant interaction between proposed invaded 

and Ca treatments on Cyclops scutifer (p<0.05) (Appendix 4) that was driven by higher abundances 

in mesocosms that were designated as high Ca and invaded treatments. We believe that this 

interactive effect on Cyclops scutifer in initial samples did not impact our conclusions, as it was 

not detected by the end of the experiment.  

In our full linear mixed-effect models, invasion was a fixed categorical variable and Ca, the 

continuous covariate. Sample date was a continuous fixed effect variable with five levels starting 

at Day 7 and ending at Day 44. Linear mixed-effect models included individual mesocosms as a 

random factor to account for temporal pseudo-replication arising from repeated sampling. All 

statistical analyses and plots were performed and created in R 3.1.2 (R Development Core Team 

2014). We used the ‘lmer’ function in the ‘lme4’ v.1.1-5 package (Bates et al. 2014) for all linear 

mixed-effect models. To determine the model that best explained our treatment effects, the 

‘dredge’ function in the ‘MuMIn’ v.1.9.13 package (Bartoń, 2013) was used. For each analysis, 

we reported the final (best) model that had the lowest Akaike Information Criterion (AICc, 

correction for small sample size), because they were likely to better capture the variation within 

our dataset of all the top models recorded. In addition, we reported all top models with δAIC <2 

as they were not considered statistically different from each other based on our data (Burnham et 

al. 2011; Anderson 2008; Burnham and Anderson 2002). We also interpreted the appearance of 

predictor variables in the final (best) model, and their associated statistical significance, as strong 

support for an effect. In contrast, the appearance of predictor variables in only a portion of all top 

models with δAIC <2 was interpreted as having weak support for an effect. We also report effect 

sizes for predictors retained in top models, although they were not always statistically significant.  
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Model assumptions were tested using histograms of residual values, plots of residual versus 

fitted values, correlation tests between residual versus fitted values, and scale-location plots. P-

values for the linear mixed-effect models were interpreted using ‘anova’ in the ‘lmerTest’ v.2.0-6 

package (Kuznetsova et al. 2012). When model assumptions were violated, data were log-

transformed (species evenness and total cladoceran abundance) or log(x+1)-transformed (total 

zooplankton abundance) to improve normality of residuals and reduce variance differences 

between treatments. If data transformations did not satisfy model assumptions, generalized linear 

mixed-effect models (GLMMs) with Negative Binomial distributions were employed using 

‘glmmadmb’ v.0.7.7 from the ‘glmmADMB’ package (Skaug et al. 2013). GLMMs were used for 

the majority of the all individual functional groups and species abundances. Model assumptions 

for the final GLMMs were tested using plots of residual versus fitted values, scale-location plots, 

and estimate of dispersion (theta). Significance of GLMMs was determined using log-likelihood 

ratio tests. 

 

RESULTS 

Our zooplankton inoculum contained a diversity of species because it originated from five lakes 

that varied in water chemistry and morphology. We detected 11 cladoceran species, seven 

cyclopoid copepod species, and six species of calanoid copepod in our initial samples (Appendix 

5). About half of the species declined in abundance throughout the experiment, irrespective of 

treatment, with Daphnia ambigua, Daphnia retrocurva, and Macrocyclops albidus absent from all 

mesocosm samples on the final day. Richness increased throughout our experiment because of the 

colonization or increased abundances of the littoral species, Acroperus harpae, Alona sp., Alonella 

excisa, Chydorus sphaericus, and Sida crystallina, and Diaphanosoma birgei in some mesocosms. 
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Therefore, at the end of the experiment we detected 27 species, of which 21 were initially stocked 

in our mesocosms. However, we excluded from our analysis most of the littoral species that 

occurred in <20% of our mesocosms and other taxa whose abundances and occurrences were quite 

rare by the end of the experiment. Copepod juveniles were also not included in our calculations of 

community indices and individual functional group abundances. Our analysis was therefore 

conducted on 18 taxa (10 cladoceran, 5 cyclopoid copepod, and 3 calanoid copepod species) (Table 

3.1).  

 

Species level response 

Bythotrephes 

Daphniids had lower abundances in response to Bythotrephes. Mean abundances of Daphnia 

catawba and Daphnia pulex/pulicaria were 126% and 79% lower, respectively, in invaded 

compared to uninvaded treatments on the final day (Figure 3.1). However, due to high variation 

within treatments, the effect of Bythotrephes on these species was not statistically significant 

(Table 3.1), despite the retention of Bythotrephes as a main effect in some of the top models for 

these species (Appendix 6). We did, however, detect a significant negative effect of Bythotrephes 

on Daphnia mendotae (Table 3.1), whose abundances were 150% lower in invaded than uninvaded 

treatments on the final day (Figure 3.1). However, this result was driven by one mesocosm (low 

Ca/Bythotrephes absent) in the final week of the experiment. This mesocosm had unusually high 

total cladoceran, daphniid, small cladoceran abundances, and chl a. When we removed this 

influential observation from our analysis, the effect of Bythotrephes on Daphnia mendotae was no 

longer statistically significant (p=0.082).  
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 Bythotrephes also had negative effects on several small cladocerans, including Chydorus 

sphaericus, Eubosmina longispina, and Eubosmina tubicen (Table 3.1). Our finding for Chydorus 

sphaericus was also influenced by the same low Ca/Bythotrephes absent mesocosm. However, 

removal of this influential observation from our analysis did not change our conclusion (p=0.001). 

The negative effect of Bythotrephes on Eubosmina longispina and Eubosmina tubicen was 

marginally significant (Table 3.1). Abundances for Eubosmina longispina and Eubosmina tubicen, 

were 39% and 22% lower, respectively, in invaded than uninvaded treatments (Figure 3.1). In 

contrast, Bosmina freyi/liederi increased significantly throughout the experiment in both invaded 

and uninvaded treatments, such that there was no significant negative effect of Bythotrephes (Table 

3.1), although it appeared as a predictor in one of the three top models. 

 Positive effects of Bythotrephes were detected on the cladocerans Diaphanosoma birgei and 

Holopedium glacialis. By the end of the experiment, Diaphanosoma birgei and Holopedium 

glacialis abundances were higher by 114% and 26%, respectively, in invaded than uninvaded 

treatments (Figure 3.1). However, the effect of Bythotrephes on these species was not statistically 

significant despite its retention as a predictor in four of the seven top models for Diaphanosoma 

birgei and four of the five top models for Holopedium glacialis (Appendix 6). Although negative 

and positive effects of Bythotrephes predation were not statistically significant for any copepods, 

Bythotrephes was retained as a factor in the top models for Acanthocyclops robustus (1/3), 

Eucyclops spp. (2/3), Leptodiaptomus minutus (3/4), Leptodiaptomus siciloides (1/2), and 

Tropocyclops extensus (1/2) (Appendix 6).  
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Calcium 

We detected a significant negative effect of Ca through time on the jelly-clad cladoceran 

Holopedium glacialis (Table 3.1) where its abundances were higher at low [Ca] compared to high 

[Ca] on Day 0 and 44. However, there was no significant relationship between Holopedium 

glacialis abundance and [Ca] for any individual day of the experiment (Figure 3.2a). We detected 

a marginally significant negative effect of Ca through time for Diaphanosoma birgei (Table 3.1), 

although there was no significant relationship between abundance and [Ca] for any individual day 

of the experiment (Figure 3.2b). The negative effect of Ca on the copepod Eucyclops spp. increased 

through time (Table 3.1). During the last week of the experiment, Eucyclops spp. abundances were 

higher in low [Ca] treatments when compared to those at high [Ca] (Figure 3.2c). We did not find 

evidence of an effect of Ca on any other copepod species (Table 3.1; Appendix 6). 

Despite field studies demonstrating the sensitivity of Daphnia mendotae and Daphnia 

pulex/pulicaria to low Ca (Cairns 2010), we found little support for a relationship with Ca. Ca was 

seldom retained as a predictor in the top models for Daphnia mendotae (1/3) and Daphnia 

pulex/pulicaria (1/4) (Appendix 6). There was also little evidence of an effect of Ca on Daphnia 

catawba, Bosmina freyi/liederi, Eubosmina longispina, and Eubosmina tubicen, taxa we expected 

to increase at low [Ca]. Ca was not retained in the top models for Daphnia catawba; however, it 

appeared for Bosmina freyi/liederi (1/3), Eubosmina longispina (4/6), and Eubosmina tubicen (3/5) 

(Appendix 6). Although other research has shown that Chydorus sphaericus is likely to be sensitive 

to low Ca based on its high body Ca content (Shapiera et al. 2011), we found little evidence of a 

relationship with Ca, with Ca appearing in only one of the two top models (Appendix 6).  

 

 



97 
 

Bythotrephes and calcium interaction  

There was no statistically significant interactive effect of Bythotrephes and Ca on any of our 

individual species abundances, despite their retention as predictors of abundance in the top models 

for Diaphanosoma birgei (1/7), Eubosmina longispina (1/6), and Holopedium glacialis (2/5) 

(Appendix 6). On the final day of the experiment, abundances for Diaphanosoma birgei and 

Holopedium glacialis tended to be higher in invaded treatments at low [Ca] than at high [Ca], 

though not statistically significant. Similarly, abundances for Eubosmina longispina were lower in 

both invaded and uninvaded treatments at low [Ca] than at high [Ca], albeit not significantly so.  

 

Crustacean zooplankton community response 

Bythotrephes 

At the community level, Bythotrephes had reduced total zooplankton abundance by 46% on the 

final day (Figure 3.3), but there was no effect on species diversity or evenness, although 

Bythotrephes appeared in at least one of the top models for species evenness (Table 3.2; Appendix 

6). We did, however, detect a significant negative effect of Bythotrephes through time on species 

richness (Table 3.3; Figure 3.3). The negative effect of Bythotrephes was strongest in week 2 with 

a 15% reduction in invaded compared to uninvaded treatments, and only 2% lower on the final 

day of the experiment. Similarly, the negative effect of Bythotrephes on large cladoceran 

abundances changed through time (Table 3.3). By the final day, large cladoceran abundance was 

lower in invaded treatments by 109% when compared to those that were uninvaded (Figure 3.3). 

In invaded compared to uninvaded treatments, total cladoceran and small cladoceran abundances 

(Tables 3.2 & 3.3) were 52% and 50% lower, respectively, by the final day (Figure 3.3). 

Bythotrephes also reduced total daphniid abundance through time with a 122% difference between 
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invaded and uninvaded treatments on the final day (Table 3.3; Figure 3.3). This reduction was 

attributable to declines in both the Ca-rich (~117%), and the Ca-poor daphniids (~125%) in 

invaded compared to uninvaded treatments.  

 

Calcium 

Ca was included in the top models (δAIC <2) for 11 out of 12 of the community indices and 

functional groups analysed (Appendix 6). Of the 11 indices, there was little support for an effect 

of Ca on species richness, daphniid and Ca-rich Daphnia abundances, as Ca was not retained in 

the final (best) model (Appendix 6). We did, however, detect a significant negative effect of Ca 

on species evenness – as Ca declined, species evenness increased by ~0.1 per 1 mg/L of Ca on the 

final day (Figure 3.4). Similarly, there was also a significant positive effect of Ca on total 

zooplankton abundance, which increased by 0.2 individual.L-1 per 1 mg/L of Ca by the end of the 

experiment (Table 3.3; Figure 3.4). Our result was influenced by the same low Ca/Bythotrephes 

absent mesocosm that had unusually high total zooplankton and cladoceran abundances on the 

final day of the experiment. However, removal of this observation from our analysis did not change 

our conclusion (p=0.034; Appendix 7). Mean diversity tended to be slightly higher at low [Ca] 

than in high [Ca] overall, with diversity declining by 0.1 per 1 mg/L of Ca by the final day. 

However, there was also little statistical support for a relationship with Ca (Table 3.2; Figure 3.4), 

despite Ca being retained in three out of four top models (Appendix 6).  

Total cladoceran and small cladoceran abundances increased by 0.8 and 1.9 individual.L-1 

per 1 mg/L of Ca respectively on the final day of the experiment, with Ca contributing to the final 

(best) model for both total cladoceran and small cladoceran abundances (Tables 3.2 & 3.3; Figure 

3.4). However, these results were also influenced by the same mesocosm as for total zooplankton 
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abundance. Removal of these points strengthened the relationship with Ca (p<0.05; Appendix 7). 

We also detected a significant negative effect of Ca through time on large cladoceran abundance 

(Table 3.3) where abundances tended to be higher in low [Ca] compared to high [Ca] on Day 0 as 

well as Days 36 and 44, albeit not significantly (p<0.1) (Figure 3.2d). As with other functional 

groups, the same low Ca/Bythotrephes absent mesocosm influenced our results. After we removed 

this influential observation, Ca was not retained as a predictor in the final (best) model, although 

it was still included in five out of eight of the top models (Appendix 8). There was also little 

support for an effect of [Ca] on total copepod and cyclopoid abundances, given that Ca was not 

retained as a predictor in the final (best) model, though Ca was included in one out of two top 

models for total copepod abundance and one of the three top models for cyclopoid abundance 

(Appendix 6). However, we did detect a significant effect of Ca through time on calanoid 

abundances (Table 3.3), with higher abundances at low [Ca] in the last two weeks of the 

experiment, though not significantly so (p<0.1) (Figure 3.2e). 

 

Bythotrephes and calcium combined  

There was no statistically significant interactive effect of Bythotrephes and Ca on any of our 

community indices or individual functional group abundances. Despite this, an interaction between 

Bythotrephes and Ca was retained as predictors in the top models for total zooplankton abundance 

(2/5), total cladoceran abundance (2/4), small cladoceran abundance (1/4), and large cladoceran 

abundance (1/3) (Appendix 6). On the final day of the experiment, abundances tended to be higher 

in invaded treatments at low [Ca] than at high [Ca] for total zooplankton, total cladocerans, small 

cladocerans, and large cladocerans, though not significantly so.   
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Chl a 

Although mean total chl a and edible chl a were lower in invaded than uninvaded treatments by 

81% and 42%, respectively, the effect of Bythotrephes on either metric was not statistically 

significant. There was also no effect of Ca nor an interactive effect on either total (null model) or 

edible chl a (ANOVA, F(1,175)=0.511, p=0.476), with the null model being the final (best) model. 

Our findings for total and edible chl a were also influenced by the same low Ca/Bythotrephes 

absent mesocosm that had high chl a levels. However, removal of this influential observation did 

not change our conclusions with no significant effects of Bythotrephes or Ca on total and edible 

chl a.  

 

DISCUSSION 

Our experiment was designed to assess the potential interactive effects of declining aqueous Ca 

and Bythotrephes invasion on crustacean zooplankton community structure. We observed negative 

effects of Bythotrephes that are consistent with the findings of previous studies: reduced 

abundances of total zooplankton and small cladocerans, with no effect on copepods (e.g., Yan et 

al. 2001). However, our Ca manipulation had very little impact on community structure or 

individual species abundances, and we did not find evidence of an interactive effect between Ca 

and Bythotrephes invasion on crustacean zooplankton.  

Bythotrephes addition to our zooplankton communities was associated with declines in total 

zooplankton abundance and species richness that were driven primarily by the loss of cladocerans, 

in agreement with field surveys (Fernandez et al. 2009; Boudreau and Yan 2003; Barbiero and 

Tuchman 2004; Yan et al. 2001) and other experimental manipulations (Strecker and Arnott 2005). 

Our negative effect of Bythotrephes on large cladocerans was driven by non-statistically 
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significant reductions in both total daphniid and Ca-rich Daphnia abundances in invaded compared 

to uninvaded treatments, despite higher Holopedium glacialis abundances in invaded compared to 

uninvaded treatments.  

Lack of an effect of Bythotrephes on total copepod abundance was consistent with the 

majority of North American studies that have documented little to no impact (Azan et al. 2015 and 

references therein). A limited effect on total copepod abundance in our experiment may be 

attributed to their fast escape responses often used to avoid predators, or their ability to migrate to 

hypolimnetic waters that act as a refuge from predation (Pichlová-Ptáčníková and Vanderploeg 

2011). However, like Strecker and Arnott (2005), we detected reduced abundances in calanoid 

species (~38%) in the presence of Bythotrephes. This reduction was mainly attributed to the loss 

of the calanoid species, Leptodiaptomus minutus and Leptodiaptomus siciloides that declined more 

in invaded compared to uninvaded treatments, though not significantly so. While Bythotrephes 

was included in at least one of the top models for cyclopoid species, their abundance was only 2% 

higher in Bythotrephes treatments by the end of the experiment suggesting minimal impact.  

Many of our individual species responses to Bythotrephes were similar to declines detected 

in other field studies. The negative effect of Bythotrephes on some cladoceran taxa (e.g., daphniids 

and bosminids) concur with reductions observed in lake and field mesocosm studies (Strecker et 

al. 2006; Barbiero and Tuchman 2004; Yan et al. 2002; Wahlström and Westman 1999). As with 

other field experiments (e.g., Strecker and Arnott 2005), we detected higher abundances of 

Holopedium glacialis in invaded compared to uninvaded treatments. However, this species 

dramatically declined in all treatments through time, and as such, our results remain inconclusive. 

Increased abundances of Diaphanosoma birgei in invaded treatments in our experiment, 

contradicts several studies that documented declines post-invasion (Barbiero and Tuchman 2004; 
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Boudreau and Yan 2003; Yan and Pawson 1997). This increase was likely due to its ability to 

utilise food resources that became available as other species declined in abundance over the course 

of the experiment.  

Unlike other studies (Bourdeau et al. 2011; Strecker et al. 2006; Strecker and Arnott 2005 

Barbiero and Tuchman 2004; Yan et al. 2002), we did not detect a significant effect of 

Bythotrephes on Mesocyclops edax or Leptodiaptomus minutus in our experiment. Despite this, 

Mesocyclops edax and Leptodiaptomus minutus declined by 6% and 66% in invaded compared to 

uninvaded treatments, respectively. Bythotrephes was retained as a predictor of abundance in three 

of the top models for Leptodiaptomus minutus that suggests likely impacts. 

In productive lakes (e.g., Lake Mendota, Wisconsin, USA), Bythotrephes invasion and 

subsequent reductions in cladoceran abundance have been associated with increased algal biomass 

(Walsh et al. 2016). This is in contrast to our experiment where we observed that total and edible 

chl a concentrations were lower in invaded than uninvaded treatments. The absence of a strong 

trophic cascade following Bythotrephes invasion is consistent with lake surveys in Lake Michigan 

(Lehman 1988), several Canadian Shield lakes (Strecker and Arnott 2008), although increased chl 

a concentrations post-invasion have been detected in some experimental mesocosms (Strecker and 

Arnott 2005), and in Harp Lake (Paterson et al. 2008). It is likely that the cascading impact of 

Bythotrephes on primary producers is dependent on lake productivity; our weak and counter-

intuitive effect of Bythotrephes on chl a was likely a result of low nutrients (Appendix 2) and low 

total zooplankton abundances in our experiment (on average, 2.40 ±1.92 individuals.L-1). 

Overall, the evidence for an effect of Ca on individual species and aggregate measures of 

abundance and community structure was weak. Although Ca appeared in at least one of the top 

models for the majority of our species, individual functional groups, and community indices, it 
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had a strong effect only on total zooplankton abundance, species evenness, and small cladoceran 

abundance.   

Lack of an effect of Ca on Ca-rich Daphnia (which we discuss later) was unexpected, given 

the results of lake studies that suggest the reduction of Ca-rich Daphnia at low [Ca] (Jeziorski et 

al. 2015; Cairns 2010; Wærvågen et al. 2002; Hessen et al. 1995; Tessier and Horwitz 1990). 

Declining [Ca] and subsequent declines in Daphnia abundances have also been associated with 

increases in Holopedium glacialis abundance in lakes in Canada (Jeziorski et al. 2015), and 

Norway (Hessen et al. 1995), and with increased relative abundance of bosminids (DeSellas et al. 

2011). Despite this, we did not detect a strong Holopedium glacialis response to low Ca, likely 

due to their poor survival in all of our mesocosms. In addition, unlike field studies (e.g., DeSellas 

et al. 2011; Jeziorski et al. 2008), we detected a positive effect of Ca on bosminid response where 

slightly higher abundances were detected at high [Ca] compared to low [Ca] on the final day of 

the experiment. Our result is not surprising as in our mesocosms that ranged in [Ca] from 1.2 to 

2.6 mg/L, mean bosminid abundances increased through time in most mesocosms, possibly due to 

a lack of competition because daphniid abundances remained low throughout the experiment in all 

treatments.  

The influence of Ca on several aggregate measures in our experiment was driven by a single 

low Ca (1.2 mg/L)/Bythotrephes absent mesocosm. This mesocosm had unusually high total 

cladoceran abundances and total chl a concentrations. Our results suggest that higher total 

cladoceran abundances may have been driven by high food resources despite low [Ca]. This 

hypothesis is supported by Ashforth and Yan (2008) who detected high survivorship in Daphnia 

pulex at high food (~30 µg/L) and low [Ca] (~1.5 mg/L) in the laboratory. Higher reproduction in 

Daphnia pulex was also detected at high food, irrespective of [Ca] (Ashforth and Yan 2008). The 
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retention of Ca as a predictor in at least one of the top models for 8/10 cladocerans analysed, and 

its inclusion in all the top models for total cladoceran abundance suggest that Ca may have played 

a role in determining the abundance of cladocerans in our experiment. Overall, total cladoceran 

abundance was low in our mesocosms (mean 1.83 ±1.87 individual.L-1) and was similar to the 

ambient density of cladocerans documented for Havelock Lake (1.48 individual.L-1; MOECC, 

DESC, Dorset, Ontario, unpublished data). Although total cladoceran abundance increased by 0.8 

individual.L-1 for every 1 mg Ca/L by the final day, we actually lost ~44% of our cladoceran 

individuals. Therefore, if the average density of cladocerans in a soft water uninvaded lake in 

south-central Ontario is 33 individuals.L-1 (MOECC, DESC, Dorset, Ontario, unpublished data), 

we could expect a loss of 14 individuals.L-1 for every 1 mg Ca/L reduction in Ca.  

Based on our Ca manipulation that ranged from 1.2 to 2.6 mg/L, we found little evidence 

supporting a relationship between Ca and copepods with the exception of Eucyclops spp. While 

we detected higher Eucyclops spp. abundances at low [Ca], an effect of Ca was detected only on 

the final day. This result suggests that a longer period of observation may be required before an 

effect of Ca can be detected, and its overall effect on copepods should not be overlooked. 

Currently, we are unaware of other laboratory or field experiments that have examined the effect 

of low Ca on copepods. However, their low percentage Ca dry weight suggests a tolerance to low 

Ca (0.05-0.3% DW: Jeziorski and Yan 2006; Yan et al. 1989). Our results reveal a need for future 

experiments that examine possible species- and site-specific effects of varying [Ca] on copepods.  

 In general, Ca did not influence the Bythotrephes response. Recent evidence that low [Ca] 

can impair the development of anti-predator defences (e.g., reduced body size and carapace 

strength) in Daphnia pulex in the laboratory (Riessen et al. 2012), suggests that low Ca could 

influence the vulnerability of Daphnia species to Bythotrephes. However, while we detected 
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negative effects of Bythotrephes independently on all daphniids in our experiment, no effect of Ca 

was observed on total daphniid, Ca-rich Daphnia, or individual daphniid species abundances. Our 

hypothesis of a joint effect of Bythotrephes and Ca on Ca-rich Daphnia was based on the inability 

of Daphnia pulex to respond to the kairomones of the macro-invertebrate predator, Chaoborus 

americanus at low [Ca] in the laboratory (Riessen et al. 2012). Some daphniids (e.g., Daphnia 

mendotae) have demonstrated both behavioural and morphological responses to Bythotrephes 

kairomone by migrating to cooler waters during the day (Bourdeau et al. 2013; Pangle et al. 2007; 

Pangle and Peacor 2006), and using inducible defences such as cyclomorphosis (e.g., helmets; 

Bungartz and Branstrator 2003) to escape predation. Given the uncertainty in the actual density of 

Bythotrephes in our experiment, we do not know if the absence of an interactive effect was due to 

low kairomone concentration or no kairomone response to Bythotrephes by the daphniids in our 

mesocosms. However, since daphniids are likely to be impacted by low [Ca] (e.g., Jeziorski et al. 

2008; Hessen et al. 1995), and directly preyed upon by Bythotrephes that is also colonizing these 

lakes (Kim et al. 2012; Weisz and Yan 2010), negative impacts on Daphnia populations in 

Canadian Shield lakes might be mutually additive instead of interactive.  

 In summary, we found weak evidence of an effect of Ca on crustacean zooplankton 

communities, and no evidence that the effect of Bythotrephes on zooplankton communities is 

influenced by Ca. While mesocosm experiments allow for hypothesis testing, replication and 

greater control over the relevant variables (Culp et al. 2000), they are often criticised for not being 

applicable to the ecosystem scale of lakes (Schindler 1998; Frost et al. 1988). For example, by 

being closed at the bottom, they do not allow interactions with sediment, including immigration 

of zooplankton from resting stages. Over time, they also tend to develop periphyton on the walls 

of the mesocosms, transitioning them from representing typical pelagic zooplankton communities 
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to representing a mix of pelagic and littoral species. Despite the limitations associated with short-

term, simplified ecosystem of a mesocosm, our study documented impacts of Bythotrephes that 

are consistent with those detected in other field studies. Our inability to detect strong Ca effects 

on zooplankton are likely not the result of using mesocosms (as we discuss below), but rather may 

be attributable to the environmental conditions of our study lake that had the lowest [Ca] among 

invaded lakes across the region. 

We identified three hypotheses that could explain why we were unable to discern a Ca effect 

in our study, especially on Ca-rich Daphnia (i) the length of the experiment was too short; (ii) the 

range of the Ca gradient used in the experiment was too small; and (iii) there were other factors 

limiting growth in our mesocosms. It is unlikely that the length of our experiment limited our 

ability to detect a response to Ca. Epilimnetic temperatures within our mesocosms were on 

average, 20.15°C (±0.963). Since daphniids can reach primiparity within three to four days at this 

temperature in nature (Ebert 2005), and our experiment ran for 48 days (stopped after six weeks 

to reduce the influence of littoral species), we would have expected at least five to six generations 

of Daphnia in our mesocosms. Thus, there should have been enough time to detect a population-

level effect if survival and reproduction are impaired at low [Ca]. Reduced survival was observed 

in Daphnia pulex reared in the laboratory <1.5 mg Ca/L within 15 days (Ashforth and Yan 2008) 

and within 16 days at 1.1-2.3 mg Ca/L using field microcosms (Cairns 2010). We therefore 

conclude that our experiment was conducted for sufficient time to detect an effect of Ca on 

daphniids.  

Our second hypothesis addresses the Ca gradient used in our experiment. This gradient of 

1.2 to 2.6 mg Ca/L was chosen because it (i) was the lowest [Ca] among invaded lakes in south-

central Ontario, (ii) represented the [Ca] of 68% of Canadian Shield lakes (MOECC, DESC, 
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Dorset, Ontario, unpublished data), and (iii) included the laboratory-defined reproduction 

threshold of 1.5 mg Ca/L, and [Ca] where paleolimnological studies detected reductions through 

time in the relative abundances of daphniids (between 1.5 and 2 mg Ca/L; DeSellas et al. 2011). 

Survival thresholds for Daphnia spp. in field microcosm studies fell within our Ca gradient (Cairns 

2010). Similarly, critical survival thresholds for four Daphnia species based on occurrence patterns 

in lakes ranged from 1.26 to 1.69 mg Ca/L (Cairns 2010). In contrast, laboratory studies using 

Daphnia pulex and Daphnia magna found that survival thresholds occurred between 0.1 and 0.5 

mg/L, concentrations below those used in our experiment (Ashforth and Yan 2008; Hessen et al. 

2000). Laboratory-based reproduction thresholds tended to be higher and occurred between 0.5 

and 1.5 mg Ca/L for Daphnia pulex (Ashforth and Yan 2008).  

Although our Ca gradient was aligned with other studies that detected negative impacts on 

survival and reproduction, especially below 1.5 mg Ca/L, we suspect that our lowest [Ca] of 1.2 

mg Ca/L might not have been low enough to detect a significant effect of Ca for three reasons. 

First, Ca thresholds based on field occurrences may be high because of additional environmental 

stressors that limit reproduction and survival. Second, a field mesocosm experiment of similar 

design detected an effect of Ca on the Ca-rich species, Daphnia pulex/pulicaria, using a lower 

[Ca] of 0.9 mg/L (Ross 2015). This suggests that our lowest [Ca] may not have been low enough 

to produce an effect. Finally, although our Ca gradient reflects the current [Ca] of 68% of Canadian 

Shield lakes, there is some evidence that extending the gradient beyond 2.6 mg/L (up to 24 mg/L) 

produces a detectable Ca effect on cladoceran communities (e.g., Jeziorski et al. 2012b; DeSellas 

et al. 2008).   

 Finally, our third hypothesis examines if there were other factors limiting crustacean 

zooplankton growth and therefore our inability to discern a Ca effect. TP concentrations have 
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fallen over the last 30 years in Canadian Shield lakes (Yan et al. 2008a). Since these lakes are also 

experiencing declining [Ca], both stressors have the potential to co-occur and jointly influence 

crustacean zooplankton (Yan et al. 2008a, 2008b). Low TP or high C:P ratios can reduce the 

growth of daphniids (Elser et al. 2000; Sterner and Hessen 1994; Hessen 1992) and in conjunction 

with Ca, may further reduce their growth and survival in soft water lakes (Prater et al. 2015). For 

example, Cairns (2010) detected low survivorship of Daphnia pulex in a lake with low [Ca] (1.31 

mg/L), high molar C:P ratios (365.21), and low food quantity (4.22 ±0.7 µg chl a/L). Since mean 

chl a concentration in our mesocosms was ~2.4 µg/L (±3.14), which is comparable to low food 

levels (3 µg chl a/L) used by Ashforth and Yan (2008), we would have expected an effect of Ca 

on growth rates as [Ca] declined in our mesocosms. It is likely that food was limiting growth rates 

in our experiment, since food quality and quantity can influence a species response to low [Ca] 

(e.g., Prater et al. 2015). Our hypothesis is supported by Ashforth and Yan (2008) who observed 

that [Ca] mostly reduced r (intrinsic rate of natural increase values) <1.5 mg/L. At high food and 

20°C, r declined from ~0.4 to ~0.32 neonates/female/day as [Ca] fell from 1.5 to 1 mg/L. In 

contrast, at low food and 20°C, r ranged from zero to ~0.05 neonates/female/day as [Ca] fell from 

1.5 to 1 mg/L (Ashforth and Yan 2008). Daphniid growth rates in our mesocosms ranged from 

0.04 to -0.15 individuals/individual/day (mean -0.009) across all [Ca], and were low compared to 

the laboratory population growth rates for Daphnia pulex (Ashforth and Yan 2008). These results 

suggest that other factors, such as low food or low TP levels, may have limited growth rates in our 

experiment. Low food might have impaired the growth, survival and possibly reproduction of the 

Ca-rich Daphnia in our mesocosms and contributed to our inability to detect a Ca effect. We 

therefore believe that further research is required to examine the effects of low Ca and low TP/low 

food availability on daphniids and crustacean zooplankton in general, under field conditions.      
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CONCLUSION 

Bythotrephes continues to spread across inland lakes, of which many are experiencing declines in 

aqueous Ca. Although the negative impact of Bythotrephes on crustacean zooplankton is well-

documented, it is still unclear how Ca decline will impact zooplankton communities and how these 

two stressors will interact. In our experiment, we investigated the impact of Bythotrephes on 

crustacean zooplankton communities along a Ca gradient ranging from 1.2 to 2.6 mg/L, and found 

little support for an effect of Ca and no clear evidence of an interaction between Bythotrephes and 

Ca. Based on laboratory and field studies, stronger Ca effects are likely at lower [Ca] (e.g., 0.5, 

0.9 mg/L). As such, field experimental manipulations that extend the lower range of our Ca 

gradient warrant further research. Additionally, the likely impacts of low food quality and quantity 

and low Ca combined on crustacean zooplankton should also be examined given that food levels 

and other environmental factors (e.g., temperature) may interact and influence the Ca response.   
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Table 3.1. Generalized linear mixed-effect models for individual species abundances. Dashes in model represent those variables that were not present 

in the final model. Deviance and p-values are reported from log-likelihood ratio tests. Where interactions are significant, only the deviance and p-

values for the interaction are reported. Mean density values provided are across all mesocosms for the final day of the experiment. Abbreviations 

for predictors are as follows: B, Bythotrephes; Ca, Calcium; and T, Time. Significance of predictors (p<0.05) is indicated by boldface type. 

 

Species B Ca T B:T Ca:T B:Ca Mean 

density (#/L) Dev p Dev p Dev p Dev p Dev p Dev p 

Cladocerans  

Bosmina freyi/liederi - - - - 61.38 <0.001 - - - - - - 0.979 

Chydorus sphaericus  - -  9.60 0.002 - - - - 0.629 

Daphnia catawba - - - - - - - - - - - - 0.095 

Daphnia mendotae 3.86 0.049 - - - - - - - - - - 0.027 

Daphnia pulex/pulicaria 2.76 0.097 - - - - - - - - - - 0.023 

Diaphanosoma birgei - -  - - 3.76 0.052 - - 0.032 

Eubosmina longispina 3.74 0.053 2.65 0.104 60.56 <0.001 - - - - - - 1.241 

Eubosmina tubicen 3.11 0.078 3.09 0.079 62.27 <0.001 - - - - - - 0.627 

Holopedium glacialis - -  - - 6.09 0.014 - - 0.014 

Sida crystallina - - - - 15.35 <0.001 - - - - - - 0.075 

Copepods  

Acanthocyclops robustus - - - - 17.02 <0.001 - - - - - - 0.030 

Cyclops scutifer - - - - 23.62 <0.001 - - - - - - 0.007 

Eucyclops spp. - -  - - 7.27 0.007 - - 0.178 
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Species B Ca T B:T Ca:T B:Ca Mean 

density (#/L) Dev p Dev p Dev p Dev p Dev p Dev p 

Leptodiaptomus minutus 2.59 0.110 - - 6.25 0.012 - - - - - - 0.023 

Leptodiaptomus siciloides 3.06 0.080 - - 11.65 <0.001 - - - - - - 0.067 

Mesocyclops edax - - - - - - - - - - - - 0.059 

Skistodiaptomus oregonensis - - - - 10.87 <0.001 - - - - - - 0.017 

Tropocyclops extensus - - - - 14.87 <0.001 - - - - - - 0.150 
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Table 3.2. Linear mixed-effect models for total zooplankton abundance, species diversity, species evenness, and total cladoceran abundance. Dashes 

in model represent those variables that were not present in the final model. F and p-values are reported from ANOVA tests. Mean values provided 

are across all mesocosms for the final day of the experiment. Abbreviations for predictors are as follows: B, Bythotrephes; Ca, Calcium; and T, 

Time. Significance of predictors (p<0.05) is indicated by boldface type. 

 

Species B Ca T B:T Ca:T B:Ca Mean values 
(#/L) F p F p F p F p F p F p 

Total zooplankton abundance 4.42 0.040 4.34 0.041 33.02 <0.001 - - - - - - 4.273 

Species diversity - - 3.82 0.061 - - - - - - - - 0.745 

Species evenness - - 6.29 0.013 25.34 <0.001 - - - - - - 0.299 

Cladoceran abundance 7.62 0.010 3.77 0.063 63.43 <0.001 - - - - - - 3.74 
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Table 3.3. Generalized linear mixed-effect models for species richness, and individual functional group abundances. Dashes in model represent 

those variables that were not present in the final model. Deviance and p-values are reported from log-likelihood ratio tests. Where interactions are 

significant, only the deviance and p-values for the interaction are reported. Mean richness and density values provided are across all mesocosms for 

the final day of the experiment. Abbreviations for predictors are as follows: B, Bythotrephes; Ca, Calcium; and T, Time. Significance of predictors 

(p<0.05) is indicated by boldface type. 

 

Species B Ca T B:T Ca:T B:Ca Mean values 

(#/L)  Dev p Dev p Dev p Dev p Dev p Dev p 

Species richness  - -  4.28 0.039 - - - - 13 

Small cladoceran abundance 4.84 0.028 4.02 0.045 99.72 <0.001 - - - - - - 3.507 

Large cladoceran abundance  5.21 0.022 6.81 0.009 - - 0.159 

Daphniid abundance  - -  3.71 0.054 - - - - 0.145 

Calcium-rich daphniid 

abundance 

6.43 0.011 - - - - - - - - - - 0.050 

Copepod abundance - - - - 6.92 <0.001 - - - - - - 0.532 

Calanoid abundance - -  - - 5.71 0.017 - - 0.108 

Cyclopoid abundance - - - - 14.46 <0.001 - - - - - - 0.424 
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Figure 3.1. Species abundance response to Bythotrephes (grey-filled) on the final day of the experiment (n=30 mesocosms). Most of the represented 

species had Bythotrephes in the final (best) model. Box plots, with whiskers extending 1.5 times the interquartile range. Letter(s) in top right hand 

corner indicate(s) significance of that predictor in the final (best) model (B=Bythotrephes, Ca=Calcium, T=Time). Significance of predictors are 

categorised as: *, 0.01<p<0.05. 
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a) Holopedium glacialis 

 
b) Diaphanosoma birgei 
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c) Eucyclops spp. 

 
d) Large cladoceran abundance 
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e) Calanoid abundance 

 
Figure 3.2. Plots of linear regression models for calcium through time for select species and functional 

groups (n=30 mesocosms). Significance of regression line is categorised as: **, p<0.001. 
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Figure 3.3. Zooplankton community and individual functional group response to Bythotrephes (grey-filled) on the final day of the experiment (n=30 

mesocosms). Box plots, with whiskers extending 1.5 times the interquartile range. Letter(s) in top right hand corner indicate(s) significance of that 

predictor in the final (best) model (B=Bythotrephes, Ca=Calcium, T=Time). Significance of predictors are categorised as: *, 0.01<p<0.05. 
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Figure 3.4. Crustacean zooplankton community and individual functional group response to calcium across all sample dates (N=150). Grey-filled 

circles and dark-grey solid lines represent invaded treatments, whereas white circles and black dashed lines represent uninvaded treatments. A dotted 

predict line represents the relationship of that response variable to calcium alone. All predict lines represent the final day of the experiment. Letter(s) 

in top right hand corner indicate(s) significance of that predictor in the final (best) model (B=Bythotrephes, Ca=Calcium, T=Time). Significance of 

predictors are categorised as: *, 0.01<p<0.05. 
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Chapter 4  

The impact of calcium decline on population growth 

rates of crustacean zooplankton using experimental 

mesocosms 
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ABSTRACT 

Within the last decade, calcium decline has emerged as a stressor for many soft water lakes. A 

legacy of long-term acid deposition and logging, calcium decline has been implicated in the 

potential loss of large herbivores such as Daphnia, and changes in community structure, as taxa 

with low calcium demand also increase. Although regional lake surveys, paleolimnological and 

laboratory studies have provided strong evidence that declining Daphnia abundances are 

associated with low calcium concentration, causal relationships for zooplankton response to 

calcium decline have not been assessed using field experiments with natural zooplankton 

communities. Additionally, intraspecific variation in calcium tolerance among zooplankton taxa, 

has not been adequately explored, especially since Daphnia species exhibit intraspecific variation 

to other stressors. We conducted a six-week field experiment using four calcium concentrations 

(0.6, 1.0, 1.4, and 2.4 mg/L) and zooplankton communities originating from eight lakes along a 

calcium gradient from 1.78 to 24.8 mg/L. Reduced per capita growth rates were detected for the 

calcium-rich Daphnia pulex/pulicaria, Daphnia catawba, as well as calcium-poor taxa including 

Bosmina spp., and several copepod species. Similar reductions occurred for total zooplankton and 

individual functional group growth rates at low calcium concentrations. Although we detected 

variation in growth rates amongst lakes, there was no evidence of an interaction between low 

calcium and the calcium concentration of the zooplankton source lake. As calcium concentrations 

continue to decline in lakes on the Canadian Shield, we expect shifts in zooplankton community 

structure and overall declines in total zooplankton production. 
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INTRODUCTION  

Calcium (Ca) decline is an emerging stressor for soft water lakes on the Canadian Shield and 

similar lakes in Europe (Jeziorski et al. 2008; Skjelkvåle et al. 2005; Evans et al. 2001; Kirchner 

and Lydersen 1995). Sustained acid deposition over the past several decades, coupled with 

logging, and the subsequent uptake of Ca by growing forests, have depleted Ca levels in watershed 

soils (Watmough et al. 2003; Likens et al. 1998). As lake water [Ca] is regulated by Ca export 

from these soils and, to a lesser extent, atmospheric inputs (Watmough and Aherne 2008; Hedin 

et al. 1994), as the [Ca] in these soils decline, lake water Ca also declines (Molot and Dillon 2008). 

Further declines of Ca are expected in south-central Ontario (Reid and Watmough 2016), with 

37% of lakes falling below the critical reproduction threshold of 1.5 mg Ca/L for Ca-rich Daphnia 

pulex (Ashforth and Yan 2008). Should [Ca] continue to decline beyond this threshold, then the 

majority of Canadian Shield lakes could be low enough to impact zooplankton community 

structure (Jeziorski et al. 2015), trophic interactions (Carpenter et al. 1985), and ecosystem 

functioning (Korosi et al. 2012). 

 The impact of Ca decline on aquatic biota remains a growing concern, as the abundances of 

Ca-rich Daphnia, key herbivores in pelagic food webs, are declining (Jeziorski et al. 2008). 

Daphniids have been primarily studied due to their Ca-rich exoskeleton (Jeziorski and Yan 2006; 

Cowgill 1976) compared to other taxa, which suggests a vulnerability to Ca decline (as reviewed 

by Cairns and Yan 2009). Laboratory studies using Daphnia pulex have identified a threshold of 

1.5 mg Ca/L for reproduction (Ashforth and Yan 2008) and the development of anti-predator 

defences (Riessen et al. 2012). Additionally, similar studies using Ca-rich Daphnia (e.g., Daphnia 

galeata, Daphnia magna and Daphnia pulex) have documented increased mortality rates, as well 

as impaired survival, growth and reproduction in Ca-poor waters as low as 0.5 mg/L (Azan et al. 
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2015 and references therein). Declining aqueous Ca has also been implicated in influencing the 

distribution of Ca-rich Daphnia, as higher occurrences have been detected in lakes with high 

ambient [Ca] (Cairn 2010; Wærvågen et al. 2002; Hessen et al. 1995; Tessier and Horwitz 1990).  

 The effect of Ca decline on species-level response, however, remains limited as laboratory 

and field studies have mainly focused on Ca-rich Daphnia (Prater et al. 2015; Jiang et al. 2014; 

Ashforth and Yan 2008; Rukke 2002b; Hessen and Rukke 2000; Hessen et al. 2000; Alstad et al. 

1999). Although field studies have demonstrated increases in bosminids and Holopedium glacialis 

as Ca declines, we are unaware how Ca decline will affect other non-daphniid cladocerans and 

copepods. Currently there is no existing data on Ca storage within copepods (Greenaway 1985), 

and their body Ca content (0.05-0.28% DW; Jeziorski and Yan 2006, Yan et al. 1989), while not 

always a reliable proxy for species response to low Ca (Azan et al. 2015; Tan and Wang 2010), 

suggests a tolerance to Ca decline.  

 Our ability to detect species-level response is also confounded by possible intraspecific 

variation to declining aqueous Ca. In most cases, laboratory studies used single daphniid clones 

isolated from lakes with [Ca] >2.5 mg/L (Cairns and Yan 2009) (but see Ashforth and Yan 2008). 

However, we are lacking studies that have examined how daphniids and other zooplankton taxa 

that originated from multiple populations or are adapted to Ca-poor waters might respond to further 

Ca decline. To date, only one study has investigated inter-population differences among Daphnia 

to Ca decline (Rukke 2002b), revealing that there may be large differences in tolerances to low Ca 

among populations of the same species. Similar variation in inter-population responses to Ca have 

been detected in Gammarus lacustris populations found in mountain versus lowland lakes in 

Norway (Økland and Økland 1985), and in the shell strength of gastropods in north temperate 

lakes in Wisconsin (Lewis and Magnuson 1999). Since Daphnia are known to exhibit intraspecific 
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variation to other stressors, such as metals (e.g., DeMille et al. 2016; Baird et al. 1990) and 

predators (e.g., Boeing et al. 2006; Repka and Walls 1998), we would expect a similar response to 

Ca. However, studies on inter-population variation among crustacean zooplankton communities 

in response to Ca have received little, if any attention. Addressing this knowledge gap is important 

for predicting the potential for evolutionary rescue (Gonzalez et al. 2013) in light of future 

predictions of low [Ca] across the landscape (Reid and Watmough 2016). 

Large-scale species shifts across Canadian Shield lakes provide some evidence of the impact 

of Ca decline on cladoceran relative abundances (e.g., Jeziorski et al. 2015, 2008; DeSellas et al. 

2011). However, no community-level experiments have been conducted to evaluate zooplankton 

community response to Ca decline in isolation of other stressors. To date, community-level 

impacts of Ca decline are limited to sediment records and lake survey data, where regional shifts 

in cladoceran zooplankton community structure have been detected in association with low [Ca]. 

Coincident with declining Ca, the relative abundance of Daphnia has declined, with concomitant 

increases in taxa that require less Ca, such as bosminids and Holopedium glacialis (Jeziorski et al. 

2015, 2012a, 2008; Korosi and Smol 2012a; DeSellas et al. 2011). However, a lack of species-

level taxonomic resolution in sediment fossils (only two discernible daphniid complexes: 

longispina and pulex that contain species that are presumed to be Ca-sensitive or Ca-tolerant) 

limits our ability to predict community response to Ca decline.  

Here we present the results of a field mesocosm experiment that examined (i) species-level 

responses to low Ca that include (a) per capita growth rates, (b) Daphnia body size, and (c) average 

clutch size and mean number of eggs/female in the population of Bosmina spp., Daphnia catawba, 

Daphnia pulex/pulicaria, Eubosmina longispina, Eubosmina tubicen, and Holopedium glacialis; 

(ii) if the origin of crustacean zooplankton communities influences their response to low Ca; and 
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(iii) if total chlorophyll a (chl a) concentrations, indicative of zooplankton grazing pressure, are 

higher at low [Ca] and comparable to concentrations at high [Ca]. 

We predicted that the growth rates of Ca-rich Daphnia would be lower at low [Ca]. However, 

growth rates for taxa with low Ca demands, such as bosminids and Holopedium glacialis, would 

be higher at low [Ca] as they are released from competition with declining high Ca taxa. We also 

predicted that Daphnia mean body size would be smaller at low [Ca]. Since Daphnia do not 

possess Ca storage structures (Greenaway 1985; Porcella et al. 1969), they must actively work to 

replace Ca lost through moulting. Therefore, a shortage of aqueous Ca could result in smaller 

animal size as the weight of their carapace also declines (Alstad et al. 1999). Given that 

reproduction is impaired at low [Ca] (Ashforth and Yan 2008; Hessen et al. 2000), we predicted 

that the average clutch size and mean number of eggs/female in the population would also decline 

at low [Ca]. Additionally, we predicted that zooplankton communities would exhibit different 

responses (i.e., local adaptation) to low [Ca] depending on their history of exposure. Finally, we 

predicted that total chl a concentrations would be higher at low [Ca], coincident with declines of 

the Ca-rich daphniids, and the increase of taxa with low Ca demands (e.g., Bosmina) that are less 

efficient grazers of phytoplankton (Carpenter et al. 1987).  

 

MATERIALS AND METHODS 

Experimental design 

We established an analysis of covariance (ANCOVA)-design field mesocosm experiment onsite 

of the Ministry of the Environment and Climate Change (MOECC), Dorset Environmental Science 

Centre (DESC), Dorset, Ontario, from July 12th to August 22nd, 2014. On July 3rd, 64 white 

polyethylene mesocosms (1.2 m x 0.94 m) were filled to 350 L using water from Plastic Lake that 
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is located in Sherborne, Haliburton, Ontario. Lake water was filtered through an 80 µm mesh that 

allowed most phytoplankton and some rotifers through, but removed crustacean zooplankton. To 

reduce solar radiation and heating, we shaded each mesocosm with black plastic bags, wrapped 

around wooden poles on its perimeter that created an air space between the plastic and the 

mesocosm. Additionally, two pieces of screen mesh were affixed atop each mesocosm to reduce 

light penetration and to prevent aerial colonization.  

 We created the lowest [Ca] in our mesocosms (July 3rd to 5th), by diluting Plastic Lake water 

(Appendix 9) with deionized water generated from one, 1.2CF Carbon Tank and four, 1.2CF 

Regenerated DI Mixed Bed Resin tanks (High Purity Water Services, Inc., Mississauga, Ontario). 

Calcium sulphate dihydrate (CaSO4.2H2O) was added to 48 mesocosms to achieve three additional 

treatments with nominal concentrations of 1.1, 1.5, and 2.5 mg Ca/L on July 6th. Measured [Ca] 

based on three fortnightly water samples (see below) fell within 0.1 mg/L of our nominal targets 

(Appendix 10). Based on this, the four [Ca] used in our experiment were 0.6, 1.0, 1.4, and 2.4 

mg/L. To ensure that the deionized water added was on par with nutrient levels of Plastic Lake, 

we added 7.38 mg of phosphorus (as KH2PO4; Fisher Scientific, Pittsburgh, Pennsylvania), and 

197.52 mg and 124.3 mg of nitrogen (as NaNO3 and NH4Cl respectively; Fisher Scientific, 

Pittsburgh, Pennsylvania) to all mesocosms on July 6th. Three additions of 0.336 mg of phosphorus 

and 13 mg of nitrogen were added every two weeks to compensate for losses that frequently occur 

due to periphyton that accumulate on the walls in field mesocosm experiments. Each Ca treatment 

was fully crossed with eight source lakes (hereafter referred to as “Zooplankton Origin”) used for 

the zooplankton inocula that ranged from 1.78 to 24.8 mg Ca/L. Each treatment combination was 

replicated twice for a total of 64 mesocosms.  
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 To assess how crustacean zooplankton communities from different lakes may respond to Ca 

decline, we collected communities on July 9th and 10th, using an 80 µm mesh conical net (25 cm 

diameter) from eight lakes that varied in chemistry and morphology (Appendix 9; Figure 4.1). Six 

of the eight lakes are soft water, with silicate bedrock overlain by thin tills, and oligotrophic with 

low buffering capacity that is characteristic of most lakes on the Canadian Shield (Arp et al. 1996; 

Jeffries and Snyder 1983). The remainder have marble bedrock and/or biotite gneiss, overlain by 

carbonate rich till, which upon dissolution produces lake water high in Ca (Jeffries and Snyder 

1983). Thus, zooplankton communities in these lakes have been exposed to high [Ca] and may 

respond differently to declining Ca compared to populations from soft water lakes. The crustacean 

zooplankton community from each lake was gently rinsed and filtered through an 80 µm mesh 

zooplankton net bucket to remove the associated lake water because its addition could change the 

[Ca] established in each mesocosm. Five small flakes of cetyl alcohol [CH3(CH2)14CH2OH] were 

also added to each mesocosm to reduce the surface-air tension and the possibility of Cladocera 

entrapment in surface film. 

 

Sampling protocol  

All mesocosms were sampled at the beginning (July 12th) and end (August 22nd) of the experiment. 

Although comparisons of initial and final states of mesocosm experiments may miss transient 

changes in plankton abundance, this experimental design has been used to answer a variety of 

ecological questions (e.g., Pedruski and Arnott 2011; Declerck et al. 2007; Hall et al. 2004). 

Crustacean zooplankton samples were collected using a 12 L Schindler-Patalas Plankton Trap 

(Hoskin Scientific Limited, Burlington, Ontario) from the bottom, middle, and top sections of each 

mesocosm. The three subsamples were combined to form a composite sample for each mesocosm. 
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Prior to sample collection on the final data, each mesocosm was stirred to ensure homogenized 

zooplankton samples. Samples were preserved in 70% ethanol. Aqueous [Ca] was measured in 

weeks 0, 3 and 5 from a water sample collected 5 cm below the water surface and analysed by the 

MOECC, DESC, Dorset, Ontario using atomic absorption spectroscopy (MOECC 2015). Given 

that temperatures above 25°C can reduce Daphnia survival and reproduction (Folt et al. 1999; 

Moore et al. 1996), as well as their growth and mean body size (as discussed by Moore and Folt 

1993), we monitored temperature each week using an YSI model 600 OMS V2 (YSI Incorporated, 

Yellow Springs, Ohio). Water samples for total chl a were also collected weekly from a water 

sample collected 5 cm below the water surface of each mesocosm. Samples were processed in 

darkness by filtering 500 ml of the water sample through a G4 glass-fibre filter (1.2 µm pore size: 

Fisher Scientific Canada, Ottawa) and freezing to lyse algal cells. Total chl a was extracted in 

methanol for 24 hours before fluorometric analysis using a TD 700 fluorometer (Turner Designs, 

Sunnyvale, California) following Welschmeyer (1994).   

 Zooplankton samples were enumerated in their entirety and crustacean zooplankton 

identified to species using a Leica M165 C dissecting microscope (Leica Microsystems; Solms, 

Germany). Daphnia body length and number of eggs/embryos for each Daphnia species were also 

recorded. We measured the body lengths of 100 Daphnia per sample from the top of the head to 

the base of the carapace at the junction with the tail spine. In some instances, <100 Daphnia were 

measured because of insufficient numbers in that sample. We grouped Bosmina freyi and Bosmina 

liederi and Daphnia pulex and Daphnia pulicaria as “Bosmina spp.” and “Daphnia 

pulex/pulicaria” respectively, because of difficulties in distinguishing these species using 

morphological attributes. We identified juvenile copepods as either calanoid or cyclopoid nauplii 

or copepodids.  
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Statistical analyses 

We performed all statistical analyses in R 3.2.3 (R Development Core Team 2015). Treatment 

effects were assessed on community attributes (total zooplankton abundance, species richness, 

Shannon Weiner species diversity and evenness), functional group attributes (abundance and 

richness), individual species abundances, Daphnia attributes (mean Daphnia body length of the 

daphniids, Daphnia catawba, and Daphnia pulex/pulicaria, average clutch size, and mean number 

of eggs/female in a population), average clutch size and mean number of eggs/female in a 

population for the pelagic cladocerans Bosmina spp., Eubosmina longispina, Eubosmina tubicen, 

and Holopedium glacialis, and total chl a. We defined the average clutch size as the mean number 

of eggs produced by gravid individuals, and the mean number of eggs/female in a population as 

the mean number of eggs carried by all females in a population at a point in time. Crustacean 

zooplankton functional groups were divided into small cladocerans, large cladocerans, calanoid, 

and cyclopoid copepods. Small cladocerans were defined based on their mean body size (<0.8mm; 

MOECC, DESC, Dorset, Ontario, unpublished data), and included the species Bosmina spp., 

Chydorus sphaericus, Diaphanosoma birgei, Eubosmina longispina, and Eubosmina tubicen. 

Large cladocerans included species that were >0.8mm in mean body size (MOECC, DESC, Dorset, 

Ontario, unpublished data) such as Holopedium glacialis, Daphnia catawba, and Daphnia 

pulex/pulicaria.   

Per capita growth (individual/individual/day) for each species was estimated as log (final 

abundance/initial abundance)/time interval for each mesocosm to compensate for variation in 

species abundances among lakes. Initial abundance was calculated based on the average abundance 

of the eight mesocosms associated with each zooplankton source lake, and was done to obtain a 

precise population estimate. Final abundances were obtained from individual mesocosms. As 
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community composition varied among the eight lakes used to stock our mesocosms, we analysed 

species that were present in most lakes and excluded species that occurred in less than half of the 

mesocosms. We also excluded species that were present in week 0 but not week 6; for example 

Daphnia ambigua, Daphnia dubia, and Daphnia mendotae that had poor survival in all of our 

mesocosms. We, however, included all rare species in our analyses on community and functional 

group attributes. Where zeroes were recorded (i.e., a species not detected) in either week 0 or 6, 

they were assumed to be present, but below our detection limit. Therefore, zeroes were replaced 

with a density equivalent to the presence of one individual in the composite sample (minimum 

detection limit). Per capita growth for total zooplankton and individual functional groups were 

similarly calculated. 

We examined the relationship between Ca and the daily per capita growth rate estimated for 

each species, total zooplankton, and individual functional groups using linear models. Full models 

included both predictors (Ca and Zooplankton Origin) and their interaction. We used the Akaike 

Information Criterion (AIC) to determine if Ca was best treated as a continuous or categorical 

variable in our full models. In all cases, using Ca as a continuous variable provided the best fit. 

Since zooplankton species composition and abundance differed among the Zooplankton Origin 

treatments, a [Ca] treatment effect on the origin of zooplankton communities was determined by a 

significant [Ca]*Zooplankton Origin interaction. Model selection was performed following 

Crawley (2005). Significance of interactions and single predictors was assessed by dropping them 

from the full model, then comparing the deviance of the models with and without the dropped term 

using log-likelihood tests (p<0.05). Assumptions of the final model were tested using residuals 

versus fitted plots, scale-location plots, and residuals versus leverage plots. Significance of 

predictors for linear models was determined using analysis of variance on the final model.  
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To investigate the relationship of the [Ca] treatment and Zooplankton Origin on mean 

Daphnia body length and total chl a, we estimated the change in mean Daphnia body length and 

the change in total chl a as log (mean Daphnia body length in week 6/mean Daphnia body length 

in week 0)/time and log (chlfinal/chlintitial)/time, respectively, for each mesocosm. We estimated 

mean body length by measuring 100 daphniids per sample, and calculated their average by 

weighting their lengths by the abundance of each species. Full models were analysed using linear 

models, and included Ca and Zooplankton Origin, and their interactions. Using Ca as a continuous 

variable provided the best fit for mean Daphnia body length, in contrast to the change in total chl 

a where it was categorical. Where Ca was used as a categorical variable, post hoc analyses were 

performed using tests of Tukey’s Honest Significant Difference (Tukey’s HSD). Benjamini-

Hochberg False Discovery Rate corrected p-values were used for all linear analyses. We 

considered metrics for total zooplankton and individual functional groups as a separate family of 

tests from those for individual species. Additionally, metrics for richness were considered as a 

separate family of tests from those for diversity/evenness. P-values for all predictors from each 

model were included in the adjustments within each family.  

In addition, we assessed the relationship of [Ca] treatment and Zooplankton Origin on 

average clutch size and mean number of eggs/female in a population on the final day of the 

experiment using linear models. Full models for average clutch size, and mean number of 

eggs/female in a population included Ca and Zooplankton Origin, as continuous variables, and 

their interactions. Model selection and assumptions for mean Daphnia body length, change in total 

chl a, average clutch size, and mean number of eggs/female in a population followed similar 

protocols as outlined above.  
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We used linear mixed-effect models to analyse species richness, diversity, and evenness, and 

individual functional groups richness. Our full models contained week as a fixed categorical 

variable with two levels (Week 0 and 6) and Ca and Zooplankton Origin as the covariates. 

Individual mesocosms were also included as a random factor to account for temporal pseudo-

replication and satisfy our repeated-measures design. We used the ‘lmer’ function in the ‘lme4’ 

v.1.1-11 package (Bates et al. 2016) to analyse our full linear-mixed effect models. The final model 

that best explained treatment effect was determined using the ‘dredge’ function in the ‘MuMIn’ 

v.1.15.6 package (Bartoń 2016) and had the lowest Akaike Information Criterion (AICc, correction 

for small sample size) of all the models presented. We tested model assumptions using histograms 

of residual values, residual versus fitted plots, correlation tests between residual versus fitted 

values, and scale-location plots. When model assumptions were violated, data was log-transformed 

(species diversity and evenness) to improve normality of residuals, and reduce variance between 

treatments. Significance of predictors in our final linear mixed-effect models was acquired from 

the function ‘anova’ in the ‘lmerTest’ v.2.0-30 package (Kuznetsova et al. 2016). We considered 

a significant [Ca]*Time interaction as support for a significant effect of [Ca] on Zooplankton 

Origin treatments through time. An ANCOVA was subsequently used to determine statistically 

significant differences between the effects of Ca on species richness controlling for Time. Where 

our attempts to satisfy model assumptions failed, generalized linear mixed-effect models 

(GLMMs) with a Poisson distribution were performed using the function ‘glmmadmb’ in the 

‘glmmADMB’ v.0.8.3.3 package (Skaug et al. 2016). GLMMs were used for large cladoceran and 

calanoid richness. Model assumptions of the final model were tested using plots of residual versus 

fitted values, and scale-location plots. Significance of predictors in the final GLMMs was obtained 

using log-likelihood ratio tests. 
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RESULTS 

Zooplankton species response 

Our zooplankton inoculum originated from eight lakes that varied in chemistry and morphology. 

We identified 31 species of which 19 (9 cladocerans, 3 calanoid copepods, and 7 cyclopoid 

copepods) were common to all eight lakes. Of the 12 remaining taxa, eight were found in four 

lakes or less, two, only in week 0, and two, in less than half of our mesocosms.  

 Of the 19 species analysed, six responded to our Ca manipulations (Table 4.1). Per capita 

growth rates of several cladocerans, including Daphnia pulex/pulicaria, Daphnia catawba, and 

Bosmina spp., were reduced in low Ca treatments (Figure 4.2). On average, Daphnia 

pulex/pulicaria exhibited negative growth rates in all of our Ca treatments, although growth rates 

at 2.4 mg/L were less negative by comparison. There was a decline in per capita growth rate as Ca 

declined, such that growth rates for Daphnia pulex/pulicaria were 348% lower in 0.6 mg Ca/L 

compared to 2.4 mg Ca/L. Similarly, per capita growth rates for Daphnia catawba were 136% 

lower in 0.6 mg Ca/L compared to treatments with 2.4 mg Ca/L. Contrary to our expectations, 

growth rates for the small cladoceran, Bosmina spp., were, on average, higher at high [Ca] 

compared to low [Ca] treatments (Figure 4.2). Per capita growth rates for Bosmina spp. were 64% 

lower at 0.6 mg Ca/L compared to treatments with 2.4 mg Ca/L as Ca declined.  

 Several copepods also experienced lower growth rates in our low Ca treatments (Table 4.1). 

Per capita growth rates for the cyclopoid copepod Acanthocyclops robustus remained positive 

across all Ca treatments, with higher growth rates detected at high [Ca] (Figure 4.3). As [Ca] was 

lowered from 2.4 mg Ca/L to 0.6 mg Ca/L, Acanthocyclops robustus per capita growth rates 

declined by 261% and Mesocyclops edax growth rates, by 135%. Likewise, Tropocyclops extensus 
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had higher growth rates at high [Ca] (Figure 4.3), with a 33% lower per capita growth rate in 0.6 

mg Ca/L treatments when compared to those at 2.4 mg Ca/L. 

 Although Zooplankton Origin [Ca] was included as a predictor of per capita growth rates in 

the final model for all species analysed, it had no significant effect for most species (Figures 4.2 

& 4.3). The exceptions were Daphnia ulex/pulicaria, Mesocyclops edax, and Epischura lacustris 

(Table 4.1), which had growth rates that differed with Zooplankton Origin. Of the eight lakes used 

in our analysis, Glen, Fifteen Mile, and Longline lakes exhibited the highest per capita growth 

rates for Daphnia pulex/pulicaria (mean 0.9 individual/individual/day), Mesocyclops edax (mean 

1.9 individual/individual/day) and Epischura lacustris (mean 2 individuals/individual/day), 

respectively. There was also no interactive effect of Ca and Zooplankton Origin [Ca] on any 

zooplankton taxa (Table 4.1), indicating that the [Ca] effect on per capita growth rates was similar 

for zooplankton from all of our study lakes, irrespective of their historical Ca exposure.  

 

Functional group response 

We detected a significant positive effect of Ca on the per capita growth rates of total zooplankton, 

total cladocerans, daphniids, small cladocerans, total copepods, and cyclopoid copepods (Table 

4.2). We detected higher growth rates of total zooplankton, with or without the presence of juvenile 

copepods, in treatments with high [Ca] compared to low [Ca] treatments (Figure 4.4). Per capita 

growth rates for total zooplankton declined by 64% as the [Ca] was lowered from 2.4 mg Ca/L to 

0.6 mg Ca/L. Similarly, growth rates for total cladocerans were positively correlated with [Ca] 

resulting in a 46% reduction in per capita growth rates, as the [Ca] was lowered from 2.4 mg Ca/L 

to 0.6 mg Ca/L (Figure 4.4).  
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 We also detected a significant positive effect of Ca on the per capita growth rates of both 

small cladocerans and daphniids (Table 4.2). Per capita growth rates for small cladocerans were 

positive across all Ca treatments, whereas per capita growth rates for daphniids were mainly 

negative, becoming positive only at 2.4 mg Ca/L. There was an 837% and a 31% reduction in per 

capita growth rates in 0.6 mg Ca/L compared to 2.4 mg Ca/L treatments, for daphniids and small 

cladocerans, respectively. However, we did not detect a significant effect of Ca on large 

cladocerans (Table 4.2), despite a tendency for growth rates to decrease as [Ca] declined. 

 We also detected a significant positive effect of Ca on total copepod, and cyclopoid copepod 

growth rates, with or without the presence of rare adult copepods (Table 4.2; Figure 4.4). In 

contrast, although growth rates for calanoid copepods tended to be higher at high [Ca] compared 

to low [Ca] treatments, we did not detect a significant effect of Ca.  Our result may have been 

driven by the rare species, Aglaodiaptomus leptopus that had higher positive growth rates in 1/3 

of the lakes in which it was present, for all [Ca] treatments. After we removed this species from 

our analysis, Ca became a significant predictor for calanoid copepod growth rates (p=0.036). There 

was also a 62% reduction in per capita growth rates for both total copepod and cyclopoid copepod, 

as the [Ca] declined from 2.4 mg Ca/L to 0.6 mg Ca/L. 

 We detected a significant effect of Ca through Time on species richness (Table 4.3), where, 

on average, richness increased from 9.4 taxa in week 0, to 11.2 taxa in week 6. As expected, species 

richness increased more through time in high [Ca] compared to the other [Ca] treatments (Figure 

4.5). In contrast, we did not detect a significant effect of Ca on species diversity or species evenness 

(Table 4.3). There was also no effect of Ca on total cladoceran, small cladoceran, large cladoceran, 

daphniid, total copepod, calanoid copepod, or cyclopoid copepod richness. However, Zooplankton 

Origin [Ca] was a significant predictor for most of these aggregate measures (Table 4.4). In all 
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cases, functional group richness differed across all lakes used (Table 4.4). We did not, however, 

detect an interactive effect of Ca and Zooplankton Origin [Ca] on crustacean zooplankton 

community metrics or individual functional group growth rates or richness.   

 

Reproduction and body length 

On the last day of the experiment, there was no effect of Ca or Zooplankton Origin [Ca] on average 

clutch size or mean number of eggs/female in the population for Bosmina spp., Daphnia catawba, 

Daphnia pulex/pulicaria, Eubosmina longispina, Eubosmina tubicen, and Holopedium glacialis 

(null models; Figures 4.6 & 4.7). Similarly, there was no effect of Ca or Zooplankton Origin [Ca] 

on the change in mean Daphnia body length or on individual body lengths of Daphnia catawba 

and Daphnia pulex/pulicaria (null models; Figure 4.8). We did not detect an interactive effect of 

Ca and Zooplankton Origin [Ca] for any of our reproduction or body length metrics. 

 

Chl a 

We detected a significant effect of Ca on the growth rate of phytoplankton, measured as total chl 

a (ANOVA, F(3,60) = 5.85, p = 0.001, R2 = 0.23; Figure 4.9). Higher growth rates for total chl a 

concentrations were observed in treatments with [Ca] > 1.4 mg Ca/L when compared to lower 

[Ca]. Post hoc analyses showed significant differences between 1.0 and 1.4 mg Ca/L treatments 

(p=0.002), and between 1.0 and 2.4 mg Ca/L (p=0.009). However, we did not detect a significant 

effect of Zooplankton Origin [Ca] or an interactive effect of Ca and Zooplankton Origin [Ca] on 

the growth rates of phytoplankton.             
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DISCUSSION 

Predicted future declines in [Ca] in soft water Canadian Shield lakes (Reid and Watmough 2016) 

are likely to result in widespread loss of biodiversity and reduced zooplankton production. By 

experimentally manipulating the Ca environment of diverse zooplankton communities, we found 

evidence of reduced population growth rates of several zooplankton species, including several that 

have been presumed tolerant to declining [Ca] because of low Ca body content (Jeziorski and Yan 

2006). Although Ca thresholds for non-daphniid cladocerans and copepods are currently unknown, 

reduced population growth rates at low [Ca] indicates that abundances for these taxa will be lower 

as [Ca] continue to decline in soft water lakes. 

Contrary to our initial hypothesis that zooplankton communities would exhibit different 

responses to low [Ca], the origin of zooplankton taxa (soft versus hard water) did not influence 

their response to declining aqueous Ca. Our result contradicts several studies that have 

demonstrated intraspecific variation in Daphnia, in response to stressors (Baird et al. 1990), 

predators (Boeing et al. 2006), and Ca (Rukke 2002b). We also found no evidence of local 

adaptation in copepods from different lakes to low [Ca], despite variation in response to pH (Derry 

and Arnott 2007). Overall, our results suggest that Daphnia and other zooplankton taxa may have 

similar sensitivities to low [Ca], regardless of their historical Ca exposure. This lack of variation 

in Ca response among communities suggests that ecological/evolutionary rescue (Gonzalez et al. 

2013) may not permit the persistence of Ca-sensitive species, despite increasing evidence that 

regional dispersal can provide spatial insurance against diversity loss (e.g., Low-Décarie et al. 

2015; Symons and Arnott 2013). In light of future predictions that [Ca] will fall <1 mg Ca/L in the 

Muskoka River Watershed (Reid and Watmough 2016), and the apparent lack of intraspecific 
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variation in response to low [Ca], we are likely to observe a widespread loss of pelagic biodiversity 

in lakes across the Canadian Shield landscape.  

 Calcium body content of individual species was not a good predictor of sensitivity to low 

[Ca] in our experiment. Based on results from sediment records and lake surveys we expected to 

observe (i) lower abundances of Ca-rich Daphnia pulex at low [Ca] (Cairns 2010; Jeziorski et al. 

2008), and (ii) higher abundances of Daphnia catawba below 2 mg Ca/L (DeSellas et al. 2008; 

Tessier and Horwitz 1990), or no change in species abundance with declining [Ca] (Cairns 2010). 

As expected, Daphnia pulex/pulicaria was sensitive to low [Ca]. However, Daphnia catawba, a 

taxon considered tolerant of low Ca (Jeziorski et al. 2015; Cairns 2010) experienced reduced 

population growth rates as [Ca] declined in our experiment. In fact, the mean per capita growth 

rate for Daphnia catawba was -0.48 (±1.57) and -0.35 (±1.79) individual/individual/day at 0.6 and 

1.0 mg Ca/L, respectively. This result suggests that increased Daphnia catawba abundances at low 

[Ca] that have been reported in lake surveys, may not persist as lake [Ca] continues to decline. 

Furthermore, much lower mean per capita growth rates for Daphnia pulex/pulicaria at 0.6 and 1.0 

mg Ca/L (-1.56 ±1.46 and -0.99 ±1.25 individual/individual/day, respectively) compared to those 

observed for Daphnia catawba, suggests continued declines and likely extirpation of this species 

from many Canadian Shield lakes as [Ca] fall below 1 mg Ca/L.  

In addition, we had expected an increase in Bosmina spp. and Holopedium glacialis, taxa 

with low Ca demands, as daphniid relative abundances declined in response to low [Ca] (e.g., 

Jeziorski et al. 2015; DeSellas et al. 2011; Jeziorski et al. 2008). However, as daphniid growth 

rates declined in our low Ca treatments, Bosmina spp. also experienced reduced growth rates 

(although on average they remained positive in each treatment), while those for Holopedium 

glacialis were variable. Similarly, growth rates for the closely related bosminids, Eubosmina 
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longispina and Eubosmina tubicen showed little evidence of an effect of Ca, despite evidence of 

increased relative abundances in low [Ca] in lake surveys (DeSellas et al. 2011). We are unable to 

predict how future declines in [Ca] might influence Holopedium glacialis. Growth rates were 

found to be variable among lakes and exhibited no clear pattern. Moreover, negative mean per 

capita growth rates (range -0.08 to -0.85 individual/individual/day) across all Ca treatments 

suggest that Holopedium glacialis did not thrive in our mesocosms and therefore our results should 

be interpreted with caution. In the case of the two Eubosmina species that performed equally well 

across all Ca treatments, future declines in [Ca] are likely to favour both, as they do not appear 

affected by low [Ca], unlike other cladocerans.   

We provide the first field evidence of a positive effect of Ca on three cyclopoid copepod 

species, Acanthocyclops robustus, Mesocyclops edax, and Tropocyclops extensus. Although 

copepods have low body Ca content (0.05% - 0.4% DW; Azan et al. 2015) that suggests tolerance 

to low [Ca], we detected reduced growth rates for all three copepod species at low [Ca]. While per 

capita growth rates for Acanthocyclops robustus and Tropocyclops extensus decreased, as the [Ca] 

declined, their mean growth rates were positive in each Ca treatment. In contrast, Mesocyclops 

edax experienced negative per capita growth rates in our lowest Ca treatments, indicating possible 

losses of this species from low Ca lakes. A positive correlation between lake [Ca] and body Ca 

content in Mesocyclops edax (Jeziorski and Yan 2006) suggests that this species might not be able 

to maintain Ca body content under low Ca, and as our experiment indicates, it is likely to 

experience population declines as regional [Ca] continues to decline. Moreover, although Ca 

storage in copepods is unknown (Greenaway 1985), lake surveys indicate that their distribution 

does not appear to be influenced by Ca gradients ranging from 1.2 to 9 mg Ca/L (Wærvågen et al. 

2002). However, copepod sensitivity to low Ca has received little attention in the literature, likely 
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because they are more difficult to culture in laboratories than Daphnia, and because they do not 

preserve well in lake sediments due to their soft bodies (Rautio et al. 2000). Our results of declining 

growth rates for three of the 11 copepod species present in our experiments, and an overall decline 

in total cyclopoid per capita growth rates at low [Ca], indicates that cyclopoid copepod taxa should 

not be overlooked in future studies examining species-specific responses to low Ca.  

Despite declines in per capita growth rates as [Ca] decreased in our experiment, there was 

little evidence for an effect of Ca on species diversity or evenness and functional group richness. 

Despite this, we detected a significant effect of Ca on species richness through time, such that 

richness increased more in high than low Ca treatments. Species richness increased in all of our 

Ca treatments through time, likely due to the colonization of littoral species (e.g., Chydorus 

sphaericus), and increases in abundances of other taxa (e.g., Bosmina). Reduction in species 

richness in some mesocosms was likely due to Ca-rich Daphnia, as well as the absence of species 

that fell below our detection limit. Although the abundance of Holopedium glacialis has increased 

in several Canadian Shield lakes (Jeziorski et al. 2015), likely due to their superior competitive 

ability to Daphnia at low Ca (Jeziorski et al. 2015; Hessen et al. 1995), we detected reduced 

occurrences of this species across all Ca treatments. In general, our findings of reduced species 

richness at low [Ca] in our experiments suggest the potential loss of pelagic biodiversity in 

Canadian Shield lakes as [Ca] declines.  

There was limited evidence of compensation at the community level in our low Ca 

treatments. In many situations, species-level responses are usually stronger than those at the 

community level due to compensatory changes in abundance (e.g., Fischer et al. 2001; Havens and 

Carlson 1998; Frost et al. 1995). However, in our mesocosms, we detected reduced growth rates 

for total zooplankton and all of the individual functional groups at low [Ca], albeit not significantly 



141 
 

so for large cladocerans and calanoid copepods. Lack of a significant effect of Ca on large 

cladocerans was due to the absence of a relationship between Ca and Holopedium glacialis, despite 

significant positive effects of Ca on growth rates for Daphnia catawba and Daphnia 

pulex/pulicaria. In general, our findings provide the first evidence of the effects of Ca at the 

community-level, as field studies have often looked at single species response (e.g., Cairns 2010), 

or the change in relative abundances of a particular genus (e.g., Jeziorski et al. 2008), but not on 

coarse community metrics such as total zooplankton. Reduced growth at the community level 

suggests that we are likely to see changes in ecosystem function as [Ca] continue to decline. 

Potential changes in ecosystem function associated with declining [Ca] include lower zooplankton 

productivity, grazing and nutrient cycling rates, with potential effects on phytoplankton and higher 

trophic levels.  

 There was also little evidence of a strong trophic cascade in our low Ca treatments. The 

absence of a strong trophic cascade contradicts recent evidence that suggests increased 

phytoplankton production as Ca-rich Daphnia declines with declining aqueous Ca (Korosi et al. 

2012). Higher phytoplankton growth rates in high [Ca] than low [Ca] treatments suggest that 

growth rates were driven by zooplankton grazing or nutrient cycling. Higher zooplankton 

abundances in our high Ca treatments could have resulted in increased nutrient recycling rates that 

promoted higher phytoplankton growth rates, since zooplankton excretion can supply a large 

amount of nutrients that can support phytoplankton growth (as reviewed by Vanni 2002). 

However, it is not clear whether direct effects of [Ca] or trophic interactions are driving the 

observed changes in phytoplankton growth. Although little is known about the direct effects of 

low [Ca] on phytoplankton, there is some experimental evidence that species may differ in their 

Ca requirements (reviewed by Moss 1972). Based on a regional lake survey, Ca was also found to 
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be negatively correlated with changes observed in phytoplankton composition in soft water lakes; 

however, this change was not attributed to a direct Ca effect, but to ecological changes in response 

to increased human activities in Shield lakes (Paterson et al. 2008).   

In general, the evidence for an effect of Ca on reproductive rates of select cladoceran taxa in 

our experiment was weak. Based on laboratory studies that observed the production of fewer 

neonates and longer generation times at low Ca (Ashforth and Yan 2008; Hessen et al. 2000), we 

expected average clutch size and mean number of eggs/female in a population to be reduced as Ca 

declined in our treatments. Instead, we detected no effect of Ca on average clutch size or mean 

number of eggs/female in the population for Daphnia pulex/pulicaria, Daphnia catawba, Bosmina 

spp., Eubosmina longispina, Eubosmina tubicen, or Holopedium glacialis. Although the [Ca] used 

in our study was aligned with other studies (e.g., Ashforth and Yan 2008; Rukke 2002b; Hessen 

et al. 2000) that detected negative impacts of low [Ca] on reproduction, we believe that Ca did not 

have an effect on our reproductive metrics for three reasons. First, high variation in average clutch 

size among enclosures within our treatments may have obscured the relationship between [Ca] and 

our reproductive metrics. Second, differences in population growth rates observed in our study 

were probably driven by increased mortality rates at low [Ca], since Daphnia survivorship is 

known to substantially increase beyond 1.5 mg Ca/L (Ashforth and Yan 2008). Finally, the 

opposing effect of fewer broods being produced and longer times between broods at low [Ca] 

(Ashforth and Yan 2008), may obscure reductions in average clutch size as well as the mean 

number of eggs/female in the population. Longer times between broods is likely to result in lower 

mean number of eggs/female across the population, due to fewer females with eggs at any given 

time. Conversely, since reduced growth rates can delay primiparity below 1.5 mg Ca/L leading to 
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longer times for egg development (Ashforth and Yan 2008), we would expect gravid females to 

hold their eggs longer, resulting in the mean number of eggs/female in the population to be higher.  

It is also likely that other factors might have affected reproductive rates in our experiment. 

Several studies have indicated that food quality and quantity can influence Daphnia response to 

low [Ca] (e.g., Prater et al. 2015; Jiang et al. 2014), as well as clutch size (Herbert 1978; Lampert 

1978). It is likely that food was limiting reproduction in our mesocosms, as on average, total chl a 

concentrations in our mesocosms were low (1.98 ±1.38 µg chl a/L). As a result of low food 

availability, clutch sizes in our experiment were comparable or slightly higher than those 

documented in field studies with low food conditions (Appendix 11). However, mean number of 

eggs/female in a population was found to be much lower (from 0.4 to 0.9 eggs/female for Bosmina 

spp., Daphnia catawba, Daphnia pulex/pulicaria and Holopedium glacialis) than those published 

for populations of the same species in field studies (from 1 to 4 eggs/female) (Appendix 11). 

Food concentration may have also affected the response of daphniid body length to [Ca]. 

Contrary to our initial hypothesis that the change in mean Daphnia body length would decline in 

low [Ca], we did not detect a significant effect of Ca on this metric. Despite positive correlations 

between body length and [Ca] in other studies (e.g., Wærvågen et al. 2002; Hessen et al. 2000; 

Alstad et al. 1999), we found that the average change in mean Daphnia body length at 0.6 and 1.0 

mg Ca/L were positive (0.045 ±0.77 mm and 0.26 ±0.34 mm, respectively) compared to those 

observed at 1.4 mg Ca/L:-0.01 ±0.32 mm, and 2.4 mg Ca/L: -0.06 ±0.30 mm. It is likely that the 

absence of a relationship between body length and [Ca] in our study may be the result of low food 

concentrations. Our hypothesis is supported by Hessen et al. (2000) who observed no significant 

differences in the body length of Daphnia magna individuals raised in different [Ca] in the 

laboratory under low food conditions (0.1-0.3 mg C/L), but found that body length was positively 
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correlated with [Ca] at high food concentrations (0.4-0.8 mg C/L).  Similarly, Ross (2015) detected 

no relationship between [Ca] and Daphnia mean body length using field enclosures with low total 

chl a concentrations (1.07 ±0.74 µg chl a/L). Overall, these results suggest that if food 

concentration mediates daphniid response to low [Ca], there may not be a change in Daphnia body 

length as [Ca] continue to decline in nutrient-poor, soft water lakes. 

In summary, low [Ca] is likely to reduce the growth rates of a broad variety of taxa. While 

the primary goal of our experiment was to examine the effects of Ca in isolation of other 

environmental stressors, Ca decline is occurring across the regional landscape in the presence of 

other stressors. As such, Canadian Shield lakes are experiencing many changes associated with the 

introduction of invasive species (e.g., Bythotrephes longimanus), nutrient loading, low food 

availability, dissolved organic carbon alterations, and climate change (Yan et al. 2008b) – all of 

which are likely to interact with Ca decline. Mechanistic field studies are therefore required to 

understand the individual and interactive effects of these stressors on crustacean zooplankton 

community structure and function.   

  

CONCLUSION 

Since Ca emerged as a stressor for Canadian Shield lakes, the primary concern has been the 

potential loss of Ca-rich daphniids from aquatic food webs (Cairns 2010; Jeziorski et al. 2008; 

Hessen et al. 1995; Tessier and Horwitz 1990), and increase in Ca-poor species, particularly the 

jelly-clad Holopedium glacialis (Jeziorski et al. 2015). Our study has demonstrated that low [Ca] 

will not only affect growth rates of Ca-rich Daphnia, but also those for other cladocerans and some 

copepods once thought to be tolerant of low Ca conditions. Moreover, given the increased 

probability of co-occurrence between stressors in Canadian Shield lakes, further research is 
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required to examine the likely impacts of these stressors, in combination, on crustacean 

zooplankton community structure and individual species abundance under field conditions.  
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Table 4.1. Linear models for individual species per capita growth rates (N=64). Effect of predictor(s) in the final model for each taxa are provided. 

Dashes in model represent those variables that were not present in the final model. Degrees of freedom, F values, and multiple R-squared values of 

the final linear models are reported. Mean densities provided are for each taxa across all mesocosms on the final day of the experiment. P-values 

<0.05 were considered significant and are indicated by boldface type. An asterisk (*) indicates significance (<0.05) after false discovery rate 

corrections. 

 

Response variable Calcium Zooplankton Origin R2 values Mean 
densities 
(indiv/L) df F P df F P 

Cladocerans 

Bosmina spp. 1,62 15.64 0.0002* - - - 0.20 3.067 

Chydorus sphaericus - - - - - - - 0.964 

Daphnia catawba 1,62 4.92 0.030* - - - 0.07 0.912 

Daphnia pulex/pulicaria 1,61 5.50 0.022* 1,61 4.89 0.031* 0.15 0.370 

Eubosmina longispina - - - - - - - 1.263 

Eubosmina tubicen - - - - - - - 0.506 

Holopedium glacialis - - - - - - - 0.579 

Polyphemus pediculus - - - - - - - 0.083 

Scapholeberis kingi - - - - - - - 0.115 

Copepods 

Acanthocyclops robustus 1,62 9.07 0.004* - - - 0.13 0.299 

Cyclops scutifer - - - - - - - 0.022 

Diacyclops thomasi - - - - - - - 0.166 
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Response variable Calcium Zooplankton Origin R2 values Mean 
densities 
(indiv/L) df F P df F P 

Epischura lacustris - - - 1,62 30.26 <0.001* 0.33 0.016 

Eucyclops agilis - - - - - - - 0.019 

Eucyclops elegans - - - - - - - 0.012 

Leptodiaptomus minutus - - - - - - - 0.293 

Leptodiaptomus sicilis - - - - - - - 0.049 

Mesocyclops edax 1,61 5.78 0.019* 1,61 7.39 0.009* 0.18 0.438 

Tropocyclops extensus 1,62 5.33 0.024* - - - 0.08 0.502 
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Table 4.2. Linear models for community and individual functional group growth rates (N=64). Effect of predictor(s) in the final model for total 

zooplankton and individual functional groups are provided. Dashes in model represent those variables that were not present in the final model. 

Degrees of freedom, F values, and multiple R-squared values of the final linear models are reported. Mean densities provided are across all 

mesocosms on the final day of the experiment. P-values <0.05 were considered significant and are indicated by boldface type. An asterisk (*) 

indicates significance (<0.05) after false discovery rate corrections. 

 

Response variable Calcium Zooplankton Origin R2 values Mean 
densities 
(indiv/L) df F P df F P 

Total zooplankton 1,61 15.26 0.0002* 1,61 18.72 <0.001* 0.36 18.029 

Total cladocerans 1,62 4.48 0.038* - - - 0.07 7.882 

Small cladocerans 1,62 5.45 0.023* - - - 0.08 5.799 

Daphniids 1,62 5.90 0.018* - - - 0.09 1.284 

Large cladocerans - - - - - - 0.06 1.861 

Total copepods 1,62 10.35 0.002* - - - 0.14 1.852 

Calanoids - - - 1,62 28.58 <0.001* 0.32 0.394 

Cyclopoids 1,62 10.33 0.002* - - - 0.14 1.458 
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Table 4.3. Linear mixed-effect models for some crustacean zooplankton community attributes (N=64). Dashes in model represent those variables 

that were not present in the final model. F values from linear mixed-effect models are reported. Abbreviations are: calcium (Ca), and zooplankton 

origin (ZO). Significance of predictors (p<0.05) is indicated by boldface type. An asterisk (*) indicates significance (<0.05) after false discovery 

rate corrections. 

 

Response variable Ca ZO Time Ca: Time ZO: Time Ca: ZO Ca: ZO: 
Time 

F p F p F p F p F p F p F p 

Species richness 2.96 0.091 11.57 0.002* 0.04 0.846 4.85 0.031 - - - - - - 

Species diversity - - 3.06 0.085 19.32 <0.001* - - 6.60 0.013* - - - - 

Species evenness - - - - 97.39 <0.001* - - - - - - - - 
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Table 4.4. Generalized linear and linear mixed-effect models for individual functional group richness (N=64). Dashes in model represent those 

variables that were not present in the final model. Chi-squared and dispersion (ϕ) values for generalized linear and F values for linear mixed-effect 

models are reported. Abbreviations are: calcium (Ca), and zooplankton origin (ZO). Significance of predictors (p<0.05) is indicated by boldface 

type. An asterisk (*) indicates significance (<0.05) after false discovery rate corrections. 

 

Response variable Ca ZO Time Ca: Time ZO: Time Ca: ZO Φ 

values Chisq p Chisq p Chisq p Chisq p Chisq p Chisq p 

Large cladoceran richness - - - - 33.18 <0.001* - - - - - - 0.402 

Calanoid richness - - - - - - - - - - - - 0.566 

 

 

Response variable Ca ZO Time Ca: Time ZO: Time Ca: ZO 

F p F p F p F p F p F p 

Cladoceran richness 2.43 0.124 10.30 0.002* 1.58 0.214 2.36 0.129 3.07 0.085 - - 

Small cladoceran richness - - 15.90 <0.001* 35.30 <0.001* - - 2.79 0.10 - - 

Daphniid richness 1.48 0.228 0.835 0.365 45.88 <0.001* 3.89 0.053 7.84 0.007* - - 

Copepod richness 2.03 0.159 7.41 0.008* 0.179 0.674 3.25 0.076 - - - - 

Cyclopoid richness - - 10.56 0.002* 12.22 0.001* - - - - - - 

 

 



151 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Study lakes in Muskoka-Haliburton-Gooderham region, Ontario, Canada.  
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Figure 4.2. Per capita growth rates (individual/individual/day) of cladocera taxa (N=64) in response to calcium concentrations. Box plots, with 

whiskers extending to 1.5 times the interquartile range. Letter(s) in top right hand corner indicate(s) significance of that predictor in the final model 

(Ca=Calcium, ZO=Zooplankton Origin). Significance of predictors is categorised as: *, p<0.05; **, p<0.01; §, p<0.001. 
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Figure 4.3. Per capita growth rates (individual/individual/day) of copepod taxa (N=64) in response to calcium concentrations. Box plots, with 

whiskers extending to 1.5 times the interquartile range. Letter(s) in top right hand corner indicate(s) significance of that predictor in the final model 

(Ca=Calcium, ZO=Zooplankton Origin). Significance of predictors is categorised as: *, p<0.05; **, p<0.01; §, p<0.001. 
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Figure 4.4. Per capita growth rates (individual/individual/day) of total zooplankton, total cladocerans, 

calanoid and cyclopoid copepods (N=64) in response to calcium concentrations. Box plots, with whiskers 

extending to 1.5 times the interquartile range. Letter(s) in top right hand corner indicate(s) significance of 

that predictor in the final model (Ca=Calcium, ZO=Zooplankton Origin). Significance of predictors is 

categorised as: *, p<0.05; **, p<0.01; §, p<0.001. 



155 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Interaction plot of mean species richness against week of experiment (N=128).  
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Figure 4.6. Boxplots of average clutch size for some cladoceran taxa (N=64) on the final day of the experiment. Whiskers extend to 1.5 times the 

interquartile range.  
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Figure 4.7. Boxplots of average clutch size in a population for some cladocera taxa (N=64) on the final day of the experiment. Whiskers extend to 

1.5 times the interquartile range.  
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Figure 4.8. Change in mean Daphnia body length (mean Daphnia body length/individual/day) and for 

Daphnia catawba and Daphnia pulex/pulicaria (N=64). Box plots, with whiskers extending to 1.5 times 

the interquartile range.  
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Figure 4.9. Change in total chlorophyll a (N=64) from week 0 to the end of the experiment. Box plots, with 

whiskers extending to 1.5 times the interquartile range. Letters over box plots indicate significant 

differences between treatments (p<0.05). Letter in top right hand corner indicates significance of that 

predictor in the final model. Significance of predictor is classed as: *, p<0.05. 
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Chapter 5  

Effects of the invasive zooplanktivore Bythotrephes 

longimanus and lake calcium gradients on crustacean 

zooplankton across southern Ontario regional 

landscape 
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ABSTRACT 

Bythotrephes longimanus and calcium decline are two important stressors impacting lakes on the 

Canadian Shield. Field manipulations indicate that several taxa are affected by low calcium 

concentrations, especially below 1 mg Ca/L. However, such low concentrations are unlikely to 

limit Bythotrephes that has low calcium demands and whose negative effects on crustacean 

zooplankton communities are well-documented. Although the individual effects of Bythotrephes 

and calcium decline are known, there is still an uncertainty on how these stressors, in combination, 

will impact crustacean zooplankton across the regional landscape. In this study, we use data from 

a large-scale field survey of 296 lakes within the Muskoka River Watershed located in south-

central Ontario to examine the individual and interactive effects of Bythotrephes and calcium 

variation on zooplankton communities. Bythotrephes significantly reduced small cladoceran 

abundance as well as individual species abundances. Low calcium was associated with reduced 

abundances of the calcium-rich daphniids, Daphnia mendotae and Daphnia pulex/pulicaria, but 

favoured the increase of taxa with low calcium demands (e.g., Holopedium glacialis and 

bosminids). Additive interactions between Bythotrephes and calcium were also detected on a 

variety of taxa. Our results suggest that as Bythotrephes continue to invade lakes that are also 

declining in calcium concentrations, we may see larger impacts on cladoceran taxa than copepods.  

 

INTRODUCTION 

Over the past 30 years, aquatic ecosystems have changed in Canadian Shield lakes (Yan et al. 

2008b). These changes have been attributed to the presence of multiple anthropogenic stressors 

that have increased with human activities and in consequence, are now pervasive in nature 

(Halpern et al. 2008; Breitburg et al. 1998). Acid deposition has affected zooplankton in thousands 
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of lakes in Canada (e.g., Walseng et al. 2003; Neary et al. 1990; Pinel-Alloul et al. 1990). However, 

despite reductions in acid deposition and increases in pH, an associated stressor, calcium (Ca) 

decline, has emerged. Declines in lake water [Ca] have been exacerbated by biomass removal 

through logging, and the subsequent uptake of Ca by growing forests in the watershed (Molot and 

Dillon 2008; Watmough et al. 2003; Likens et al. 1998). Total phosphorus (TP) concentrations 

have also declined probably due to reduced annual stream exports of phosphorus during the spring 

(Eimers et al. 2009), climate change (Dillon and Molot 2005), and the conversion or loss of 

agricultural land to urban landscapes (Raney and Eimers 2014). In contrast, dissolved organic 

carbon (DOC) concentrations have increased in response to climate change (Keller et al. 2008) 

and are likely to lower predation rates on all taxa since the reactive distance of visual predators are 

reduced at high DOC levels (Wissel et al. 2003; Carter et al. 1983). Lastly, zooplankton diversity 

is currently being affected by the non-native Bythotrephes longimanus (spiny water flea; hereafter 

Bythotrephes) that has invaded many inland lakes since its first detection in 1989 (Muirhead and 

MacIsaac 2005; Yan et al. 1992). 

 Although previous works have shown single-stressor effects on zooplankton, collectively, 

multiple stressors and their interactions are likely to influence zooplankton community structure 

(e.g., Palmer and Yan 2013), as well as serve as indicators of change in the water column (e.g., 

Jeziorski et al. 2015; DeSellas et al. 2011; Quinlan et al. 2008). However, despite the evidence of 

multiple stressors negatively influencing zooplankton communities, it is still unclear how 

Bythotrephes and Ca decline, two important stressors affecting Canadian Shield lakes, might affect 

zooplankton across the regional landscape. Currently, many nutrient-poor Shield lakes that are 

experiencing Ca decline have also been invaded by Bythotrephes (Weisz and Yan 2010). Both 

stressors are expected to have large impacts on key herbivorous zooplankton that are critical links 
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in aquatic food webs (reviewed by Azan et al. 2015). However, future predictions that 38% of 

Canadian Shield lakes will fall below 1.5 mg Ca/L (Reid and Watmough 2016), an important 

ecological threshold for reproduction in Daphnia pulex (Ashforth and Yan 2008), is unlikely to 

hinder the spread of Bythotrephes as it has low Ca demands and produced large numbers of 

offspring at 1.5 mg Ca/L in the laboratory (Kim et al. 2012). 

 Given the increased probability of co-occurrence between Bythotrephes and Ca decline 

across the regional landscape, we use data from a large-scale field survey to (i) investigate the 

individual and combined effects of Bythotrephes and Ca decline on zooplankton community 

structure in south-central Ontario; and (ii) determine if patterns observed for Bythotrephes and Ca 

in laboratory and field experiments are evident across the regional landscape. Large-scale field 

surveys offer an advantage over laboratory and field experiments because they allow us to tease 

apart individual and interactive effects of stressors, in a natural, complex setting. Despite the 

perceived threat of multiple stressors on aquatic ecosystems, there have been no lake surveys that 

examined the relationship between Bythotrephes and Ca in the presence of other environmental 

stressors, particularly at the low [Ca] many lakes in south-central Ontario are likely to attain (Reid 

and Watmough 2016). To date, only one study has examined the direct interaction between 

Bythotrephes and water quality changes in lakes on zooplankton (Palmer and Yan 2013). However, 

an interaction between Bythotrephes and Ca was not detected probably due to (i) the low number 

of invaded lakes used (i.e., five), and (ii) the study’s design, which was done primarily to 

investigate multiple stressor impacts and their interactions at a regional scale. However, unlike our 

study, lakes used by Palmer and Yan (2013) were not balanced around the 1.5 mg Ca/L 

reproduction threshold (Ashforth and Yan 2008) and ranged from 1 to >20 mg Ca/L. Addressing 

this knowledge gap is important in light of the continued spread of Bythotrephes through human-
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mediated dispersal (Gertzen and Leung 2011; Weisz and Yan 2010; Muirhead and MacIsaac 2005; 

MacIsaac et al 2000) and projected declines of [Ca] across the landscape.  

 Here we describe a field assessment of Bythotrephes and other environmental factors across 

the regional landscape, using 296 lakes, of which 60 are invaded by Bythotrephes. Unlike Palmer 

and Yan (2013), we include lakes with depth <7 m, and exclude those with pH <5.5. Although 

other factors were included in our analysis, we focus primarily on the effects of Bythotrephes and 

Ca on crustacean zooplankton, after other factors have been taken into account. Based on the 

plethora of past works on Bythotrephes, we predicted a reduction in total zooplankton abundance 

and species richness due to the loss of cladocerans, with no overall effect on copepods in invaded 

lakes across the landscape. We also predicted that small cladoceran abundances would decline in 

the presence of Bythotrephes; however, recent evidence indicates reduced growth rates at low [Ca] 

(Chapter 4). Therefore, we would expect reduced small cladoceran abundances in low Ca lakes. 

We would also expect reduced abundances of the Ca-rich Daphnia in low Ca lakes. Although field 

studies have detected higher relative abundances of the Ca-poor Daphnia catawba, bosminids, and 

Holopedium glacialis in response to declining aqueous [Ca] (e.g., Jeziorski et al. 2012b; DeSellas 

et al. 2011), reduced growth rates observed for all three taxa at low [Ca] (Chapter 4) suggest lower 

abundances in low Ca lakes. In low Ca, invaded lakes, we predicted synergistic negative effects 

on Daphnia, because low Ca would impair their reproduction and increase their vulnerability to 

Bythotrephes due to the absence of anti-predator defences (Riessen et al. 2012). As Ca-rich 

Daphnia abundances decline, we would expect bosminids to increase because of competitive 

release; however, these species are readily consumed by Bythotrephes. The zooplankton 

community that remains is expected to have species that are both tolerant of low Ca and 

Bythotrephes, such as Holopedium glacialis and/or copepods.  
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MATERIALS AND METHODS 

Lake selection 

Five hundred and twenty-six lakes located on the Canadian Shield, specifically within the 2EB 

watershed (Cox 1978) in south-central Ontario, were considered for selection in this study. The 

2EB watershed contains ~1664 lakes, >1 ha in size (Cairns et al. 2006), and encompasses the 

District of Muskoka and parts of the counties of Haliburton, Nipissing, and Parry Sound, Ontario. 

The study region is mostly underlain by granitic bedrock that is typical of the Canadian Shield 

(Jeffries and Snyder 1983). Lakes were sampled as part of the Canadian Aquatic Invasive Species 

Network to assess the spread of Bythotrephes in the 2EB watershed, as it has the longest invasion 

history of Bythotrephes for any lake region in North America (Yan et al. 1992). As of 2011, 60 

lakes within this watershed were known to be invaded by Bythotrephes (Ross et al. 2012; Cairns 

et al. 2007).  

 Between the summers of 2005 and 2006, 311 lakes were sampled, of which 46 were 

resampled in 2006 (Cairns et al. 2006). In 2010, an additional 135 lakes were surveyed (Cairns 

and Yan 2011). Due to the increasing number of multiple stressors in the 2EB watershed, another 

80 lakes were surveyed in 2011 and included lakes with low [Ca] (Ross et al. 2012). The surface 

area of the 526 lakes ranged from 0.01 to 119.5 km2, with maximum depth from 0.7 to 61.7 m. 

The study lakes were largely soft water (9.4-661 µS/cm conductivity), and nutrient poor (1.2-70.4 

µg/L), but varied widely in pH (4.13-9.08), DOC (0.5-33.4 mg/L), and Ca (1.0-16.1 mg/L).  

 

Sampling protocol 

Full description of the sampling protocol used during the surveys are described by Cairns et al. 

(2007) and briefly outlined here. Zooplankton samples were collected mid-June to late August 
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when Bythotrephes abundances were highest (Yan et al. 2001). Lakes were sampled using a 63 

µm conical tow net (30 cm diameter). Duplicate hauls were collected at five sites along the longest 

fetch of each lake to increase the probability of detecting Bythotrephes and pooled to make a 

composite sample. A sixth horizontal haul was also taken from the downwind area of the lake, as 

Bythotrephes abundance is often dictated by wind direction and intensity (Grigorovich et al. 1998). 

All samples were preserved in 5.5% sucrose-formalin and examined in its entirety for the presence 

of Bythotrephes. The amount of Bythotrephes found as well as the zooplankton taxa in the sample 

was also enumerated by Lynne Witty (Laurentian University, Sudbury, Ontario). Zooplankton 

samples collected in 2011 were enumerated by S. Azan (Queen’s University, Kingston, Ontario). 

Composite epilimnetic and metalimnetic water samples were also collected at the deepest spot in 

every lake for analysis by the Ministry of the Environment and Climate Change (MOECC), Dorset 

Environmental Science Centre (DESC), Dorset, Ontario. Samples were generally analysed for pH, 

alkalinity, DOC, TP, Ca, conductivity, sodium, magnesium, and potassium.  

 

Data preparation 

To compensate for those lakes that were sampled more than once between 2005 and 2011, we used 

water chemistry and zooplankton of the most recent sampling year. We excluded lakes with water 

chemistry outliers that were two times the standard deviation from the mean for TP, DOC, surface 

area, and maximum lake depth, respectively. We included surface area and maximum lake depth 

in our analysis because they are key determinants of community structure (Dodson et al. 2000; 

Keller and Conlon 1994; Dodson 1992). Larger, deeper lakes often support more taxa because of 

their diverse habitats and food resources, thereby decreasing species extinction rates (Arnott et al. 

2009). Lakes with no zooplankton data and those with pH <5.5 were also excluded. We removed 
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these lakes in order to (i) separate the effects of Ca, since both ions are positively correlated, and 

(ii) eliminate the lower-end of pH sensitivity for cladoceran taxa beyond which abundances are 

severely reduced (Marmorek and Korman 1993; Sprules 1975). For more sensitive species, such 

as Daphnia pulicaria and Daphnia mendotae, we excluded lakes with pH <5.9. Following our 

exclusion of water chemistry outliers, there were 296 lakes remaining, from which we selected 

two lake categories based on two Ca gradients that varied in surface area, maximum depth, and 

water chemistry that were analysed separately (Table 5.1). Lakes in the “narrow Ca range” 

category was restricted to 195 lakes with [Ca] <2.5 mg/L because it included the laboratory-

defined critical threshold of 1.5-2 mg/L for reproduction in Daphnia species (Tan and Wang 2010; 

Ashforth and Yan 2008), and complemented field mesocosm experiments that used a similar range 

to assess the effects of Bythotrephes and declining aqueous Ca on zooplankton community 

structure (Azan and Arnott 2016). On the other hand, lakes in the “broad Ca range” category 

contained 291 lakes that ranged in [Ca] from 1 to 8.48 mg/L, as there is some evidence that Ca 

gradients beyond 3 mg/L produce a detectable Ca effect on cladoceran assemblages (e.g., Jeziorski 

et al. 2012b; DeSellas et al. 2008). 

 To compensate for difficulties distinguishing species based on their morphology, we 

combined Bosmina freyi with Bosmina liederi and refer to them as “Bosmina freyi/liederi”; 

Daphnia pulex with Daphnia pulicaria and refer to them as “Daphnia pulex/pulicaria”; Daphnia 

catawba with Daphnia minnehaha; Daphnia dentifera with Daphnia mendotae; and Eucyclops 

agilis with Eucyclops elegans. Functional groups were divided into small cladocerans (<0.8 mm) 

(based on the mean body size of crustacean zooplankton in Dorset ‘A’ lakes located in the 

Muskoka-Haliburton region; MOECC, DESC, Dorset, Ontario, unpublished data), Ca-rich and Ca-

poor daphniids, and calanoid and cyclopoid copepods. Small cladocerans included Bosmina 
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freyi/liederi, Ceriodaphnia lacustris, Diaphanosoma birgei, Eubosmina longispina, and 

Eubosmina tubicen. Ca-rich and Ca-poor daphniids were defined based on their body Ca content 

(reviewed by Azan et al. 2015), and their sensitivity to low [Ca] (Cairns 2010). Ca-rich daphniids 

included Daphnia dubia, Daphnia longiremis, Daphnia mendotae, Daphnia pulex/pulicaria, and 

Daphnia retrocurva. Ca-poor daphniids included Daphnia ambigua, and Daphnia catawba. 

 

Statistical analyses 

All statistical analyses were performed using R version 3.2.3 (R Development Core Team 2015). 

Multivariate ordination techniques were used to examine the relative contributions of 

environmental variables and Bythotrephes, in explaining variation in the crustacean zooplankton 

community. Redundancy analysis (RDA) was performed using the ‘vegan’ package (v.2.3-3; 

Oksanen et al. 2016) in R. Species data were Hellinger-transformed prior to analysis to reduce the 

influence of dominant species. Environmental variables, TP, DOC, Ca, maximum lake depth, and 

surface area were assessed for collinearity using a variance inflation factor >10 (Quinn and Keough 

2002; Borcard et al. 1992). Bythotrephes was also included in the analysis as a categorical variable 

(presence/absence) to maximize differences between treatment levels and to compensate for the 

unreliability of abundance data to accurately predict species presence/absence. All predictors were 

independent. Copepod nauplii and copepodids, as well as species identified to genera, were 

removed from multivariate analyses. Forward and backward selections identified variables that 

explained the most variance in species data. Significance of variables were tested using a Monte 

Carlo permutation test (1000 permutations) by the function ‘ordistep’ in the ‘vegan’ package. 

 Multiple linear regression models were used to examine the effects of Bythotrephes, Ca, and 

environmental variables on crustacean zooplankton. As zooplankton abundances violated linear 
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assumptions, we used generalized linear models (GLMs) to test the effects of Bythotrephes, Ca, 

TP, DOC, and lake depth on crustacean zooplankton community metrics (total zooplankton 

abundance and species richness), individual functional group abundance (small cladocerans, Ca-

rich/Ca-poor daphniids, bosminids, calanoid, and cyclopoid copepods), and individual taxa that 

were present in at least 25% of our lakes (Table 5.2). Although Daphnia pulex/pulicaria occurred 

in 14% of the lakes, we included this species in our analysis because Daphnia are key herbivores 

in pelagic food webs. In addition, as one of the largest daphniids, Daphnia pulex/pulicaria has 

been found to suppress algal concentrations far better than Daphnia mendotae (Kreutzer and 

Lampert 1999), a common species found in 56-63% of Canadian Shield lakes (Locke et al. 1994; 

Keller and Pitblado 1984).  

 Prior to our analyses, we excluded lakes with zeroes from each community metric, 

aggregate measure of abundance, and individual species abundance in the dataset due to the 

uncertainty of knowing why abundances were not detected. Zeroes might indicate (i) low species 

abundance below detection limits, (ii) species absence due to biotic or abiotic reasons, or (iii) 

species not yet introduced via dispersal. Therefore, we examined species correlations that were 

present to determine which factors controlled abundance. GLMs with Negative Binomial 

distributions were employed using ‘glmmadmb’ v.0.7.7 from the ‘glmmADMB’ package (Skaug 

et al. 2016). To determine the best model that explained treatment effects, full models included 

interactions between Bythotrephes and Ca only, plus all other variables, i.e., TP, DOC and 

maximum lake depth. Model selection was performed using the ‘dredge’ function in the ‘MuMIn’ 

package (Bartoń, 2016). GLMs were used for all community, individual functional group and 

species abundances. Model assumptions for the final GLMs were tested using plots of residual 

versus fitted values, scale-location plots, and estimate of dispersion (theta). Significance of 
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predictors in GLMs was determined using log-likelihood ratio tests. Benjamini-Hochberg False 

Discovery Rate corrected p-values were used for all analyses. We considered metrics for total 

zooplankton, species richness, and individual functional groups as a separate family of tests from 

those for individual species. P-values for all predictors from each model were included in the 

adjustments within each family.  

 We used variation partitioning to estimate the relative variation in our response variables 

that can be explained by each predictor in our GLMs. This procedure is useful in quantifying how 

much variation in the final model was explained by the pure effect of each predictor variable, and 

that which was attributable to their shared effect (Borcard et al. 2011). Likelihood ratio-adjusted 

pseudo-R2 (Radj
2 or goodness-of-fit measure of variation explained, Nagelkerke 1991) of our 

GLMs were estimated using the ‘RsqGLM’ function in the ‘modEvA’ v.1.3.2 package (Barbosa 

et al. 2016). In cases where Bythotrephes, Ca, and other predictors were included in final GLMs, 

we separated them into two groups (i) Bythotrephes and Ca, and (ii) other factors, for ease in 

determining pseudo-R2 of subset models. Proportion of variation uniquely explained by predictors 

were estimated by subtracting Radj
2 values of the appropriate GLMs.  

 

RESULTS 

Overall, 54 zooplankton taxa were found across the 296 lakes used in our analysis. Species richness 

ranged from 4 to 26 taxa per lake and, on average, was relatively similar across lake categories: 

11.42 taxa/lake (broad Ca range) compared to 11.68 taxa/lake (narrow Ca range). Of the 16 species 

that were the focus of our analysis, the most common cladoceran was Diaphanosoma birgei, 

occurring in 255 (88%) of the 291 lakes and in 176 (90%) of the 195 lakes (Table 5.2). 
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Tropocyclops extensus was also the most common copepod, occurring in 247 (85%) and 167 

(86%), respectively, of the broad and narrow Ca range lake categories (Table 5.2). 

 

Broad Ca range 

Species response 

Several zooplankton taxa were associated with Bythotrephes and/or [Ca] in the presence of other 

factors in our broad Ca range data (Table 5.3). We detected additive relationships between 

Bythotrephes and [Ca] on the Ca-poor daphniids, Daphnia catawba and Daphnia ambigua. Higher 

Daphnia catawba abundances were associated with uninvaded than invaded lakes at low [Ca], and 

declined by 0.19 individual/L per 1 mg Ca/L. In contrast, abundances for Daphnia ambigua were 

higher in uninvaded than invaded lakes at high [Ca], and increased by 0.25 individual/L per 1 mg 

Ca/L (Figure 5.1). Overall, mean abundances for Daphnia catawba and Daphnia ambigua were 

144% and 125% lower, respectively in invaded than uninvaded lakes (Figure 5.2a), although not 

significantly so for Daphnia catawba (p<0.1). Maximum lake depth was also an additive predictor 

of abundance for Daphnia catawba and accounted for most of the variation (30%) in the final 

model, compared to Bythotrephes and Ca together that accounted for 4% (Appendix 12). 

Abundances for Daphnia catawba tended to be higher in shallower than deeper lakes (Appendix 

13). 

 Additionally, we detected four significant interactions between Bythotrephes and Ca on the 

cladocerans Bosmina freyi/liederi and Diaphanosoma birgei, and the copepods, Cyclops scutifer 

and Mesocyclops edax (Table 5.3). However, at low [Ca], there were no differences in abundance 

between invaded and uninvaded lakes for Bosmina freyi/liederi and Mesocyclops edax; however, 

higher abundances in uninvaded compared to invaded lakes were detected in high Ca lakes (Figure 
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5.3). Lower Diaphanosoma birgei and Cylops scutifer abundances were observed in invaded, low 

Ca lakes when compared to those that were uninvaded; however, at high [Ca], Diaphanosoma 

birgei and Cyclops scutifer had higher abundances in invaded lakes compared to those that were 

uninvaded (Figure 5.3). Maximum lake depth was also an additive predictor of abundance for 

Cyclops scutifer, Diaphanosoma birgei, and Mesocyclops edax. For Bosmina freyi/liederi, additive 

predictors included TP, DOC, and maximum lake depth, although DOC was not significant (p<0.1) 

(Table 5.4).   

 Positive and negative relationships with [Ca] were detected for Daphnia mendotae, 

Eubosmina tubicen, Holopedium glacialis, and Diacyclops thomasi in the presence of other factors 

(Table 5.3). We detected an additive relationship between [Ca] and maximum lake depth on the 

abundances of Ca-rich Daphnia mendotae and Ca-poor Holopedium glacialis. For Daphnia 

mendotae, both [Ca] (13%) and TP (10%) accounted for relatively equal portions of the variation 

in the final model (Appendix 12). Daphnia mendotae abundances were lower in low Ca than high 

Ca lakes, and increased by 0.34 individual/L per 1 mg Ca/L. In contrast, higher Holopedium 

glacialis abundances were associated with low Ca than high Ca lakes, and declined by 0.30 

individual/L per 1 mg Ca/L (Figure 5.1). Maximum lake depth accounted for most of the variation 

(20%) in the final model for Holopedium glacialis compared to [Ca] (3%), and abundances tended 

to be higher in low Ca than high Ca lakes (Appendices 12 & 13). We also detected additive 

relationships between [Ca], DOC, and maximum lake depth for Eubosmina tubicen, and between 

[Ca], TP, and DOC for Diacyclops thomasi (Table 5.3). Abundances for Eubosmina tubicen and 

Diacyclops thomasi were higher in low Ca than high Ca lakes, and both taxa declined by 0.25 and 

0.27 individual/L per 1 mg Ca/L, respectively (Figure 5.1). Maximum lake depth and DOC, and 

TP and DOC, respectively, accounted for most of the model variation for Eubosmina tubicen 
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(15%) and Diacyclops thomasi (18%). In contrast, Ca accounted for 4% and 6% of the variation 

in the final model for Eubosmina tubicen and Diacyclops thomasi, respectively (Appendix 12). 

 We also detected additive relationships between Bythotrephes and maximum lake depth on 

the calanoid, Leptodiaptomus minutus (Table 5.3). On average, abundances for Leptodiaptomus 

minutus tended to be 71% lower in invaded than uninvaded lakes, although not significantly so 

(p<0.1; Figure 5.2a). Maximum lake depth accounted for the majority of the variation in the final 

model (23%), compared to Bythotrephes (1%), with higher Leptodiaptomus minutus abundances 

in invaded lakes as lake depth increased (Appendices 12 & 13). We did not, however, detect a 

relationship between Bythotrephes or [Ca] on Daphnia pulex/pulicaria, Eucyclops spp., Daphnia 

longiremis, Epischura lacustris (null model), Skistodiaptomus oregonensis, and Tropocyclops 

extensus (Table 5.3). Lake depth was the sole predictor of abundance for both Daphnia longiremis 

and Skistodiaptomus oregonensis (Table 5.3). However, lake depth was marginally insignificant 

for Skistodiaptomus oregonensis (p=0.058). We also detected a relationship between TP and 

Daphnia pulex/pulicaria abundances, but this was not significant (p<0.1). We did, however, detect 

an additive relationship between TP and DOC on Eucyclops spp., and between TP and lake depth 

for Tropocyclops extensus (Table 5.3). 

 

Community response 

Of our 12 community indices, five were influenced by Bythotrephes and/or Ca in the presence of 

other factors (Table 5.4). Abundances for small cladocerans and bosminids were higher in low Ca 

than high Ca lakes, and declined by 0.12 and 0.31 individual/L per 1 mg Ca/L, respectively (Figure 

5.5). Overall, mean abundances for small cladocerans and bosminids were 165% and 159% lower 

in invaded than uninvaded lakes (Figure 5.6a). Maximum lake depth was also an additive predictor 
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of abundance for small cladocerans and explained most of the variation (22%) in the final model, 

compared to Bythotrephes and Ca combined that accounted for 4% (Appendix 12). Abundances 

for small cladocerans tended to be higher in shallower than deeper lakes (Appendix 13). In 

conjunction with Bythotrephes and Ca (8%), maximum lake depth, TP and DOC were additive 

predictors of bosminid abundance and accounted for 26% of the variation in the final model 

(Appendix 12). 

 We also detected additive relationships between [Ca] and maximum lake depth on the 

abundances for total zooplankton and Ca-rich Daphnia. In low Ca lakes, abundances for total 

zooplankton and Ca-rich Daphnia were lower in low Ca lakes than those with high [Ca], and 

increased by 0.08 and 0.27 individual/L per 1 mg Ca/L, respectively (Figure 5.5). However, the 

relationship between Ca and total zooplankton was marginally insignificant (p=0.057). Maximum 

lake depth and Ca accounted for 32% and 0.5%, respectively, of the variation for total zooplankton 

abundance in the final model (Appendix 12). Additive relationships between Bythotrephes, TP, 

DOC, and maximum lake depth were also detected on species richness; however, there was no 

evidence of a relationship between Bythotrephes and species richness (p<0.1; Table 5.4). As 

expected, there was a positive correlation between species richness and maximum lake depth 

(Appendix 13). TP, DOC, and maximum lake depth accounted for most of the variation (19%) in 

the final model for species richness than invasion (0.9%) (Appendix 12).  

 We did not, however, detect evidence of a relationship between Bythotrephes or [Ca] on Ca-

poor Daphnia, calanoid or cyclopoid abundances (Table 5.4). We detected additive relationships 

between TP and maximum lake depth on cyclopoid abundances. Maximum lake depth was the 

sole predictor of abundance for Ca-poor Daphnia and calanoids (Table 5.4). There was also no 
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evidence of an interaction between [Ca] and Bythotrephes on any of our community and aggregate 

measures of abundance. 

 

Narrow Ca range 

Species response 

Of the 17 species analysed, six were influenced by Bythotrephes and/or [Ca] in the presence of 

other factors (Table 5.5). However, there was little evidence of a relationship between 

Bythotrephes and [Ca] on Diacyclops thomasi (p<0.1), and accounted for 9% of the variation in 

the final model. In contrast, TP and DOC explained most of the variation (17%) in the final model 

for Diacyclops thomasi (Appendix 12). Additive relationships between Bythotrephes and 

maximum lake depth were also detected for Diaphanosoma birgei and Mesocyclops edax (Table 

5.5). On average, abundances for Diaphanosoma birgei and Mesocyclops edax were 190% and 

122% lower, respectively, in invaded than uninvaded lakes (Figure 5.2b); albeit not significantly 

so for Mesocyclops edax (p<0.1). Maximum lake depth accounted for most of the variation in the 

final models for Mesocyclops edax (27%) and Diaphanosoma birgei (21%), compared to invasion 

(1% and 7%, respectively) (Appendix 12). 

 We also detected a significant interaction between Bythotrephes and Ca on Daphnia catawba 

(Table 5.5). Lower Daphnia catawba abundances were associated with invaded, high Ca lakes; 

however, there was little evidence of a relationship between Bythotrephes and Daphnia catawba 

abundances in low Ca lakes (Figure 5.4). Maximum lake depth was also an additive predictor of 

abundance for Daphnia catawba, and accounted for the majority of the variation (40%) in the final 

model (Appendix 12). Abundances for Daphnia catawba also tended to be higher in shallower 

than deeper lakes (Appendix 14).   
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 We detected additive relationships between [Ca], maximum lake depth and DOC on the Ca-

rich Daphnia pulex/pulicaria and Eubosmina tubicen. Slightly lower abundances for Daphnia 

pulex/pulicaria and Eubosmina tubicen were more associated with low Ca than high Ca lakes, and 

increased by 1.2 individual/L and 0.9 individual/L, respectively, per 1 mg Ca/L (Figure 5.7). 

Maximum lake depth and DOC explained the majority of the model variation for Daphnia 

pulex/pulicaria (60%) and Eubosmina tubicen (44%). In contrast, Ca accounted for 17% and 10%, 

respectively for Daphnia pulex/pulicaria and Eubosmina tubicen (Appendix 12).  

 We also detected relationships between Bythotrephes and [Ca] on Daphnia ambigua and 

Daphnia mendotae, respectively (Table 5.5). Mean abundances for Daphnia ambigua were 125% 

higher in uninvaded than invaded lakes (Figure 5.2b). Lower abundances for Daphnia mendotae 

were associated with low Ca than high Ca lakes (Figure 5.7), albeit not significantly so (p<0.1). 

There was, however, little evidence of a relationship between Bythotrephes or Ca on the 

abundances of Bosmina freyi/liederi, Cyclops scutifer, Daphnia longiremis, Epischura lacustris, 

Eucyclops spp., Holopedium glacialis, Leptodiaptomus minutus, Skistodiaptomus oregonensis 

(null model), or Tropocyclops extensus (Table 5.5). Additive relationships between maximum lake 

depth and TP were detected for Bosmina freyi/liederi, Holopedium glacialis, and Tropocyclops 

edax. However, there was little evidence of a relationship between TP and Holopedium glacialis 

(p<0.1). We also detected additive relationships between TP and DOC on Epischura lacustris and 

between DOC and maximum lake depth on Leptodiaptomus minutus. Maximum lake depth was 

the sole predictor of abundance for Daphnia longiremis and Cyclops scutifer and DOC, for 

Eucyclops spp. (Table 5.5). 
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Community response 

At the community level, species richness, small cladoceran and calanoid abundances were 

associated with Bythotrephes and/or [Ca] in the presence of other factors (Table 5.6). We detected 

additive relationships between Bythotrephes, TP, and lake depth on the abundances for small 

cladocerans and calanoids. Overall, mean abundances for small cladocerans and calanoids were 

182% and 126% lower, respectively, in invaded compared to uninvaded lakes (Figure 5.6b). 

Maximum lake depth accounted for most of the variation in the final models for small cladoceran 

(26%) and calanoid (7%) abundances (Appendix 12). We also detected additive relationships 

between Ca, TP, DOC, and lake depth on species richness. Lower species richness was associated 

with low Ca compared to high Ca lakes, and increased by 0.2 taxa per 1 mg Ca/L (Figure 5.8). As 

expected, we observed a positive correlation between species richness and maximum lake depth 

(Appendix 14). Maximum lake depth, TP and DOC explained 19% of the model variation for 

species richness.  

 We did not, however, detect a relationship between Bythotrephes and/or [Ca] on the 

abundances of total zooplankton, Ca-rich/Ca-poor Daphnia, bosminids, and cyclopoids (Table 

5.6). Additive relationships between lake depth and TP were detected for total zooplankton and 

cyclopoid abundances; however, the effect of TP on total zooplankton abundance was insignificant 

(p<0.1). We also detected additive relationships between TP, DOC, and maximum lake depth on 

bosminid abundance; however, there was no evidence of a relationship between lake depth and 

bosminid abundance (p<0.1). Maximum lake depth and DOC were sole predictors of abundance 

for the Ca-poor and Ca-rich Daphnia, respectively. There was also no evidence of an interaction 

between Bythotrephes and [Ca] on any of our community metrics or aggregate measures of 

abundance.  
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DISCUSSION 

Our study provides the first field evidence of the effects of Bythotrephes and Ca variation across 

the regional landscape. We observed negative effects of Bythotrephes that are consistent with past 

studies: reduced abundances of small cladocerans due to the loss of bosminids, with little, to no 

effects, on the majority of the copepods (e.g., Strecker et al. 2006; Barbiero and Tuchman 2004; 

Yan et al. 2001). Individual species abundances and zooplankton community response tended to 

differ across our Ca ranges, with the majority of the responses occurring in our broad Ca range. 

We also detected interactions between Bythotrephes and Ca, where the effect of Bythotrephes 

appeared to depend on the [Ca].  

 Contrary to our initial hypotheses that total zooplankton abundance and species richness 

would be lower in invaded than uninvaded lakes, we did not detect an effect of Bythotrephes on 

either metric. Our result for total zooplankton abundance concurs with some studies that have 

documented no effects of Bythotrephes in the Great Lakes (Barbiero and Tuchman 2004) and in 

the long-term monitoring of Harp Lake (Boudreau and Yan 2003). However, these studies only 

sampled once during the ice-free season and may not have captured seasonal changes in 

zooplankton abundance. Sampling of lakes between mid-June and August should have captured 

large effects of Bythotrephes, as its abundance is typically higher during these months (Yan et al. 

2001; Yan and Pawson 1997). Further analysis of our dataset revealed that total zooplankton 

abundance was reduced by 200% in invaded compared to uninvaded lakes, although this was not 

evident based on our final model for this metric. Although the effect of Bythotrephes on species 

richness was not significant, a 2% difference between invaded and uninvaded lakes suggests 

minimal impacts.    
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 The presence of Bythotrephes in both our broad and narrow Ca range lakes was associated 

with declines in small cladoceran abundances. Our results concur with lake studies (Strecker et al. 

2006; Yan et al. 2002, 2001; Yan and Pawson 1997) and experimental manipulations (Azan and 

Arnott 2016; Strecker and Arnott 2005) that documented declines post-invasion. In addition, our 

study contributes to the growing evidence that the majority of copepods in North America are 

generally unaffected by Bythotrephes. However, we observed some species-specific responses 

among cyclopoid species in the presence of Bythotrephes. Reduced abundances of Mesocyclops 

edax in invaded than uninvaded lakes concurs with reductions observed in field surveys (Strecker 

et al. 2006; Barbiero and Tuchman 2004; Boudreau and Yan 2003; Yan et al. 2002, 2001; 

Makarewicz et al. 1995). Like other lake surveys (e.g., Bourdeau et al. 2011; Strecker et al. 2006), 

we also detected reduced abundances of Leptodiaptomus minutus in invaded compared to 

uninvaded lakes.  

 Several zooplankton taxa declined in lakes invaded by Bythotrephes. As expected, the 

abundances of a number of cladocerans, such as Bosmina, Daphnia catawba, Daphnia ambigua 

and Diaphanosoma birgei, were lower in the presence of Bythotrephes (reviewed by Azan et al. 

2015). However, abundances for Holopedium glacialis and Daphnia mendotae were relatively 

unaffected, and concurs with several studies that observed positive or no effects of Bythotrephes 

in invaded compared to uninvaded lakes (Kelly et al. 2012; Hessen et al. 2011; Yan et al. 2001; 

Yan and Pawson 1997; Lehman and Cáceres 1993). Lack of an effect of Bythotrephes on 

Holopedium glacialis is probably due to its large gelatinous mantle that provides protection from 

invertebrate planktivores (Vanni 1988), such as Bythotrephes. In addition, Daphnia mendotae 

often uses behavioural responses to migrate to the hypolimnion during the day to escape predation 
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by Bythotrephes and resides higher in the water column during the night (Pangle et al. 2007; Pangle 

and Peacor 2006).    

 In general, our evidence for an effect of [Ca] across the landscape was strong, irrespective 

of the Ca range used. Positive relationships between Ca and Ca-rich Daphnia abundances are in 

agreement with lake studies that observed similar changes at low [Ca] (Jeziorski et al. 2015; Cairns 

2010; Wærvågen et al. 2002; Hessen et al. 1995; Tessier and Horwitz 1990); however, this was 

only evident using our broad Ca range. Lack of a relationship between Ca and Ca-rich Daphnia 

using a Ca gradient from 1 to 2.5 mg Ca/L concurs with experimental manipulations (Azan and 

Arnott 2016) and other field studies that observed shifts in the cladoceran assemblage using lakes 

that ranged from 1 to 24 mg Ca/L, but not in those between 1 and 3.1 mg Ca/L (Jeziorski et al. 

2012b; DeSellas et al. 2008). 

 Similar to other field studies (e.g., Jeziorski et al. 2008; DeSellas et al. 2011, 2008), we found 

a negative relationship between Ca and bosminid abundance as well as Ca and small cladoceran 

abundance using our broad Ca range. This result was not surprising as we expected bosminid 

abundances to increase due to their low body Ca content (0.3% DW, Azan et al. 2015) and through 

competitive release as Ca-rich Daphnia declined at low [Ca]. However, in invaded lakes, we would 

have expected antagonistic interactions for bosminids and small cladocerans, as one of the 

preferred prey of Bythotrephes (Grigorovich et al. 1998; Vanderploeg et al. 1993). Instead, we 

found independent effects of Bythotrephes and Ca on both taxa, akin to the Ca-poor Daphnia 

ambigua and Daphnia catawba. These results suggest that body size and Ca content are not always 

reliable indicators of species’ response to Bythotrephes and low Ca. 

 In addition, we did not detect a relationship between [Ca] and the abundances of bosminid 

and small cladocerans using our narrow Ca range. These results were surprising as we would have 
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expected higher abundances for both taxa at low [Ca] as evident in our broad Ca range. The likely 

effects of low Ca on these taxa appear mixed, as negative and positive relationships between Ca 

have been detected on small cladoceran abundance using experimental manipulations with [Ca] 

<2.6 mg/L (Azan and Arnott 2016; Ross 2015). Recent evidence also indicates a positive 

relationship between Ca on the growth rates of small cladocerans; however, the relationship 

between Ca and bosminid abundance appears species-specific (Ross 2015; Chapter 4). Overall, 

our result suggests that we have more to learn about the direct and indirect effects of low Ca on 

bosminids and small cladocerans, especially in the presence of Bythotrephes as it continues to 

invade Canadian Shield lakes.  

 There was little evidence of a relationship between Ca and species richness using our broad 

Ca range. However, a positive relationship between Ca and species richness using the narrow Ca 

range suggests a loss of pelagic biodiversity in soft water lakes as [Ca] continue to decline. This 

result concurs with experimental manipulations where species richness declined through time at 

low [Ca] (Chapter 4). Although the relationship between Ca and total zooplankton abundance was 

weak using our broad Ca range, lower abundances at low [Ca] suggests minimal impacts. Although 

Bythotrephes and Ca variation were the primary focus of our study, we observed a positive 

correlation between species richness and lake depth that concurs with past studies (e.g., Keller and 

Conlon 1994) that observed similar trends. 

 Many of the individual species relationships with [Ca] were similar to those detected in other 

field studies. The negative relationship between Ca and some cladoceran taxa (e.g., Daphnia 

catawba, Eubosmina tubicen, Holopedium glacialis) using our broad range Ca concurs with 

increased abundances observed in other field studies (Jeziorski et al. 2015, 2012a; DeSellas et al. 

2011; Cairns 2010; Jeziorski et al. 2008) and experimental manipulations (Ross 2015). However, 
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in our narrow Ca range, there was no evidence of a relationship between Ca and Holopedium 

glacialis. This result concurs with experimental manipulations where there was little evidence of 

relationship between Ca and Holopedium glacialis abundance (Azan and Arnott 2016), or 

population growth rates (Chapter 4). Additionally, a positive relationship between Ca and 

Eubosmina tubicen using our narrow Ca gradient is in agreement with experimental manipulations 

where similar patterns were observed, albeit not significantly (Azan and Arnott 2016). Overall, 

our results suggest that as [Ca] continue to decline across the landscape, it is likely to favour the 

Ca-poor Holopedium glacialis that appears unaffected by low [Ca]. In fact, there is already 

evidence of this change. Using 31 Ontario lakes that ranged in [Ca] from 1 to 2.9 mg/L (similar to 

our narrow Ca range), Jeziorski et al. (2015) detected increased abundances of Holopedium 

glacialis, as abundances of Ca-rich Daphnia decreased in association with declining lake water 

[Ca]. 

Unlike other studies (Ross 2015; Cairns 2010), we detected a positive relationship between 

Ca and Daphnia ambigua abundances using our broad Ca range. Daphnia ambigua, is the smallest 

daphniid and has relatively low body Ca content (3.03% DW) compared to Daphnia catawba 

(4.25% DW) (Jeziorski and Yan 2006). However, as body Ca content is not always a reliable 

predictor of a species response to low Ca environments (Azan et al. 2015; Tan and Wang 2010), 

the direct and indirect effects of low [Ca] on this species merits further investigation, especially 

under laboratory conditions. Positive relationships between Ca and the Ca-rich Daphnia mendotae 

and Daphnia pulex/pulicaria, were also detected once we excluded lakes with pH<5.9; however, 

the relationship between Ca and Daphnia pulex/pulicaria was only evident using our narrow Ca 

range. Our results concur with Cairns (2010) that suggested the vulnerability of these daphniids to 

low [Ca] based on the probability of 50% presence in 304 south-central Ontario lakes. 
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Additionally, reduced population growth rates have been detected at low [Ca] using experimental 

manipulations (Chapter 4). In general, our findings suggest that we are likely to observe extirpation 

of these Ca-rich Daphnia from many lakes as [Ca] continue to decline across the regional 

landscape.  

Based on our two Ca ranges, we found little evidence of a relationship between Ca and 

copepods, with the exception of Diacyclops thomasi. A negative relationship between Ca and this 

taxa is not surprising as their low body Ca content (0.05% - 0.4% DW; Azan et al. 2015), although 

not a reliable predictor of species sensitivity to low [Ca] (Azan et al. 2015; Tan and Wang 2010), 

suggests a tolerance of Ca-poor waters and their distribution does not appear to be influenced by 

[Ca] that range between 1.2 and 9 mg Ca/L (Wærvågen et al. 2002). Currently, little, if any 

information currently exists on copepod sensitivity to low [Ca]. However, recent evidence that low 

[Ca] can reduce population growth rates of some copepods (e.g., Mesocyclops edax and 

Tropocyclops extensus: Chapter 4) suggests that any relationship with Ca may well be species-

specific, and we have more to learn about the direct and indirect effects of low [Ca] on copepods. 

We therefore believe that copepod taxa should not be overlooked in future studies examining the 

effects of Ca decline on zooplankton community structure and function.  

Contrary to our hypothesis, we did not detect an interaction between Bythotrephes and [Ca] 

on Ca-rich Daphnia. Since low Ca can impair anti-predator defences of Daphnia pulex in the 

laboratory (Riessen et al. 2012), and they are preferred prey of Bythotrephes (Schulz and Yurista 

1999), we would have expected a synergistic negative interaction on Daphnia pulex/pulicaria. 

Instead, we detected significant interactions between Bythotrephes and [Ca] on Bosmina 

freyi/liederi, Diaphanosoma birgei, Cyclops scutifer, Mesocyclops edax and Daphnia catawba. In 

general, the effect of Bythotrephes appeared to depend on the [Ca]. In our broad Ca range, no 
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evidence of a relationship between Bythotrephes and Mesocyclops edax and Bosmina freyi/liederi 

in low Ca lakes suggest that future Ca declines are likely to favour both taxa that appear tolerant 

of Ca-poor waters. However, reduced growth rates observed for these taxa at low [Ca] (Chapter 

4), are likely to result in population declines based on future Ca predictions (Reid and Watmough 

2016).  

In the case of Diaphanosoma birgei, lower abundances were associated with invaded lakes 

at low [Ca], when compared to those that were uninvaded. Lower abundances of Diaphanosoma 

birgei in invaded lakes at low Ca, is not surprising as this taxa is often consumed by Bythotrephes 

(Azan et al. 2015), and it has relatively low Ca content (0.18-0.2% DW; Wærvågen et al. 2002, 

Yan et al. 1989) that suggests tolerance of low Ca environments. Although Ca content is not always 

a reliable predictor of a species response to Ca (Azan et al. 2015; Tan and Wang 2010), as 

Bythotrephes continues to invade lakes that are also experiencing declining in aqueous [Ca], we 

might observe the extirpation of this species across the landscape. Moreover, as Bythotrephes does 

not readily consume the majority of North American copepods (reviewed by Azan et al. 2015), 

and their Ca content suggest tolerance of low [Ca], we believe that our results for Cyclops scutifer 

should be interpreted with caution. 

There was evidence of a significant interaction between Bythotrephes and Ca on the Ca-poor 

Daphnia catawba using our narrow Ca range. Lower abundances for Daphnia catawba were 

associated with invaded lakes as the [Ca] increased. Since Daphnia catawba abundances have 

increased in low Ca lakes (Jeziorski et al. 2015, 2012b; Cairns 2010), and they are consumed by 

Bythotrephes, we would have expected an antagonistic interaction on this taxa. However, higher 

abundances of Daphnia catawba in low Ca, uninvaded lakes using both Ca ranges indicate that 

future declines in Ca are likely to favour the increase of this taxa, compared to the Ca-rich Daphnia 
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mendotae and Daphnia pulex/pulicaria that are surely to decline. Overall, our result for Daphnia 

catawba suggests that we have more to learn about how individual Daphnia species would respond 

to Bythotrephes at low [Ca], given that daphniids use various inducible defences (e.g., neck spines, 

vertical migration, and cyclomorphosis) to escape predation. In addition, we have much to learn 

about the mechanism that drives an interaction between Bythotrephes and Ca decline on 

zooplankton taxa. 

Our study contributes to the growing evidence that crustacean zooplankton response to Ca 

differs along gradients. In several instances, we detected strong positive or negative relationships 

of Ca at the species (e.g., Holopedium glacialis) and community levels (e.g., total zooplankton) 

using our broad Ca range, but similar relationships were not evident using our narrow Ca range. 

In our study we eliminated lakes with pH <5.5 to separate its effects with Ca, as both ions are 

positively correlated. Since we did not observe strong relationships with Ca using our narrow 

range, it is likely that the correlation between pH and Ca may be driving our results, making it 

challenging to attribute species and community-level effects to a single variable. Also, we did not 

include pH in our models, so we cannot say with confidence that we had separated its effects from 

Ca. Our hypothesis that pH might be driving our results was supported by Jeziorski et al. (2012b), 

who found that pH and lake depth were significant predictors of abundance in cladoceran 

assemblage than Ca, using a gradient from 1 to 3.1 mg Ca/L. Like Jeziorski et al. (2012b), 

maximum lake depth accounted for most of the variation for some species (e.g., Diaphanosoma 

birgei) and small cladoceran abundance, using our narrow Ca range.  

It is also likely that we did not detect relationships with Ca using our narrow range due to 

the presence of other stressors across the landscape. Interactions between Ca and other regional 

stressors (e.g., TP and DOC) are possible, that could also shape zooplankton community structure 
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and function. Given that an interaction between Bythotrephes and Ca was our primary focus, we 

did not include any other interaction in our analysis. We therefore believe that further research is 

required to examine interactive effects between Bythotrephes, Ca, and other regional stressors, as 

lakes across the Canadian Shield are increasingly impacted by human activities (Yan et al. 2008b). 

Overall, our results indicate that using a narrow gradient from 1 to 2.5 mg Ca/L, while realistic as 

it represents 68% of Canadian Shield lakes (MOECC, DESC, Dorset, Ontario), may have been too 

restrictive, and prevented us from really observing the effects of low Ca across the landscape.  

 In summary, our study confirms that Bythotrephes will have negative impacts on pelagic 

biodiversity through the loss of cladocerans, with little to no impact on copepods. While the 

relationship with Ca was weak at the community level, a positive relationship with Ca-rich 

Daphnia indicates the potential loss of these key aquatic herbivores as [Ca] continue to decline. 

As Bythotrephes continues to spread across the landscape and invade lakes that are also declining 

in aqueous Ca, the probability for joint effects on zooplankton community structure increases. 

However, changes in zooplankton community structure are not restricted to Bythotrephes and Ca 

decline alone, as other regional stressors are currently impacting Canadian Shield lakes. Although 

we included other stressors, such as TP and DOC in our analysis, we are unaware how their 

presence across the regional landscape might mediate the effect of Bythotrephes and Ca on 

crustacean zooplankton.  

 While our results suggest that an interaction between Bythotrephes and lake [Ca] are likely 

to impact a broad variety of taxa, the mechanism driving these interactions are not clear-cut. 

Interactions between Bythotrephes and [Ca] are likely to result in reduced species richness and 

diversity. Based on richness-diversity relationships, species loss is likely to affect the functioning 

of several trophic groups (e.g., producers, herbivores, and predators), as less resources are used, 
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and other species tolerant to both stressors become dominant. However, the magnitude of this 

effect may depend on the identity of the extirpated species as well as compensatory dynamics 

(Flöder and Hillebrand 2012; Cardinale et al. 2006). Nonetheless, if interactions between 

Bythotrephes and Ca result in the loss of efficient (e.g., Daphnia) and non-efficient grazers (e.g., 

Bosmina and copepod omnivores), then we are likely to see changes in overall ecosystem 

functioning, as rates of zooplankton productivity and nutrient cycling decline, with concomitant 

increases in algal production. In fact, the possibility has been suggested (Korosi et al. 2012), and 

could occur across the Muskoka River Watershed landscape as climate warming continues (Sale 

et al. 2016). However, there has been little evidence of strong trophic cascades in Shield lakes, 

especially in the presence of Bythotrephes (e.g., Azan and Arnott 2016; Strecker and Arnott 2008), 

and Ca (Chapter 4). We are also unaware of how low Ca will directly impact phytoplankton growth 

or how trophic interactions may change as [Ca] further decline. We therefore believe that increased 

algal production is not likely to be an issue for Canadian Shield lakes as TP, the main determinant 

of algal densities, have declined by 70% over the past 25 years (Palmer et al. 2011), and possible 

interactions between TP and other regional stressors are more likely to influence zooplankton 

community structure and function.      
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Table 5.1. Summary of physical and chemical characteristics of lakes used in analysis. Abbreviations are: maximum depth (Zmax) measured in 

metres, surface area in square kilometres, pH, and calcium (Ca), total phosphorus (TP), and dissolved organic carbon (DOC) measured in mg/L. 

 

Lake category Number of 

lakes in 

category 

Number of 

invaded 

lakes 

Physical/Chemical 

variable 

Minimum Maximum Mean Median 

Narrow Ca range 195 23 Ca 1.0 2.5 1.87 1.90 

TP 1.2 20.7 7.88 6.40 

DOC 0.5 11.6 5.39 5.0 

Zmax 0.7 32.9 12.76 11.0 

Surface area 0.01 9.79 0.74 0.31 

pH 5.51 7.08 6.24 6.23 

Broad Ca range 291 41 Ca 1.0 8.48 2.56 2.18 

TP 1.2 26.9 8.38 7.0 

DOC 0.6 11.6 5.51 5.10 

Zmax 0.7 34.3 12.38 11.0 

Surface area 0.01 0.33 0.74 0.34 

pH 5.51 7.53 6.37 6.40 
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Table 5.2. Species number and percentage occurrences in the broad (1-8.48 mg/L) and narrow (1-2.5 

mg/L) calcium lake categories used in our analysis. 

 

Species Number and percentage occurrence 

Broad Ca range Narrow Ca range 

Cladocerans 

Acantholeberis curvirostris 5 (1.7%) 3 (1.5%) 

Acroperus harpae 4 (1.4%) 4 (2%) 

Alona spp. 24 (8%) 18 (9%) 

Alonella ?excisa 4 (1.4%) 4 (2%) 

Bosmina freyi/liederi* 218 (75%)  148 (76%) 

Ceriodaphnia lacustris 57 (20%) 40 (21%) 

Chydorus bicornutus 3 (1%) 2 (1%) 

Chydorus sphaericus 48 (16%) 24 (12%) 

Daphnia ambigua* 76 (26%) 55 (28%) 

Daphnia catawba* 150 (52%) 100 (51%) 

Daphnia dentifera 3 (1%) 3 (1.5%) 

Daphnia dubia 36 (12%) 26 (13%) 

Daphnia mendotae* 112 (38%) 71 (36%) 

Daphnia longiremis* 88 (30%) 65 (33%) 

Daphnia minnehaha 4 (1.4%) 4 (2%) 

Daphnia parvula 12 (4%) 9 (5%) 

Daphnia pulex/pulicaria* 40 (14%) 22 (11%) 

Daphnia retrocurva 65 (22%) 43 (22%) 

Diaphanosoma birgei* 255 (88%) 176 (90%) 

Disparalona spp. 25 (9%) 20 (10%) 

Eubosmina longispina 66 (23%) 50 (26%) 

Eubosmina tubicen* 108 (37%) 78 (40%) 

Eurycercus lamellatus 1 (0.3%) 0 (0%) 

Holopedium glacialis* 249 (86%) 174 (89%) 

Ilyocryptus spinifer 9 (3%) 6 (3%) 

Latona setifera 3 (1%) 3 (1.5%) 

Ophryoxus gracialis 3 (1%) 3 (1.5%) 
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Species Number and percentage occurrence 

Broad Ca range Narrow Ca range 

Polyphemus pediculus 31 (11%) 25 (13%) 

Scapholeberis kingi 6 (2%) 3 (1.5%) 

Sida crystallina 18 (6%) 17 (9%) 

Simocephalus serrulatus 1 (0.3%) 1 (0.5%) 

Simocephalus vetulus 3 (1%) 3 (1.5%) 

Copepods 

Acanthocyclops robustus 64 (22%) 46 (24%) 

Aglaodiaptomus leptopus 9 (3%) 9 (5%) 

Cyclops scutifer* 96 (33%) 70 (36%) 

Cyclops vernalis 3 (1%) 1 (0.5%) 

Diacyclops nanus 9 (3%) 4 (2%) 

Diacyclops thomasi* 111 (38%) 72 (37%) 

Epischura lacustris* 116 (40%) 75 (38%) 

Eucyclops spp.* 97 (33%) 64 (33%) 

Eurytemora affinis 9 (3%) 7 (4%) 

Leptodiaptomus ashlandi 27 (9%) 24 (12%) 

Leptodiaptomus minutus* 202 (69%) 137 (70%) 

Leptodiaptomus sicilis 35 (12%) 26 (13%) 

Leptodiaptomus siciloides 61 (21%) 46 (24%) 

Macrocylops albidus 39 (13%) 28 (14%) 

Mesocyclops edax* 240 (82%) 161 (83%) 

Onchyodiaptomus sanguineus 1 (0.3%) 1 (0.5%) 

Orthocyclops modestus 50 (17%) 36 (18%) 

Paracyclops poppei 35 (12%) 26 (13%) 

Senecella calanoides 24 (8%) 17 (9%) 

Skistodiaptomus oregonensis* 182 (63%) 128 (66%) 

Skistodiaptomus reighardii 13 (4%) 8 (4%) 

Tropocyclops extensus* 247 (85%) 167 (86%) 

Note: - An asterisk (*) indicates those species that were present in at least 25% of the study lakes. 
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Table 5.3. Generalized linear models for select cladoceran and copepod taxa using lake in the broad calcium range (1-8.48 mg/L). Deviance and p-

values reported are from log-likelihood tests as well dispersion (ϕ) values for the final models. Where interactions between Bythotrephes and calcium 

are significant, only the deviance and the p-values for the interaction are reported. Predictors not included in the final model are represented by 

dashes and are abbreviated as follows: B, Bythotrephes, Ca, calcium, TP, total phosphorus, DOC, dissolved organic carbon, and Zmax, maximum 

lake depth. P-values <0.05 indicate significance and are indicated by boldface type. An asterisk (*) indicates significance (<0.05) after false discovery 

rate corrections. 

 

Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev p Dev p 

Cladocerans  

Bosmina freyi/liederi  6.22 0.013* 26.1 <0.001* 3.52 0.061 19.7 <0.001* 1.636 

Daphnia ambigua 5.32 0.021* 7.57 0.006* - - - - - - - - 1.407 

Daphnia catawba 2.64 0.104 4.84 0.028* - - - - - - 50.8 <0.001* 1.163 

Daphnia longiremis - - - - - - - - - - 7.10 0.008* 1.239 

Daphnia mendotae - - 12.4 0.0004* - - - - - - 5.66 0.017* 1.656 

Daphnia pulex/pulicaria - - - - - - 2.60 0.107 - - - - 1.390 

Diaphanosoma birgei  10.38 0.001* - - - - 51.68 <0.001* 1.882 

Eubosmina tubicen - - 3.99 0.046 - - - - 3.58 0.058 16.88 <0.001* 1.484 

Holopedium glacialis - - 7.98 0.005* - - - - - - 67.82 <0.001* 1.716 

Copepods  
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Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev p Dev p 

Cyclops scutifer  6.46 0.011* - - - - 12.52 <0.001* 1.729 

Diacyclops thomasi - - 7.13 0.008* - - 9.23 0.002* 18.31 <0.001* - - 2.104 

Epischura lacustris - - - - - - - - - - - - 2.437 

Eucyclops spp. - - - - - - 3.33 0.068 9.35 0.002* - - 1.125 

Leptodiaptomus minutus 2.34 0.126 - - - - - - - - 45.4 <0.001* 2.512 

Mesocyclops edax     5.48 0.019* - - - - 62.74 <0.001* 1.826 

Skistodiaptomus 

oregonensis 

- - - - - - - - - - 3.6 0.058 1.865 

Tropocyclops extensus - - - - - - 15.52 <0.001* - - 113.18 <0.001* 1.728 
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Table 5.4. Generalized linear models for total zooplankton, species richness, and aggregate measures of abundance using lakes in the broad calcium 

range (1 to 8.48 mg/L). Deviance and p-values reported are from log-likelihood tests as well dispersion (ϕ) values for the final models. Where 

interactions between Bythotrephes and calcium are significant, only the deviance and the p-values for the interaction are reported. Predictors not 

included in the final model are represented by dashes and are abbreviated as follows: B, Bythotrephes, Ca, calcium, TP, total phosphorus, DOC, 

dissolved organic carbon, and Zmax, maximum lake depth. P-values <0.05 indicate significance and are indicated by boldface type. An asterisk (*) 

indicates significance (<0.05) after false discovery rate corrections. 

  

Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev p Dev p 

Total zooplankton 

abundance 

- - 3.62 0.057 - - - - - - 88.02 <0.001* 1.842 

Species richness 2.45 0.117 - - - - 6.03 0.014* 2.80 0.094 30.41 <0.001* 1.030 

Small cladoceran 

abundance 

11.7 0.0006* 3.88 0.049 - - - - - - 68.8 <0.001* 1.702 

Ca-rich daphniid 

abundance 

- - 17.42 <0.001* - - - - - - 5.12 0.024* 1.254 

Ca-poor daphniid 

abundance 

- - - - - - - - - - 47.92 <0.001* 1.219 

Bosminids 6.46 0.011* 14.54 0.0001* - - 33.4 <0.001* 6.28 0.012* 11.72 0.001* 1.438 
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Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev p Dev p 

Calanoid abundance - - - - - - - - - - 31.10 <0.001* 2.082 

Cyclopoid abundance - - - - - - 8.52 0.004* - - 17.6 <0.001* 1.725 
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Table 5.5. Generalized linear models for select cladoceran and copepod taxa using lake in the narrow calcium range (1-2.5 mg/L). Deviance and p-

values reported are from log-likelihood tests as well dispersion (ϕ) values for the final models. Where interactions between Bythotrephes and calcium 

are significant, only the deviance and the p-values for the interaction are reported. Predictors not included in the final model are represented by 

dashes and are abbreviated as follows: B, Bythotrephes, Ca, calcium, TP, total phosphorus, DOC, dissolved organic carbon, and Zmax, maximum 

lake depth. P-values <0.05 indicate significance and are indicated by boldface type. An asterisk (*) indicates significance (<0.05) after false discovery 

rate corrections. 

 

Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev P Dev p 

Cladocerans  

Bosmina freyi/liederi - - - - - - 23.6 <0.001* - - 15.66 <0.001* 1.628 

Daphnia ambigua 5.22 0.022* - - - - - - - - - - 1.266 

Daphnia catawba  6.12 0.013* - - - - 47.98 <0.001* 1.139 

Daphnia longiremis - - - - - - - - - - 8.06 0.005* 1.260 

Daphnia mendotae - - 2.88 0.090 - - - - - - - - 1.211 

Daphnia 

pulex/pulicaria 

- - 5.07 0.024* - - - - 3.49 0.062 8.61 0.003* 1.185 

Diaphanosoma birgei 12.94 <0.001* - - - - - - - - 38.12 <0.001* 2.028 

Eubosmina tubicen - - 10.21 0.001* - - - - 2.29 0.130 39.57 <0.001* 1.398 

Holopedium glacialis - - - - - - 2.44 0.118 - - 30.56 <0.001* 1.795 
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Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev P Dev p 

Copepods  

Cyclops scutifer - - - - - - - - - - 21.33 <0.001* 1.390 

Diacyclops thomasi 2.90 0.088 2.68 0.102 - - 8.55 0.003* 7.32 0.007* - - 1.418 

Epischura lacustris - - - - - - 2.41 0.121 10.19 0.001* - - 1.488 

Eucyclops spp. - - - - - - - - 6.09 0.014* - - 0.891 

Leptodiaptomus 

minutus 

- - - - - - - - 8.20 0.004* 46.5 <0.001* 2.073 

Mesocyclops edax 2.82 0.093 - - - - - - - - 47.28 <0.001* 1.481 

Skistodiaptomus 

oregonensis 

- - - - - - - - - - - - 2.239 

Tropocyclops extensus - - - - - - 29.44 <0.001* - - 63.0 <0.001* 1.733 
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Table 5.6. Generalized linear models for total zooplankton, species richness, and aggregate measures of abundance using lakes in the narrow calcium 

range (1 to 2.5 mg/L). Deviance and p-values reported are from log-likelihood tests as well dispersion (ϕ) values for the final models. Where 

interactions between Bythotrephes and calcium are significant, only the deviance and the p-values for the interaction are reported. Predictors not 

included in the final model are represented by dashes and are abbreviated as follows: B, Bythotrephes, Ca, calcium, TP, total phosphorus, DOC, 

dissolved organic carbon, and Zmax, maximum lake depth. P-values <0.05 indicate significance and are indicated by boldface type. An asterisk (*) 

indicates significance (<0.05) after false discovery rate corrections. 

 

Species B Ca B:Ca TP DOC Zmax Φ 

values  Dev p Dev p Dev p Dev p Dev p Dev p 

Total zooplankton abundance - - - - - - 3.00 0.083 - - 43.68 <0.001* 1.799 

Species richness - - 4.8 0.028* - - 5.33 0.021* 4.42 0.036* 19.29 <0.001* 1.038 

Small cladoceran abundance 8.48 0.004* - - - - 4.18 0.041* - - 32.62 <0.001* 1.666 

Ca-rich daphniid abundance - - - - - - - - 8.18 0.004* - - 0.916 

Ca-poor daphniid abundance - - - - - - - - - - 46.9 <0.001* 0.814 

Bosminids - - - - - - 34.64 <0.001* 5.06 0.024* 3.26 0.071 1.671 

Calanoid abundance 6.28 0.012* - - - - 2.18 0.140 - - 22.92 <0.001* 1.854 

Cyclopoid abundance - - - - - - 8.84 0.003* - - 6.08 0.014* 1.566 
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Figure 5.1. Species abundances in relation to lake calcium along a gradient from 1 to 8.48 mg/L. Grey-filled circles and grey predict lines represent 

uninvaded lakes whereas dark-grey circles and dark-grey dashed predict lines represent invaded lakes. A dotted predict line indicates the response 

of that variable to calcium alone.  Significance of predictor(s) (B=Bythotrephes and Ca=calcium) in the top right hand corner is as follows: *, <0.05; 

**, <0.01, §, <0.001. 
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A. Broad Ca range 

 
 
 
 
 
 
  
 
 
 
 
 
B. Narrow Ca range 
 
 

 

 

 

 

 

 

 

 
Figure 5.2. Species abundances in relation to Bythotrephes presence (grey-filled) under broad and narrow calcium ranges. All species represented 

had Bythotrephes in the final model. Box plots with whiskers extending 1.5 times the interquartile range. Significance of predictor(s) in the top right 

hand corner is as follows: *, <0.05; §, <0.001. 
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Figure 5.3. Species abundances in relation to Bythotrephes presence and lake calcium combined under broad calcium range. Grey-filled circles and 

grey predict lines represent uninvaded lakes whereas dark-grey circles and dark-grey predict lines represent invaded lakes. Significance of 

predictor(s) (B=Bythotrephes and Ca=calcium) in the top right hand corner is as follows: *, <0.05; **, <0.01. 
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Figure 5.4. Species abundance in relation to Bythotrephes presence and lake calcium combined under 

narrow calcium range. Grey-filled circles and grey predict lines represent uninvaded lakes whereas dark-

grey circles and dark-grey predict lines represent invaded lakes. Significance of predictor(s) 

(B=Bythotrephes and Ca=calcium) in the top right hand corner is as follows: *, <0.05. 
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Figure 5.5. Community and individual functional group abundances in relation to lake calcium along a 

gradient from 1 to 8.48 mg/L. Grey-filled circles and grey predict lines represent uninvaded lakes whereas 

dark-grey circles and dark-grey predict lines represent invaded lakes. A dotted predict line indicates the 

response of that variable to calcium alone.  Significance of predictor(s) (B=Bythotrephes and Ca=calcium) 

in the top right hand corner is as follows: *, <0.05; **, <0.01, §, <0.001. 
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A. Broad Ca range 
 

 
 
 
 
 
 
 
  
 
 
 

B. Narrow Ca range 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Species richness and individual functional group abundances in relation to Bythotrephes presence (grey-filled) under broad and narrow 

calcium ranges. All metrics represented had Bythotrephes in the final model. Box plots with whiskers extending 1.5 times the interquartile range. 

Significance of predictor(s) in the top right hand corner is as follows: *, <0.05; **, <0.01. 
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Figure 5.7. Species abundances in relation to lake calcium along a gradient from 1 to 2.5 mg/L. Grey-filled 

circles and grey predict lines represent uninvaded lakes whereas dark-grey circles and dark-grey predict 

lines represent invaded lakes. A dotted predict line indicates the response of that variable to calcium alone.  

Significance of predictor(s) in the top right hand corner is as follows: *, <0.05; **, <0.01. 
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Figure 5.8. Species richness in relation to lake calcium along a gradient from 1 to 2.5 mg/L. Grey-filled 

and dark-grey circles represent uninvaded and invaded lakes, respectively. Dotted predict line indicates the 

response of the variable to calcium alone. Significance of predictor(s) in the top right hand corner is as 

follows: *, <0.05. 
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Chapter 6  

General discussion and future directions 
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GENERAL DISCUSSION 

Over the past five decades, human activities have changed ecosystems more extensively than any 

other time in history (Millennium Ecosystem Assessment 2005). During this time, the introduction 

of non-native species has been regarded as one of the greatest threats to biodiversity (Clavero and 

García-Berthou 2005; Simberloff 2005; Vitousek et al. 1997), often resulting in harmful 

consequences to native species and ecosystem services (Mack et al. 2000; Vitousek 1990). In 

freshwater ecosystems, the introduction of non-native species has resulted in biodiversity loss far 

greater than that observed in terrestrial habitats (Dextrase and Mandrak 2006; Sala et al. 2000).  

Previous research over the past ten decades, since the recognition of non-native species as 

drivers of species extinction by Charles Elton in 1958 (The Ecology of invasions by plants and 

animals), has greatly improved our understanding of the negative impacts of non-native species. 

However, as other anthropogenic stressors increase in complexity and severity worldwide, 

interactions between non-native species and these stressors will jointly determine the ecology and 

ecosystem services that freshwaters provide (Strayer 2010). In Canadian Shield lakes, the 

continued spread of the non-native Bythotrephes longimanus in lakes that are also declining in 

aqueous [Ca] is of growing concern, as both stressors have, individually, had dramatic effects on 

crustacean zooplankton. There is also an uncertainty on how these stressors may jointly affect 

zooplankton community structure and function. Using a combination of field experiments and data 

from a large regional lake survey, I investigated the effects of Bythotrephes and Ca decline at local 

and regional scales in south-central Ontario. 

The first objective of my research was to assess the individual and joint effects of 

Bythotrephes and Ca decline on crustacean zooplankton communities (Chapter 3). I used a 

mesocosm experiment to examine the effect of Bythotrephes (presence/absence) along a Ca 

gradient from 1.2 to 2.6 mg Ca/L. I found that Bythotrephes reduced total zooplankton abundance 
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and abundances of small cladocerans (Figure 3.3). These results were consistent with previous 

studies that observed similar reductions in lake surveys (Strecker et al. 2006), long-term lake 

monitoring studies (Yan et al. 2002, 2001), and experimental manipulations (Strecker and Arnott 

2005). While Bythotrephes did not have an effect on most of the copepods present in my 

experiment, abundances of some species declined in invaded compared to uninvaded treatments 

(e.g., Leptodiaptomus minutus; Figure 3.1). Similar declines have been observed in lake studies 

(Bourdeau et al. 2011; Strecker et al. 2006) and experimental manipulations (Strecker and Arnott 

2005).    

Although low Ca reduced total zooplankton and cladoceran abundances (Figure 3.4), I found 

weak effects of Ca on individual species abundance (Table 3.1). Given that laboratory, field, and 

lake studies suggest reduced abundances of Ca-rich Daphnia at low [Ca] (e.g., Jeziorski et al. 

2015, 2012; Cairns 2010; Ashforth and Yan 2008; Tessier and Horwitz 1990), the absence of an 

effect of Ca on individual species, especially Daphnia, was surprising. This result probably 

occurred because my lowest [Ca] (1.2 mg/L) was not low enough to effect a species response. In 

an experimental test of Ca and pH on zooplankton communities, Ross (2015) observed negative 

and positive effects of Ca on Daphnia catawba and Daphnia pulex/pulicaria, respectively, at 0.9 

mg Ca/L. Overall, my result indicates that the [Ca] of Canadian Shield lakes has to fall below 1.2 

mg/L, before strong community effects become likely.  

Results from this mesocosm experiment also demonstrated that Ca did not influence the 

Bythotrephes response. Lack of a non-additive interaction between Bythotrephes and low Ca was 

likely due to my [Ca] not being low enough (discussed above), as well as other factors limiting 

Daphnia growth in the experiment. Analysis of Daphnia survival in the mesocosms revealed that 

low food levels were limiting growth rates and could have limited my ability, along with my lowest 



209 
 

[Ca], to detect an interaction between Bythotrephes and Ca on daphniid species. Given that food 

quality and quantity can influence species response to low Ca (e.g., Prater et al. 2015) and 

concentrations of both Ca and TP are falling in Canadian Shield lakes (Yan et al. 2008b), we may 

observe interactions between these stressors that are likely to negatively affect Daphnia growth 

and survival across the landscape. 

 While the study outlined in Chapter 3 did not find evidence of an effect of Ca at 1.2 mg 

Ca/L, an experiment using [Ca] below 1 mg/L did (Ross 2015). Based on this result, I lowered the 

[Ca] in another mesocosm experiment to 0.6 mg Ca/L. Using a Ca gradient that ranged from 0.6 

to 2.4 mg/L, I examined the effect of Ca, in isolation of other stressors, on crustacean zooplankton 

(Chapter 4). This experiment was the first to test the effect of Ca on the population growth rates 

of crustacean zooplankton. Consistent with laboratory experiments (Ashforth and Yan 2008), field 

studies and lake surveys (Cairns 2010; Jeziorski et al. 2008; Tessier and Horwitz 1990), I found 

that low [Ca] had positive effects on Daphnia pulex/pulicaria (Figure 4.2). More interestingly, I 

found that growth rates for Daphnia catawba, Bosmina freyi/liederi and three copepod species, 

whose body Ca content suggest a tolerance of low [Ca] (Jeziorski and Yan 2006; Yan et al. 1989), 

were reduced at low [Ca] (Figures 4.2 & 4.3). Strong effects of Ca at the species-level could lead 

to compensatory changes in abundance (e.g., Fischer et al. 2001; Havens and Carlson 1998; Frost 

et al. 1995). However, I found that Ca also had strong positive effects at the community level as 

growth rates for total zooplankton (Figure 4.4) and individual functional groups were reduced at 

low [Ca]. Based on these results, I concluded that future declines in [Ca] might result in shifts in 

zooplankton community structure and overall declines in total zooplankton production. 

Results from this mesocosm experiment were also the first to provide evidence that the 

historical origin of zooplankton communities will not influence their response to low [Ca]. I found 
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that zooplankton from high Ca and low Ca lakes had similar sensitivities to low [Ca], in spite of 

their historical Ca exposure. These results suggest that species sensitive to Ca decline (e.g., Ca-

rich Daphnia) may be extirpated in the future, despite increasing evidence that regional dispersal 

can provide spatial insurance against diversity loss (e.g., Low-Décarie et al. 2015; Symons and 

Arnott 2013). In light of future Ca predictions (Reid and Watmough 2016), large scale impacts on 

zooplankton communities are more likely to be seen in lakes with [Ca] below 1 mg Ca/L.  

In Chapter 5, I explored the independent and interactive effects of Bythotrephes and lake 

[Ca] across the landscape to determine if patterns observed at local scales, i.e., my field 

experiments, were consistent across the region. I found that lower abundances for small 

cladocerans and individual species were associated with lakes that were invaded with Bythotrephes 

across the landscape (Figures 5.1 & 5.6). Consistent with other lakes studies (e.g., Jeziorski et al. 

2015; Cairns 2010; Wærvågen et al. 2002; Tessier and Horwitz 1990), I detected a positive 

relationship between Ca and the Ca-rich Daphnia pulex/pulicaria in lakes below 2.5 mg Ca/L 

(Figure 5.7). This result concurs with my findings in Chapter 4, where reduced growth rates for 

Daphnia pulex/pulicaria are likely to result in reduced population abundances at low [Ca]. Results 

from this survey also demonstrated that relationships with Ca were more pronounced using a broad 

Ca gradient, i.e., from 1-8.48 mg Ca/L (Tables 5.4 & 5.5). This result is not surprising as other 

field studies have shown shifts in cladoceran assemblages using lakes with [Ca] >3.1 mg Ca/L 

(Jeziorski et al. 2012b). Our inability to detect negative relationships with Ca below 2.5 mg Ca/L 

may be due to correlations with other variables, such as pH, that is likely to make it challenging to 

attribute species response to a single variable. It is also possible that we are likely to observe 

stronger negative relationships with Ca at the species and community levels as thresholds above 

2.5 mg Ca/L are reached.  
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In addition, I found significant interactions between Bythotrephes and Ca on a variety of taxa 

- Bosmina freyi/liederi, Diaphanosoma birgei, Cyclops scutifer, and Mesocyclops edax - across 

the landscape using a broader Ca range (1-8.48 mg/L) (Figure 5.3). However, I found that there 

was little evidence of a relationship between Bythotrephes on Bosmina freyi/liederi and 

Mesocyclops edax in low Ca lakes. Since growth rates for Bosmina freyi/liederi and Mesocyclops 

edax tended to decrease with declining [Ca] (Chapter 4), it is possible that their abundances will 

decline across the landscape, in light of future Ca predictions (Reid and Watmough 2016). I also 

found that abundances for Diaphanosoma birgei and Cyclops scutifer were associated with 

invaded than uninvaded low Ca lakes. Both Cyclops scutifer and Diaphanosoma birgei have low 

body Ca content (Chapter 2), which suggests tolerance of low [Ca]. However, while Bythotrephes 

readily consumes Diaphanosoma birgei (Chapter 2), it is unlikely that it will have large-scale 

impacts on Cyclops scutifer that is rarely consumed (Chapter 2). Thus, as Bythotrephes continues 

to spread and invade low Ca lakes, abundances for Diaphanosoma birgei are likely to decline 

across the landscape.   

More interestingly, I found a significant interaction between Bythotrephes and Ca on the Ca-

poor Daphnia catawba, where lower abundances were associated with invaded high Ca lakes using 

a narrower Ca range (1-2.5 mg/L) (Figure 5.4). Overall, this result suggests that Bythotrephes is 

not likely to negatively impact Daphnia catawba abundances as [Ca] continue to decline. Although 

we provide the first evidence of predator-prey relationships between Daphnia catawba, 

Bythotrephes and Ca, we still have much to learn about how other Daphnia species would respond 

in the presence of both stressors. Moreover, the effect of Bythotrephes in lakes that are also 

experiencing Ca decline may in part depend on the lake water [Ca], as well as the presence of other 

regional stressors that are likely to result in complex interactions on zooplankton taxa. 
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FUTURE DIRECTIONS 

Bythotrephes longimanus, is by far, the most studied invasive zooplanktivore in the world 

(Strecker 2011; Bollens et al. 2002). Based on results from these plethora of works, as well as 

those observed in my experiment, I can conclude that much is known about the short-term effects 

of Bythotrephes on crustacean zooplankton communities. As it continues to invade lakes across 

the landscape, we are likely to observe reduced abundances of cladocerans, productivity, biomass, 

and richness of crustacean zooplankton communities (Strecker and Arnott 2008, 2005; Barbiero 

and Tuchman 2004; Yan et al. 2002, 2001; Yan and Pawson 1997). However, unlike Bythotrephes, 

the effects of declining aqueous Ca are less known. Although laboratory and field studies have 

provided evidence that low Ca is an important stressor for Daphnia survival and reproduction (e.g., 

Ashforth and Yan 2008), and can influence shifts in cladoceran assemblages (e.g., Jeziorski et al. 

2012b), there are still gaps that limit our understanding of its long-term effects on zooplankton 

community structure and function. 

Several studies have shown reduced survival and reproduction in Ca-rich Daphnia under 

controlled environments (e.g., Ashforth and Yan 2008; Rukke 2002b; Hessen et al. 2000) and were 

able to identify lethal Ca thresholds for these species. However, these and other studies have failed 

to ascertain Ca saturation points and lower lethal thresholds for other daphniids (e.g., Daphnia 

dubia, retrocurva, parvula, and longiremis), non-daphniid cladocerans, and copepods. Although 

this was not the focus of my first mesocosm experiment (Chapter 3), lack of an effect of Ca on all 

species present (Table 3.1), suggests that lethal Ca thresholds are likely to occur <1.2 mg Ca/L or 

their optimal Ca thresholds, above 2.5 mg Ca/L.    

To date, our knowledge on predator-prey relationships at low Ca is limited to Ca-rich 

Daphnia pulex and Chaoborus americanus larvae. In this case, Daphnia pulex anti-predator 

defences (e.g., neck teeth, stronger carapaces, and increased body size) were impaired below 1.5 



213 
 

mg Ca/L (Riessen et al. 2012). However, in Chapter 3, low Ca did not influence the Bythotrephes 

response on individual species abundances. This result indicates that more research is required to 

assess how other daphniids, non-daphniid cladocerans, and copepods may respond to Bythotrephes 

in Ca-poor waters under laboratory and field conditions. Since Bythotrephes is capable of handling 

relatively large Daphnia prey (>2 mm; Schulz and Yurista 1999), future research could examine 

the effects of Bythotrephes on Daphnia carapace thickness under low [Ca]. Although some 

cladoceran taxa declined in low Ca lakes in the presence of Bythotrephes across the landscape 

(Chapter 5), experimental manipulations are better able to identify casual relationships in isolation 

of other regional stressors that exist in Canadian Shield lakes. Further research is also needed to 

assess how zooplankton migration response and other defence strategies, as well as how species 

interactions may change in the presence of Bythotrephes at low [Ca]. 

From a longer term perspective, copepods appear to have adapted to the invasion of 

Bythotrephes. However, while I provided strong evidence of positive effects of Ca on the growth 

rates of copepods, on a whole, as well as individual species (Chapter 4), our understanding of the 

long-term effects of Ca is incomplete. There is currently no information on how low Ca is likely 

to affect copepod life stages, despite evidence that juveniles with larger surface to body volume 

ratio, have greater Ca demands than adults to overcome the “juvenile bottleneck” that is associated 

with Ca deficiency (Hessen et al. 2000). In addition, although food concentration in my experiment 

was low (Chapter 4), I did not assess its effect on copepods or any other zooplankton. As such, 

further research is required to assess the effect of food quantity and quality on zooplankton at low 

Ca. Despite evidence that food quantity and quality can influence Daphnia response at low Ca 

(e.g., Prater et al. 2015; Jiang et al. 2014; Ashforth and Yan 2008), copepod sensitivity to low food 

has received little attention in the literature.   
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Although the historical origin of zooplankton communities did not influence their response 

to low Ca (Chapter 4), zooplankton populations used in my experiment were taken mostly from 

lakes with similar bedrock and surface geology. Since acid deposition has impacted hundreds of 

lakes in Canada (Reid and Watmough 2016; Keller et al. 2001), inter-population variation 

tolerance to low Ca requires further investigation, especially among regions that differ in bedrock 

and surface geology. Examining how individual taxa and populations from soft water lakes with 

different bedrock and geology respond to Ca decline is important as there could be local adaptation, 

where specific species and populations have lower Ca thresholds. 

From a regional perspective, the effects of Bythotrephes on zooplankton taxa appear to be 

dependent on the [Ca] (Chapter 5). Although more interactions between Bythotrephes and Ca were 

evident using a broader Ca gradient (1-8.48 mg/L), they occurred mainly on cladocerans, which 

suggest that in the future, we may see larger impacts on these taxa than on copepods. However, 

while there is evidence of joint effects between Bythotrephes and Ca across the landscape, 

interactions with other regional stressors are possible that could also influence zooplankton 

community structure. In light of this, more research is needed to assess interactive effects between 

Bythotrephes, Ca and these stressors, as an increasingly large fraction of lakes in the Muskoka 

watershed are being impacted by human activities that are already changing the structure of aquatic 

food webs (Paterson et al. 2008; Yan et al. 2008b).     
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Summary 

1) Crustacean zooplankton communities in field mesocosms invaded by the predatory invertebrate, 

Bythotrephes, had lower abundance and richness than those that were uninvaded. The effect of the 

invader was mostly observed on the cladoceran taxa, with little to no impact on copepods. 

Declining aqueous Ca also had no effect on individual species abundances, although abundances 

for total zooplankton and cladocerans declined at low [Ca]. Despite using the lowest [Ca] of 1.2 

mg Ca/L amongst invaded lakes in the Muskoka-Haliburton region, there was little evidence of an 

interaction between Bythotrephes and Ca on individual species abundance and zooplankton 

community structure.  

 

2) Declining aqueous Ca, in isolation of other environmental stressors, reduced per capita growth 

rates of a broad variety of taxa, as well as those for total zooplankton and aggregate measures of 

abundance (e.g., cladoceran and copepod). Species richness was also lower at low [Ca] due to the 

loss of Ca-rich Daphnia; however, there was no effect of Ca on species diversity, evenness, or 

individual functional group richness. Although growth rates for Daphnia pulex/pulicaria, Daphnia 

catawba, and Bosmina freyi/liederi decreased as Ca declined, there was no effect of Ca on their 

average clutch size or mean number of eggs/female in a population. There was also little evidence 

of a relationship between Ca and Daphnia body length. Despite the loss of Ca-rich Daphnia, there 

was no evidence of a strong trophic cascade at low [Ca]. 

 

3) Across the regional scale, Bythotrephes reduced abundances of cladocerans with little to no 

impact on copepods. Irrespective of the Ca gradient used, strong effects of Ca were detected across 

the landscape. In lakes where the [Ca] fell below 2.5 mg/L, abundances of the Ca-rich daphniids, 
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Daphnia mendotae and Daphnia pulex/pulicaria declined. In contrast, abundances for Daphnia 

catawba, Holopedium glacialis and bosminids increased as the [Ca] declined. The effect of 

Bythotrephes also appeared to depend on the [Ca], as several additive interactions were found 

between Bythotrephes and Ca on a broad variety of taxa, but mainly on cladocerans.  
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Appendix 1. Study design details of published studies on Bythotrephes effect on zooplankton communities (e.g., richness, abundance, composition). 

The number of stations sampled in each lake is one, unless indicated otherwise. “NA” is presented where information was not provided. 

 
Part 1: Field surveys 
 

Type of study Duration of study Study sampling year Sampling frequency 

during study 

Number of lakes  References 

Lake surveys July to September 2001 single sample 30 Boudreau and Yan (2003) 

May to September 2003 fortnightly 20 Strecker et al. (2006) 

May to September 2003 fortnightly 8 Strecker and Arnott (2008) 

Summer  2003 & 2004 fortnightly 8 Foster and Sprules (2009) 

June to August 2005 & 2006 single sample 193 Weisz and Yan (2011) 

Late June to 

September and July 

& August 

1988 to 1992  

1970 to 2000  

single sample or 

twice/lake 

1941 Hessen et al. (2011) 

Mid-June to late 

August (Canada) 

Late June to early 

September (Norway) 

2005 to 2006 (Canada) 

1970 to 2000 

(Norway) 

single sample 

 

212 (Canada) &  

342 (Norway) 

Kelly et al. (2012) 
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Type of study Duration of study Study sampling year Sampling frequency 

during study 

Number of lakes  References 

Mid-June to late 

August (Ontario) 

2007 (Ontario) 

2002 to 2004 (Nova  

Scotia) 

single sample 36 (Ontario) & 48 

(Nova Scotia) 

Jeziorski et al. (2015) 

Long-term study 

Harp Lake 

May to September 1978 to 1983 monthly and 

fortnightly 

1 Yan and Pawson (1997) 

May to September 1978 to 1998 monthly and 

fortnightly 

1 Yan et al. (2001) 

May to September & 

July & August 

1995 fortnightly 

every 4hrs for 24hrs 

(diel samples) 

10 stations for 1 

lake 

Dumitru et al. (2001) 

May to September 1980 to 2000 monthly and 

fortnightly 

1 Yan et al. (2002) 

Long-term study 

Great Lakes 

June to September 1987 Time series data 1  Lehman (1991) 

May to September 1983 to 1986 & 1985 

to 1990 

1 to 3 weeks 1  Lehman and Cáceres 

(1993) 

March to June &  

August 

1983 to 1992 single sample 21 stations for 1 

lake 

Makarewicz et al. (1995) 
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Type of study Duration of study Study sampling year Sampling frequency 

during study 

Number of lakes  References 

August to September 1993 to 1999 annually 54 stations for 3 

lakes 

Barbiero and Tuchman 

(2004) 

~June to September 

(varies with year) 

1993, 1994, 1997, 

1998, 2004 

single sample 9 stations for 2 

lakes 

Pangle et al. (2007) 

~May to September 

(varies with year) 

1982, 2002 to 2005 monthly 10 stations for 1 

lake 

Fernandez et al. (2009) 

July to August  

        & October 

2004 to 2007 monthly and 

fortnightly 

2 stations for 1 lake Bourdeau et al. (2011) 

 
 
 
Part 2: Experiments 
 

Type of 

study 

Duration of 

study 

Study 

sampling 

year 

Sampling 

frequency 

during study 

Treatment and response Total 

number of 

enclosures 

References 

Mesocosm June & July 

(21 days) 

1997 twice/week 4 Bythotrephes densities 

Response: zooplankton community 

structure and composition  

16  Wahlström 

and Westman 

(1999) 
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Type of 

study 

Duration of 

study 

Study 

sampling 

year 

Sampling 

frequency 

during study 

Treatment and response Total 

number of 

enclosures 

References 

July & August 

(30 days) 

2002 single 

sample/week  

Bythotrephes (P/A) crossed with two 

zooplankton communities (recovered 

and acid-damaged) 

Response: zooplankton community 

structure and species abundance 

12  Strecker and 

Arnott (2005) 

Laboratory June to August 1990 & 1991 NA 

 

 

 

 

 

NA 

 

 

 

 

NA 

Bythotrephes (P/A) crossed with four 

different treatments of zooplankton 

Response: prey preference and prey 

diet composition   

 

Bythotrephes crossed with three size 

classes of Daphnia pulicaria 

Response: prey size selection of 

Daphnia pulicaria 

 

Bythotrephes crossed with 40 Daphnia 

pulicaria 

Response: maximum predation rates 

on Daphnia pulicaria 

117 for two 

experiments 

 

 

 

 

30 for two 

experiments 

 

 

 

20 for one 

experiment 

 

Schulz and 

Yurista (1999) 
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Type of 

study 

Duration of 

study 

Study 

sampling 

year 

Sampling 

frequency 

during study 

Treatment and response Total 

number of 

enclosures 

References 

August & 

September 

2004 every 12hrs for 

4 days & 1hr 

interval for 4 

hrs 

Bythotrephes karimones (P/A)  

Response: the vertical depth of 

Daphnia mendotae 

56 

cylinders 

for two 

experiments 

Pangle and 

Peacor (2006) 

NA 2009 & 2010 every 20 

minutes for 2-

4hrs 

Bythotrephes water-borne cues (P/A)  

Response: vertical depth of copepods 

56 

cylinders 

for four 

copepod 

species 

Bourdeau et al. 

(2011) 

July & October 2004, 2005, 

& 2011 

every hour for 

4 hours & 15- 

45 minutes for 

1-1.5 hour 

 Water-borne cue (P/A) from 

combinations of 6 predators, 

conspecifics, and prey  

Response: Daphnia mendotae vertical 

position 

98 

cylinders 

for three 

experiments 

Bourdeau et al. 

(2013) 
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Appendix 2. Physical and chemical characteristics of Havelock Lake and the five uninvaded lakes used for 

zooplankton inoculum. Abbreviations are: maximum depth (Zmax), surface area (Area), calcium (Ca), total 

phosphorus (TP), and dissolved organic carbon (DOC). 

 
Lake Latitude (N), 

Longitude (W) 

Zmax 

(m) 

Area 

(ha) 

Ca 

(mg/L) 

pH TP 

(µg/L) 

DOC 

(mg/L) 

Beech 45.4043°, 

78.4138°  

25.1 70.09 6.72 7.14 5.8 3.7 

Big Brother 45.0821°, 

78.4612° 

13 272.02 3.3 6.69 6.6 5.9 

Havelock* 45.1552°,  

78.37718° 

30 230.2 1.2 6.37 4.2 3.6 

McFadden  45.2000°, 

78.5100°  

18 56.79 2.8 6.9 3.3 3.1 

Moose 45.0908°, 

78.2744° 

35.6 235.85 8.28 7.22 4.5 4.1 

Percy 45.2078°, 

78.3604° 

24.2 536.09 4.6 7.31 4.9 5.6 

*Invaded by Bythotrephes longimanus 
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Appendix 3. Plot showing distribution of invaded (grey-filled) and uninvaded treatments along our calcium gradient that ranged from 1.2 to 2.6 

mg/L. 
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Appendix 4. ANCOVA results on initial zooplankton communities collected prior to the addition of 

Bythotrephes, although calcium treatments were already established. P-values are provided on the 

independent and joint effects of invasion status/treatment and calcium on total abundance (individuals/L), 

species richness (number of species present), Shannon-Weiner species diversity, species evenness, 

individual functional group abundances, and individual species abundances of initial (Week 0) 

communities. Significance of predictor(s) (p<0.05) is indicated by boldface type. 

 
Variable Invasion Calcium Invasion:Calcium 

p-values 

Total zooplankton abundance 0.057 0.699 0.175 

Species richness 0.260 0.385 0.552 

Species diversity 0.330 0.308 0.796 

Species evenness 0.207 0.999 0.137 

Cladocera abundance 0.031 0.318 0.843 

Small cladocera abundance 0.070 0.812 0.635 

Large cladocera abundance 0.072 0.137 0.840 

Daphniid abundance 0.633 0.956 0.677 

Copepod abundance 0.130 0.955 0.108 

Calanoid abundance 0.039 0.711 0.779 

Cyclopoid abundance 0.190 0.995 0.100 

Bosmina freyi/liederi 0.142 0.867 0.859 

Daphnia catawba 0.606 0.634 0.126 

Daphnia mendotae 0.092 0.373 0.979 

Daphnia pulex/pulicaria 0.293 0.377 0.545 

Eubosmina longispina 0.036 0.540 0.374 

Holopedium glacialis 0.096 0.092 0.961 

Acanthocyclops robustus 0.388 0.237 0.057 

Cyclops scutifer 0.580 0.177 0.042 

Eucyclops spp. 0.084 0.866 0.197 

Leptodiaptomus minutus 0.710 0.170 0.862 

Leptodiaptomus siciloides 0.030 0.305 0.516 

Mesocyclops edax 0.596 0.400 0.167 

Skistodiaptomus oregonensis 0.149 0.377 0.174 

Tropocyclops extensus 0.393 0.219 0.196 
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Appendix 5. Cladocera and copepod species observed in crustacean zooplankton communities prior to 

Bythotrephes treatments being established. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cladocera species Copepod species 

Bosmina freyi/liederi Acanthocyclops robustus 

Daphnia ambigua Diacyclops thomasi 

Daphnia catawba Cyclops scutifer 

Daphnia longiremis Epischura lacustris 

Daphnia mendotae Eucyclops spp. 

Daphnia pulex/pulicaria Leptodiaptomus minutus 

Daphnia retrocurva Leptodiaptomus sicilis 

Eubosmina longispina Leptodiaptomus siciloides 

Eubosmina tubicen Macrocyclops albidus 

Holopedium glacialis Mesocyclops edax 

Polyphemus pediculus Senecella calanoides 

 Skistodiaptomus oregonensis 

 Tropocyclops extensus 
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Appendix 6. Model selection table for community indices, functional groups, individual species abundances, and chl a. Only models with delta <2 

are shown. Abbreviations for predictors are as follows: B, Bythotrephes; Ca, Calcium; and T, Time. Retention of Bythotrephes (categorical variable) 

is represented by an ‘x’; retention of continuous variables (Calcium and Day) is represented by a number for the model coefficient. Dispersion (ϕ) 

values are provided for final generalized linear mixed effect models.  

 
Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 

value 

Total zooplankton 
abundance 

0.373 x 0.142 0.174    8 114.7 0.00 0.180  

0.279 x 0.142 0.022 x   9 115.0 0.34 0.152  

0.541 x 0.055 0.017   x 9 115.3 0.62 0.132  

0.446 x 0.054 0.022   x 10 115.7 1.01 0.109  

0.303  0.142 0.017    7 116.6 1.99 0.067  

Richness 2.264 x  0.019 x   6 1101.4 0.00 0.304 1.014 

2.362   0.009    4 1103.0 1.51 0.143  

Diversity 0.870  -0.047     4 -186.7 0.00 0.122  

0.723  0.035 0.005  -0.003  6 -185.0 1.63 0.116  

0.780       3 -184.9 1.72 0.105  

0.881  -0.047 -0.0004    5 -184.7 1.93 0.145  

Evenness -0.411  -0.142 -0.010    5 82.7 0.00 0.372  

-0.427 x -0.142 -0.010    6 84.5 1.85 0.148  

Cladocera 
abundance 

-1.543 x 0.390 0.037    8 348.8 0.00 0.224  

-1.731 x 0.388 0.046 x   9 349.0 0.23 0.200  

-1.257 x 0.241 0.037   x 9 350.2 1.39 0.112  
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

-1.446 x 0.240 0.046 x  x 10 350.4 1.65 0.098  

Small cladocera 
abundance 

2.331 x 0.500 0.111    7 2253.0 0.00 0.221 0.735 

2.078 x 0.483 0.121   x 8 2253.9 0.91 0.140  

2.779 x 0.261 0.111    8 2254.4 1.39 0.110  

3.290 x  0.110    6 2255.2 1.82 0.089  

Large cladocera 
abundance 

5.335 x 0.875 0.005 x -0.027  9 1962.1 0.00 0.225 1.020 

5.847 x 0.600 0.005 x -0.027 x 10 1962.7 0.56 0.170  

5.523  0.890 -0.007  -0.027  7 1962.8 0.70 0.159  

Daphniid abundance 4.590 x  0.008 x   7 1693.0 0.00 0.198 0.528 

4.781 x      5 1693.2 0.19 0.181  

4.546       4 1694.1 1.16 0.111  

4.939 x  -0.007    6 1694.5 1.51 0.093  

Ca-rich 
abundance 

4.277 x      4 1504.3 0.00 0.278 0.553 

3.841 x 0.228     5 1505.4 1.08 0.162  

4.407 x  -0.004    5 1506.2 1.86 0.110  

Copepod abundance 6.550   -0.008    5 2089.0 0.00 0.303 0.795 

6.088  0.241 0.013  -0.011  7 2090.4 1.33 0.156  

Calanoid 
abundance 

1.612  1.170 0.082  -0.039  6 1563.3 0.00 0.174 0.475 

4.082       3 1563.5 0.22 0.156  

1.797 x 1.190 0.083  -0.040  7 1564.0 0.72 0.122  
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

4.291 x      4 1564.3 0.99 0.106  

3.864   0.007    4 1564.7 1.40 0.086  

Cyclopoid 
abundance 

6.504   -0.011    5 2044.1 0.00 0.312 0.853 

6.473 x  -0.011    6 2045.9 1.79 0.127  

6.621  -0.060 -0.011    6 2046.0 1.85 0.124  

Bosmina freyi/liederi 1.228   0.135    4 1763.6 0.00 0.342 0.606 

1.395 x  0.134    5 1764.9 1.32 0.176  

0.875  0.193 0.135    5 1765.4 1.76 0.141  

Chydorus sphaericus -3.508 x  0.206 x   6 1004.7 0.00 0.428 0.555 

-4.740 x 0.658 0.205 x   7 1005.8 1.10 0.246  

Daphnia catawba 3.661       4 1428.5 0.00 0.271 0.506 

3.852 x      5 1429.4 0.99 0.165  

3.758   -0.005    5 1430.4 1.90 0.104  

Daphnia mendotae 3.728 x      4 1296.5 0.00 0.276 0.512 

3.338 x 0.207     5 1298.1 1.60 0.124  

3.493       3 1298.2 1.75 0.115  

Daphnia 
pulex/pulicaria 

3.428 x      4 1138.1 0.00 0.235 0.393 

3.183       3 1138.8 0.64 0.170  

3.690 x  -0.008    5 1139.8 1.64 0.104  

2.930 x 0.255     5 1139.8 1.64 0.103  
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

Diaphanosoma 
birgei 

-18.170  8.028 0.468  -0.178  6 406.7 0.00 0.179 0.470 

-2.604 x  0.108    5 407.4 0.70 0.126  

-1.225   0.093    4 407.5 0.77 0.121  

-16.690 x 6.999 0.444  -0.165  7 408.0 1.29 0.094  

-4.176 x  0.153 x   6 408.0 1.33 0.092  

-4.860  1.542 0.111    5 408.3 1.59 0.081  

-12.530 x 4.726 0.440  -0.161 x 8 408.6 1.89 0.070  

Eubosmina 
longispina 

2.050 x 0.565 0.089    7 1961.7 0.00 0.198 0.561 

3.155 x  0.088    6 1962.1 0.44 0.159  

1.729  0.543 0.090    6 1963.2 1.54 0.092  

2.802   0.089    5 1963.2 1.55 0.091  

2.625 x 0.261 0.089   x 8 1963.2 1.58 0.090  

1.822 x 0.560 0.097 x   8 1963.4 1.74 0.083  

Eubosmina tubicen 0.063 x 0.596 0.125    6 1625.6 0.00 0.213 0.674 

1.247 x  0.124    5 1626.5 0.92 0.134  

-0.215  0.584 0.125    5 1626.5 0.94 0.133  

0.948   0.124    4 1627.0 1.43 0.104  

-0.229 x 0.597 0134 x   7 1627.5 1.94 0.081  

Holopedium glacialis 5.427  1.388 -0.032  -0.050  7 1617.4 0.00 0.232 0.611 

5.318 x 1.353 -0.032  -0.049  8 1618.4 0.94 0.145  
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

6.159 x 0.900 -0.032  -0.049 x 9 1618.5 1.11 0.134  

5.507 x 1.414 -0.042 x -0.051  9 1618.9 1.50 0.110  

6.425 x 0.911 -0.045 x -0.049 x 10 1619.3 1.91 0.089  

Sida crystallina 1.945   0.060    4 1293.9 0.00 0.361 0.639 

2.023 x  0.060    5 1295.8 1.85 0.143  

Acanthocyclops 
robustus 

5.462   -0.041    4 1553.2 0.00 0.364 0.930 

5.574 x  -0.040    5 1554.9 1.64 0.160  

5.812  0.180 -0.041    5 1555.1 1.86 0.144  

Cyclops scutifer 4.874   -0.058    4 1157.6 0.00 0.326 0.909 

5.611  -0.386 -0.058    5 1158.6 1.01 0.197  

Eucyclops spp. 4.815  0.458 0.029  x  6 1845.5 0.00 0.323 0.849 

4.759 x 0.455 0.029  x  7 1846.0 0.48 0.255  

4.894 x 0.453 0.025 x   8 1846.9 1.31 0.168  

Leptodiaptomus 
minutus 

0.434 x  0.0643    5 641.9 0.00 0.233 0.276 

0.076   0.0580    4 642.3 0.45 0.186  

1.022 x  0.044 x   6 643.1 1.19 0.129  

1.274 x -0.472 0.065    6 643.9 1.98 0.087  

Leptodiaptomus 
siciloides 

1.761 x  0.064    5 1062.8 0.00 0.305 0.353 

1.337   0.064    4 1063.7 0.92 0.192  

Mesocyclops edax 3.615       3 1340.5 0.00 0.285 0.467 
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

3.297   0.010    4 1341.3 0.81 0.190  

Skistodiaptomus 
oregonensis 

4.197   -0.034    4 1186.2 0.00 0.371 0.466 

1.906  1.171 0.040  -0.038  6 1188.1 1.88 0.145  

Tropocyclops 
extensus 

4.051   0.027    5 1796.2 0.00 0.361 1.007 

4.114 x  0.027    6 1798.1 1.88 0.141  

Total chl a 0.624       5 247.9 0.00 0.215  

0.566 x      6 248.2 0.28 0.187  

0.548   0.004    6 249.4 1.43 0.105  

0.488 x  0.004    7 249.7 1.72 0.091  

0.711  -0.045     6 249.8 1.89 0.083  

Edible chl a -0.316  0.143 0.029  -0.009  6 236.6 0.00 0.188  

0.203  -0.126 0.011    5 236.6 0.06 0.182  

-0.040   0.011    4 236.7 0.17 0.172  

-0.348 x 0.142 0.028  -0.009  7 238.0 1.42 0.092  

0.167 x -0.126 0.01    6 238.0 1.43 0.092  

-0.075 x  0.01    5 238.1 1.56 0.086  
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Appendix 7. Linear and generalized linear mixed-effect models for total zooplankton, total cladoceran, small cladoceran, and large cladoceran 

abundances following removal of the mesocosm with unusually high densities. Dashes in model represents those variables that were not present in 

the final model. Deviance and p-values, and F- and p-values, are reported from log-likelihood ratio and ANOVA tests, respectively. Abbreviations 

for predictors are as follows: B, Bythotrephes; Ca, Calcium; and T, Time. Significance of predictors (p<0.05) are indicated by boldface type. 

 

Species B Ca T B:T Ca:T B:Ca 

 F p F p F p F p F p F p 

Total zooplankton abundance 4.66 0.035 4.72 0.034 33.16 <0.001 - - - - - - 

Cladocera abundance 3.38 0.071 5.38 0.024 45.12 <0.001 - - - - - - 

 

 

Species B Ca T B:T Ca:T B:Ca 

 Dev p Dev p Dev p Dev p Dev p Dev p 

Small cladocera abundance 4.92 0.027 4.08 0.043 99.76 <0.001 - - - - - - 

Large cladocera abundance - - - - 82.54 <0.001 - - - - - - 
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Appendix 8. Model selection table for select community metrics, functional groups, individual species abundances, and chl a derived from dredge 

results following removal of mesocosm(s) with unusually high densities. Only models with delta <2 are shown. Abbreviations for predictors are as 

follows: B, Bythotrephes; Ca, Calcium; and T, Time. Retention of Bythotrephes (categorical variable) is represented by an ‘x’; retention of continuous 

variables (Calcium and Day) is represented by a number for the model coefficient. Dispersion (ϕ) values are provided for final generalized linear 

mixed effect models. 

 

Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

Total zooplankton 
abundance 

0.379 x 0.146 0.017    8 108.0 0.00 0.208  

0.539 x 0.063 0.017   x 9 108.7 0.72 0.145  

0.299 x 0.145 0.020    9 108.8 0.83 0.137  

0.458 x 0.062 0.020   x 10 109.6 1.59 0.094  

Cladocera 
abundance 

-0.054 x 0.173 0.217    8 127.9 0.00 0.183  

-0.158 x 0.172 0.027 x   9 127.9 0.03 0.180  

-0.114  0.169 0.218    7 128.9 1.03 0.109  

0.081 x 0.102 0.218   x 9 129.2 1.37 0.092  

-0.024 x 0.102 0.218 x 0.003 x 10 129.3 1.44 0.089  

Small cladocera 
abundance 

2.335 x 0.503 0.110 x   7 2232.0 0.00 0.231 0.738 

2.093 x 0.485 0.120 x  x 8 2233.1 1.09 0.134  

2.768 x 0.271 0.111    8 2233.5 1.43 0.113  

3.298 x  0.110    6 2233.9 1.88 0.090  

Large cladocera 
abundance 

7.262   -0.059 x   5 1933.9 0.00 0.154 0.982 

5.926  0.691 -0.027  -0.017  7 1934.1 0.23 0.137  
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Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

6.789  0.237 -0.059    6 1934.2 0.30 0.132  

7.078 x  -0.051 x   7 1935.1 1.19 0.085  

5.747 x 0.701 -0.017 x -0.018  9 1935.3 1.41 0.076  

6.646 x 0.226 -0.051 x   8 1935.6 1.75 0.064  

7.314 x  -0.059    6 1935.7 1.84 0.061  

5.952 x 0.712 -0.026    8 1935.8 1.91 0.059  

Daphniid abundance  4.767 x      5 1670.5 0.00 0.202 0.488 

4.682 x  0.003 x   7 1671.0 0.52 0.156  

4.979 x  -0.008    6 1671.2 0.76 0.138  

4.535       4 1672.0 1.50 0.095  

Chydorus sphaericus -3.347 x  0.200 x   6 984.2 0.00 0.415 0.547 

-4.704 x 0.756 0.197    7 984.9 0.70 0.92  

Daphnia catawba 3.657       4 1406.3 0.00 0.259 0.462 

3.855 x      5 1406.9 1.64 0.188  

3.786   -0.006    5 1408.0 1.77 0.107  

Daphnia mendotae 3.671 x       1280.8 0.00 0.227 0.493 

3.458        1281.7 0.92 0.143  

3.062 x 0.317      1281.7 0.93 0.143  

Total chl a 0.626     x x 5 231.6 0.00 0.227  

0.568 x    x  6 231.7 0.12 0.213  



272 
 

Response variable Intercept B Ca T B:T Ca:T B:Ca df AICc Delta Weight Φ 
value 

0.578   0.002    6 233.4 1.82 0.091  

0.718  -0.048     6 233.4 1.83 0.091  

0.663 x -0.049     7 233.5 1.95 0.086  

0.519 x  0.002  x  7 233.6 1.96 0.085  

Edible chl a -0.013   0.010    4 220.2 0.00 0.227  

-0.060 x  0.010    5 220.8 0.58 0.170  

0.162  -0.092 0.010    5 221.0 0.76 0.155  

0.114 x -0.090 0.010    6 221.5 1.33 0.117  
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Appendix 9. Physical and chemical characteristics of lakes used for crustacean zooplankton inoculum and 

water source. Abbreviations are: maximum depth in metres (Zmax), surface area in hectares (Area), pH, 

and calcium (Ca), total phosphorus (TP), and dissolved organic carbon (DOC) measured in mg/L. 

 

Lake Latitude (N), 

longitude (W) 

Zmax 

(m) 

Area 

(ha) 

Ca 

(mg/L) 

pH TP 

(mg/L) 

DOC 

(mg/L) 

Big Glamor 44.95°, 78.37° 22 194.0 13.79 7.98 16.0 4.7 

Blue Chalk 45.12°, 78.56° 22 48.69 2.26 6.8 5.6 1.9 

Fifteen Mile 45.35°, 78.96° 33 81.11 1.84 6.7 4.6 3.4 

Glen 45.08°, 78.30° 14 16.3 24.8 7.53 10.6 3.8 

Grandview 45.20°, 79.05° 24.9 63.97 4.19 7.07 4.4 2.7 

Longline 45.25°, 78.98° 15.5 26.44 3.27 7.07 5.2 3.8 

Plastic 45.11°, 78.50° 14.3 30.05 1.12 5.91 4.8 3.1 

Red Chalk 45.11°, 78.57° 36 55.08 1.85 6.49 4.2 2.9 

Ridout 45.10°, 78.59° 18.3 49.90 1.78 6.4 7.6 3.6 
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Appendix 10. Nominal and actual (± standard deviation) concentrations of calcium measured in 

mesocosms. 

 

Nominal (mg/L) Actual (mg/L) ( ±) Standard Devn. 

  0.6 0.59 0.07 

  1.1 0.98 0.07 

1.5 1.36 0.06 

2.5 2.42 0.06 
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Appendix 11. Average clutch size and mean number of eggs/female in a population of select cladoceran taxa from field experiments. For our study, 

average clutch size and mean number of eggs/female in a population reported are across all calcium treatments. Dashes indicate unknown 

reproductive data for that species.  

 

A. Average clutch size 
 
Species Average clutch size References Chl a concentration (µg/L) of 

lake/mesocosm in field 

experiment 

This study Reference study 

Daphnia pulex/pulicaria 2.6 (±1.1) 4.8 (±2.6) Gliwicz and Boavida 1996 1.65 

Daphnia catawba 3.5 (±2.2) 2.83* Makarewicz and Likens 1979 1.7 

Bosmina spp. 2.1 (±0.9) 2.0 (±0) 1.53 

Holopedium glacialis 3.1 (±1.1) 1.59 (±3.3) Yan and Mackie 1987 6** 

Eubosmina longispina 1.5 (±0.5) - - - 

Eubosmina tubicen 2.6 (±1.2) - - - 

*No standard deviation provided 

**Measured as total phosphorus (µg/L) 
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B. Mean number of eggs/female in a population 

Species Mean number of eggs/female in a population References Chl a concentration 

(µg/L) of lake/mesocosm 

in field experiment 

This study Reference study 

Daphnia pulex/pulicaria 0.9 (±0.9) 4 (±95% CL) Stich and Maier 2007 2-8 

Daphnia catawba 0.6 (±0.4) 1.4 (±0.04) Makarewicz and Likens 1979 1.7 

Bosmina spp. 0.4 (±0.3) 1.0 (±0) 1.53 

Holopedium glacialis 0.6 (±0.5) 1.8 (±0.3) 1.7 

Eubosmina longispina 0.2 (±0.2) - - - 

Eubosmina tubicen 1.4 (±1.1) - - - 
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Appendix 12. Variation explained by predictors in final generalized linear models. Dashes represent those variables that were not included in the 

final models. Where Bythotrephes and/or calcium, in conjunction with other factors were included in final generalized linear models, we represent 

the variation explained individually, or in combination. Abbreviations are as follows: Ca, calcium; TP, total phosphorus; DOC, dissolved organic 

carbon; and Zmax, maximum lake depth. 

 

A. Calcium < 9 mg/L 

Response variable Predictors in final 

model 

Percentage of variation explained by predictors in model Shared 

variation 

Percentage 

unexplained 

variation 

Invasion Ca Invasion:Ca TP Zmax DOC 

Community metrics  

Total zooplankton 

abundance 

Ca, Zmax - 0.5 - - 32 - 0.5 67 

Species richness Invasion, TP, DOC, 

Zmax 

0.9 - - 19 -0.9 81 

Aggregate measures of abundance  

Bosminids Invasion, Ca, TP, 

DOC, Zmax 

8 - 26 6 60 

Ca-rich daphniids Ca, Zmax - 9 - - 3 - 3 85 

Small cladoceran 

abundance 

Invasion, Ca, Zmax 4 - - 22 - 10 64 

Species  

Bosmina freyi/liederi Invasion:Ca, TP, 

DOC, Zmax 

- 8 31 6 56 
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Response variable Predictors in final 

model 

Percentage of variation explained by predictors in model Shared 

variation 

Percentage 

unexplained 

variation 

Invasion Ca Invasion:Ca TP Zmax DOC 

Cyclops scutifer Invasion:Ca, Zmax - - 11 - 13 - -0.2 77 

Daphnia ambigua Invasion, Ca 3 73 - - - - 8 16 

Daphnia catawba Invasion, Ca, Zmax 4 - - 30 - 6 60 

Daphnia mendotae Ca, Zmax - 13 - - 10 - -4 81 

Diacyclops thomasi Ca, TP, DOC - 6 - 18* -4 80 

Diaphanosoma birgei Invasion:Ca, Zmax - - 7 - 19 - 7 66 

Eubosmina tubicen Ca, DOC, Zmax - 4 - - 15 2 79 

Holopedium glacialis Ca, Zmax - 3 - - 20 - 3 74 

Leptodiaptomus 

minutus 

Invasion, Zmax 1 - - - 23 - 1 75 

Mesocyclops edax Invasion:Ca, Zmax - - 9 - 21 - 20 50 

*TP and DOC only 
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B. Calcium < 2.5 mg/L 

Response variable Predictors in final 

model 

Percentage of variation explained by predictors in model Shared 

variation 

Percentage 

unexplained 

variation 

Invasion Ca Invasion:Ca TP Zmax DOC 

Community metrics  

Species Richness Ca, TP, DOC, Zmax - 2 - 19 2 77 

Aggregate measures of abundance  

Small cladoceran 

abundance 

Invasion, TP, Zmax 4 - - 26 - 10 60 

Calanoid abundance Invasion, TP, Zmax 0.2 - - 7 - 4 89 

Species  

Daphnia ambigua Invasion 9 - - - - - - 91 

Daphnia catawba Invasion:Ca, Zmax - - 5 - 40 - 10 45 

Daphnia mendotae Ca - 4 - - - - - 96 

Daphnia 

pulex/pulicaria 

Ca, DOC, Zmax - 17 - - 60 -14 37 

Diacyclops thomasi Invasion, Ca, TP, 

DOC 

9 - 17* -2 77 

Diaphanosoma birgei Invasion, Zmax 7 - - - 21 - 5 67 
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Response variable Predictors in final 

model 

Percentage of variation explained by predictors in model Shared 

variation 

Percentage 

unexplained 

variation 

Invasion Ca Invasion:Ca TP Zmax DOC 

Eubosmina tubicen Ca, DOC, Zmax - 10 - - 44 -5 50 

Mesocyclops edax Invasion, Zmax 1 - - - 27 - 7 65 

*TP and DOC only 
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Appendix 13. Community, individual functional group and species abundances in relation to maximum lake depth along a gradient from 1 to 8.48 

mg Ca/L. Grey-filled circles and grey predict lines represent uninvaded lakes whereas dark-grey circles and dark-grey predict lines represent invaded 

lakes. A dot-dashed predict line indicates the response of that variable to maximum lake depth alone. Significance of predictor(s) (B=Bythotrephes, 

Ca=calcium, Zmax=maximum lake depth) in the top right hand corner is as follows: *, <0.05; **, <0.01, §, <0.001. 
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Appendix 14. Community, individual functional group and species abundances in relation to maximum 

lake depth along a gradient from 1 to 2.5 mg Ca/L. Grey-filled circles and grey predict lines represent 

uninvaded lakes whereas dark-grey circles and dark-grey predict lines represent invaded lakes. A dot-

dashed predict line indicates the response of that variable to maximum lake depth alone.  Significance of 

predictor(s) (B=Bythotrephes, Ca=calcium and Zmax=maximum lake depth) in the top right hand corner is 

as follows: *, <0.05; **, <0.01, §, <0.001. 
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