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Abstract 

 The hybridizing Daphnia mendotae and D. dentifera (Crustacea: Cladocera) are sympatric 

throughout much of North America, and are considered a cryptic species complex due to their lack of 

phylogenetically informative morphological characters. They appear to have no biological mating 

barriers: hybrids may dominate or coexist with either or both parental species, and are sexually 

competent, forming both F2 hybrids and back-crosses. Nevertheless, the two species remain distinct. 

There is observational evidence that separation may be enforced by adaptation to different predation 

regimes: D. mendotae, with its greater anti-predator morphological plasticity, may out-compete D. 

dentifera under intense invertebrate predation, while the smaller D. dentifera may be better adapted to 

avoid predation by visually feeding fish. We tested this idea by examining whether D. mendotae and D. 

dentifera differ in ecologically relevant life history and morphological traits. We performed a replicated 

life history experiment involving 6 replicates of 6 clones within each species, and measured time until 

first reproduction, fecundity, and juvenile and population growth rates. In parallel, we examined 

whether these species differed in morphological traits predicted to arise from adaptation to different 

predator types, and tested the ecological relevance of these traits by exposing Daphnia to predation by 

the invasive cladoceran Bythotrephes longimanus. Finally, we examined the plasticity of life history, 

morphology, and susceptibility to predation by rearing Daphnia under exposure to Bythotrephes 

chemical cues for two generations. D. mendotae and D. dentifera differed across almost all measured 

life history and morphological traits in directions that accord with our hypotheses, strongly suggesting 

that their species boundaries are maintained by adaptation to different predation regimes. Plastic 

reaction to Bythotrephes, however, was weak and inconsistent, suggesting that these species either do 

not detect or respond to this recent invader, or that their responses are manifested in other ways. 
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Chapter 1: Introduction and literature review 

1.1  Daphnia (Crustacea: Cladocera): ecology and mating system 

 Daphnia are small bodied (< 2 mm) zooplankton of the order Branchiopoda that inhabit 

permanent and ephemeral freshwater lakes and pools. They are filter feeders, subsisting on algae, 

bacteria, and small protists, and thus are an important trophic link between aquatic primary consumers 

and higher trophic levels such as fish and insect larvae. Their distribution is worldwide. 

 They have a mixed mating system, with long periods of asexual diploid parthenogenesis 

alternating with haploid male production and sexual recombination when environmental conditions 

deteriorate (low food density, lowered temperature, drying, high Daphnia density). Sexual mating 

results in the production of diapausing resting eggs which act as dispersal vectors, either across space 

by wind action, adhesion to larger animals, or flow to other water bodies, or through time by sinking to 

the sediments to hatch when conditions are more favourable. This mixed mating system, known as 

cyclic parthenogenesis (Figure 1), allows Daphnia  to combine the benefits of rapid asexual population 

growth by parthenogenesis  with the genetic diversity inherent in sexual recombination. 

 Cyclic parthenogenesis has implications for the production and success of hybrids. Populations 

are predicted to be homogenized by their efficient dispersal (e.g. Louette and DeMeester 2005) and 

frequent sexual phases, eroding or delaying the onset of biological mating barriers and resulting in 

higher rates of hybridization (Costanzo and Taylor 2010). At the same time, asexual reproduction 

allows F1 hybrids to escape any sexual deficiencies and quickly attain high population sizes; an 

advantage which may be consolidated through spatially bounded hybrid superiority (Schwenk and 

Spaak 1995) or priority effects, wherein parthenogenetic invaders of new or altered habitats quickly fill 

the available niche via asexual reproduction and rapid local adaptation (monopolization hypothesis, 

DeMeester 2002). 
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1.2 Hybridization in Daphnia  

 Of the cladocerans, most research on hybridization has focused on the genus Daphnia, due the 

prevalence of hybrids in natural populations (Brooks 1957, Hebert 1985), and the ease with which their 

parthenogenetic reproduction allows monoclonal lineages to be maintained for long periods under 

laboratory conditions (Schwenk and Spaak 1995). Within the genus Daphnia, much recent research has 

focused on the longispina sub-group (e.g. Decaestecker 2007, Brede 2009), in which hybrids are 

diploid (Beaton & Hebert 1994), produce ephippia sexually (Taylor and Hebert 1993a, Spaak 1997, 

Schwenk et al. 2001), and in some cases backcross with parental species (Jankowski and Straile 2004). 

The species in this group, which is sometimes referred to as the subgenus Hyalodaphnia (Adamowicz 

et al. 2009), lack geographically distinct hybrid zones: 7 of the species overlap and naturally form 

hybrids (Wolf and Mort 1986, Taylor and Hebert 1993b, Giessler et al. 1999, Hobaek et al. 2004), but 

the most broadly distributed hybridizer is D. galeata / mendotae, which overlaps all species except the 

arctic species D. umbra (Hobaek and Wolf 1991, Taylor and Hebert 1994, Taylor et al. 1996). In North 

America, D. mendotae hybridizes with D. dentifera (formerly D. rosea [Hebert 1995]). 

 

1.3 The D. mendotae - D. dentifera species complex 

 The taxonomy of Daphnia species is notoriously fluid and subject to revision, due to their 

phenotypic plasticity (e.g., Jacobs 1961), widespread lack of distinct morphologies, interspecific 

hybridization, and inconsistently used nomenclature (Petrusek et al. 2009). All four of these difficulties 

plague the D. mendotae – D. dentifera complex. 

 Briefly, these two species were first discriminated in 1992, when allozyme studies on 24 

populations in Indiana indicated that D. mendotae's long-recognized phenotypic plasticity (Brooks 

1957) was in fact due to its status as a cryptic complex of two hybridizing species (Taylor and Hebert 



   

3 

 

1992),  the other of which was briefly referred to as a helmeted form of D. rosea. Investigation of this 

complex soon demonstrated that hybridization was widespread (Taylor and Hebert 1993a), and 

reciprocal and introgressive (Taylor and Hebert 1993b). Subsequent phylogenetic studies revealed that 

D. rosea itself was too divergent to be considered a single species (Colbourne and Hebert 1996), and 

was divided into a European clade, which kept its name, and a North American clade, for which the 

name D. dentifera – the original name of D. rosea – was resurrected (Taylor et al. 1996). As a further 

complication, it appears that D. mendotae is itself a Quaternary period hybrid product between 

European D. galeata and North American D. dentifera (Ishida and Taylor 2007); Coyne and Orr (2004) 

listed D. mendotae as one of only three animals thought to have a hybrid origin. The anthropogenic 

reintroduction of European D. galeata to the Great Lakes region has promoted secondary contact and 

hybridization, although there appears to be little introgression (Ishida and Taylor 2007). 

 These names and distinctions have been slow to be accepted. The name D. rosea has been used 

in place of D. dentifera as recently as 2004 (McNaught et al. 2004), and we are unaware of a single 

Canadian study in which D. mendotae or D. dentifera were identified genetically, except when their 

hybridization was explicitly examined (e.g., Taylor et al. 2005). Practically, this means that any 

mention of D. mendotae is obscured by the dynamics between that species, D. dentifera, and their 

hybrid. 

 Hybridization has been called a race between speciation and fusion (Schwenk and Spaak 1995). 

Despite the apparent ease with which D. mendotae and D. dentifera hybridize, and despite the fact that 

hybrids can apparently successfully reproduce sexually with each other and with the parental species 

(Taylor et al. 2005, Ishida and Taylor 2007), they remain distinct. They can be differentiated by 

allozymes (Taylor and Hebert 1992), restriction fragment polymorphisms of the internal transcribed 

spacer region ("ITS-RFLPs") and sequence data (Taylor et al. 2005), and mitochondrial 12s sequences 
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(Taylor et al. 1996). They also differ morphologically, though the difference is plastic: in the presence 

of invertebrate predators, D. mendotae grows a larger 'helmet' than does D. dentifera (Taylor and 

Hebert 1992), while the hybrid grows a helmet of intermediate size (Duffy et al. 2004). In the absence 

of reliable phylogenetically informative morphological characters, and reflecting their recent 

discrimination and the paucity of information on their ecologies, we consider D. mendotae and D. 

dentifera to be a cryptic species complex. 

 Taylor and Hebert (1993) suggested that their separation is maintained by ecological 

differences, since D. mendotae was found in larger lakes than D. dentifera. Duffy et al. (2004) went a 

step further, and weakly correlated the dominance of D. mendotae over D. dentifera with the intensity 

of invertebrate predation. They suggest that the shift from D. dentifera to D. mendotae in smaller to 

larger lakes is due to a shift in predation regimes – smaller-helmeted D. dentifera will dominate 

plankton that is under positive size selection by fish, while larger-helmeted D. mendotae will dominate 

under negative size selection by invertebrate predators. 

 This suggestion has empirical support from other studies of zooplankton: it has been recognized 

for decades that visually feeding fish select for smaller zooplankton, while gape-limited invertebrate 

predation drives selection for larger body size (Brooks and Dodson 1965) and plastic morphological 

changes, including "helmets" (vertical elongation of the head shield; Dodson 1974, McNaught et al. 

2004), "crowns of thorns" (circles of spines on the head shield; Petrusek et al. 2009), and defensive 

caudal spines (Kerfoot and McNaught 2010). In order for Daphnia to employ these plastic defenses 

against predators, they must both detect chemical cues in the water ("predator kairomones", Dicke and 

Sabelis 1988) and recognize that the cues represent a threat against which they must arm. 

 In the D. mendotae - D. dentifera complex, two studies offer evidence to support the hypothesis 

that the species are adapted to different predation regimes. In Third Sister Lake, Michigan, researchers 
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accidentally introduced the invertebrate predator Leptodora in 1987. It quickly attained a high density, 

which was associated with a shift in dominance from D. dentifera to D. mendotae (McNaught et al. 

2004). However, because these authors identified their Daphnia morphologically, they could not detect 

the presence and abundance of interspecific hybrids, and even their differentiation of D. dentifera and 

D. mendotae must be in doubt. Second, as mentioned above, Duffy et al. (2004) correlated the 

abundance of D. mendotae over D. dentifera (distinguished genetically) with the intensity of 

invertebrate predation, while noting that invertebrate predation itself was correlated with lake size. 

While both of these correlations are problematic, they offer glimpses of the ecological differentiation 

that we aim to test explicitly. 

 

1.4 The invasion of Bythotrephes longimanus (Crustacea: Cladocera) in North America 

 Bythotrephes longimanus was introduced into the Great Lakes in the early 1980s, and has since 

spread to >100 inland lakes (ref's in Strecker and Arnott 2008). It greatly reduces zooplankton species 

richness (Yan et al. 2002) and abundance (Boudreau and Yan 2003) and has been observed to triple the 

intensity of invertebrate predation on Daphnia (Foster and Sprules 2009). This predation is negatively 

size selective, wiping out small Bosmina (for example), and sometimes resulting in increased in D.  

mendotae dominance (e.g. Dumitru et al. 2001, Yan and Pawson 1997). However, none of the 

Bythotrephes studies we have seen have identified D. mendotae genetically, so again, these results 

obscure the dynamics between the members of this species complex. 

  

1.5 Response of D. mendotae to Bythotrephes 

 As mentioned above, D. mendotae has often dominated lakes after invasion by Bythotrephes as 

its competitors are decimated (Dumitru et al. 2001, Yan and Pawson 1997), suggesting that it is able to 
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resist or escape predation. The mechanism of this resistance is unclear. In the presence of other 

invertebrate predators, D. mendotae employs well known plastic defenses: vertical migration to darker 

regions (Dodson 1988), and helmet formation (Duffy et al. 2004). The former defense has been 

demonstrated against Bythotrephes: Pangle and Peacor (2006) found that laboratory D. mendotae 

migrated vertically when presented with Bythotrephes kairomone, and Pangle et al. (2007) found 

similar changes of vertical position in the Great Lakes, although they were unable to rule out the 

possibility that Bythotrephes merely extirpated non-migrating genotypes. 

 The morphological defense of D. mendotae against Bythotrephes has not been convincingly 

tested, and the response of D. dentifera has not been examined at all. To my knowledge, only one 

attempt has been made with D. mendotae under laboratory conditions (Bungartz and Branstrator 2003), 

and the methods of this study were marred by easily avoided problems: Daphnia  were not cultured 

under controlled conditions and the amount of algae they were fed was unmeasured, raising the 

possibility of unconscious experimenter bias; Daphnia were overcrowded, which may have constrained 

or induced morphological and physiological changes; and the researchers used only three 

morphologically identified clones from a single lake, bringing into question how generalizable their 

results may be. Further, their results may be statistical artefacts: treatments and replicates were pooled 

in various ways until marginally significant results were obtained. In the present study, we sought to 

definitively answer whether or not the members of this Daphnia species complex are able to detect and 

respond to Bythotrephes kairomone, and whether this response differs by species. 

 

1.6 Aims of this study 

Other information of the differences between D. mendotae and D. dentifera are wholly lacking. 

We here attempt to elucidate some of the ecological differentiation between these species. First, we 
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tested whether they differed in ecologically relevant life history characteristics such as time until 

reproduction, juvenile growth rate, fecundity, and intrinsic population growth rate. Second, we 

examined whether they differ in ecologically relevant morphological characters: animals adapted to 

gape-limited predation should grow faster and attain a larger size that those adapted to visually feeding 

size-selective predators, and in the case of these species, should display relatively larger defensive 

helmets and spines. Third, we directly tested their susceptibility to invertebrate predation by exposing 

them to live Bythotrephes longimanus. Finally, we tested the plasticity of these responses by raising 

multiple generations of several members of several clones of each species – taken from several lakes – 

both with and without Bythotrephes kairomone. 

 This study is the first to investigate life history differences between D. mendotae and D. 

dentifera, the first to test their relative susceptibilities to invertebrate predation, the first to test 

definitively whether D. mendotae plastically produces morphological defenses against Bythotrephes, 

and the first to test whether D. dentifera has any response whatsoever against this invasive predator. 

Incidentally, we show for the first time that these species may be discriminated by neutral genetic 

markers.
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Chapter 2: Material and Methods 

2.1 Sources of study animals 

 Study animals were obtained in May 2011 from clonal lineages identified and established by 

researchers throughout Eastern North America (Appendix 1). Nineteen clones of Daphnia dentifera 

were donated by Drs. Meaghan Duffy and Spencer Hall; these were collected from 10 lakes in 

Michigan and Indiana (two clones per lake). D. mendotae were obtained from Drs. Nelson Hairston, 

Lawrence Weider, and Norman Yan. These were collected from, respectively, New York (two lakes, ten 

clones), Texas (one lake, four clones), and Ontario (two lakes, two clones). 

 

2.2 Daphnia culture conditions 

 Because D. dentifera are difficult to culture in laboratory conditions (Meaghan Duffy, Scott 

Peacor, pers comm), a test of two media was performed upon receipt of the clones. Each clonal lineage 

was divided in two, and ~ 15 individuals were randomly placed in 200mL of either ADaM medium 

(Kluttgen et al. 1994) or aged filtered water (Whatman GF/C filters, 0.45 µm) collected from the shore 

of Lake Ontario (“lake water”). The number of animals in each jar was counted after 7 days, and each 

jar's population growth rate was calculated as (Nt1 - Nt0) / Nt0, where Nt0 and Nt1 are the initial 

population size and the size after 7 days. This experiment was run twice, and the data pooled for 

analysis. The rates between species and media were analysed together in a two-way ANOVA. The rates 

did not differ between species (F1,112 = 0.278, p = 0.59), but lake water supported significantly better 

growth than ADaM medium (F1,112 = 43.76, p = 1.3x10
-9

, Appendix 2). 

 All Daphnia were subsequently cultured in lake water. Water was obtained from the shore of 

Lake Ontario in 20 L carboys, filtered through a 35 µm  mesh to remove most of the plankton and 

debris, aged in the dark for at least 5 days to allow bacterial breakdown of chemical cues, and filtered 
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through Whatman GF/C filters before use. In the rare case that we were unable to wait 5 days before 

use, the water was autoclaved before GF/C filtering, which we assumed would denature or destroy any  

chemical cues present in the water. 

 Each clone line was cultured in at least two 100 mL jars with no more than 15 animals per jar, at 

20
o 

C with a 16:8 hour light : dark cycle. Jars were fed the chlorophyte Chlamydomonas rheinhardtii 3 

times per week at a concentration of 50,000 cells/ml (~2 mg C/L). Algae was grown in batch culture 

with autoclaved Bold's Basal Medium, bubbled with compressed air through a 0.15 µm filter, and 

harvested by centrifugation at 3,000 RPM for 3 minutes. Culture water was exchanged weekly by 

transferring Daphnia to fresh medium via large-bore glass pipette (4 mm inner diameter). Fresh 

pipettes were used for each jar to prevent clonal mixing or disease transfer and were autoclaved 

between uses. 

 

2.3 Genetic identification 

 All clones had been morphologically identified by their donor labs, but identification was 

confirmed genetically by ITS-RFLPs and microsatellite analysis. 

 The DNA from one individual per clone was extracted using the HOTSHOT method for 

diapausing eggs (Montero-Pau et al. 2008). Each individual was placed in a 0.2 mL strip tube filled 

with 25 µL of Lysis buffer (100 mL = 25 mL of 100 mM NaOH, 0.4 mL of 50 mM Na2EDTA [pH 8], 

74.6 mL of ddH20) and crushed with a sterile pipette tip. It was then incubated at 95 degrees for 30 

minutes, placed on ice for 5 minutes, and neutralized with 25 µL of neutralizing buffer (100 mL = 630 

mg of Tris-HCL, 100 mL of ddH20). Tubes were then vortexed, briefly centrifuged, and stored at 4 

degrees. 
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 ITS-RFLP identification followed the method of Taylor et al. (2005). The ITS region was 

amplified with the primers 5'- TTA GAA GGA GTT TAC CTC CCG CTT AGG-3' and 5'- CAC ACC 

GCC CGT CGC TAC TAC CGAT TG-3'. Each 12 µL PCR reaction used 7.9 µL ddH20, 2.8 µL 1x 

PCR buffer, 0.4 µL of each 10 µM primer, 0.2 µL of 5U/µl Taq polymerase (Invitrogen, Burlington, 

Ontario, Canada) and 0.3 µL of 10 mM dNTP mix. PCR parameters were 35-40 cycles of [45-60 

seconds at 94
o
 C denaturation, 45-60 s at 58

o
C annealing, 45-60 s 72

o
C extension], followed by 10-20 

minutes at 72
o
C final extension. Successful amplification was significantly more likely when using a 

"hot start", i.e. waiting until the thermal cycler reached 94
o
C before adding the samples. 

 The amplified ITS region was digested using the restriction enzyme RsaI. In each 8 µL 

digestion, 6.5 µL of PCR product was combined with 0.62 µL ddh20, 0.8 µl NEBuffer 3, and 0.08 µL 

RsaI. Incubation was 37°C for 3 hours. Digestion fragments were separated electrophoretically on 2% 

agarose gels at 80 volts for ~90 minutes, and visualized with ethidium bromide and UV light. 

Identification was according to Taylor et al. (2005), who identified three banding patterns: in their 

study the pattern C1 was mostly D. dentifera, C2 was mostly D. mendotae, and B was mostly European 

D. galeata (Appendix 3). We found all three of these patterns, as well as all three additive patterns of 

putative hybrids. 

 Microsatellite analysis followed the methods of Brede et al. (2006, 2009). Ten loci were 

amplified in a multiplex protocol: Dgm109 (0.4 µM), Dp196 (0.15 µM), Dp281 (0.05 µM), Dpu06 (0.3 

µM), SwiD1 (0.3 µM), SwiD2 (0.3 µM), SwiD10 (0.2 µM), SwiD12 (0.3 µM), SwiD14 (0.4 µM) and 

SwiD18 (0.4 µM). All ten primers were combined in a 11 µL reaction volume containing 2x Multiplex 

Mix (Qiagen), all primers and ddH2O. Cycling conditions started with a 15 min step of 95°C followed 

by 35 cycles of 30 sec at 94°C, 90 sec at 54°C and 1 min at 72°C. A final 30 min at 60°C completed the 
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program. PCR products were analysed on a 3130 XL ABI sequencer (Applied Biosystems) and alleles 

were identified using peak scanner software (Applied Biosystems). 

 Microsatellite data was used to infer population structure and species identity with two different 

model-based Bayesian techniques, implemented in the programs STRUCTURE (Pritchard et al. 2000) 

and NewHybrids (Anderson and Thompson 2002), which use information from polymorphic molecular 

markers to form clusters of individuals. 

 STRUCTURE runs were performed with the following parameters: no prior information of 

population membership; modelling with admixture, which calculates the proportion of each individual's 

genotype derived from each cluster rather than the probability of membership in a cluster; and 

1,000,000 Monte Carlo Markov Chain iterations after 100,000 burn-in. The number of clusters, K, was 

varied from 1 to 6, with 3 replicate runs per value of K. The most likely value for K was chosen based 

on the guidelines provided by Pritchard et al. (2010): spuriously large values of K result in the division 

of each individual in the analysis into equal probabilities of membership in K clusters. Based on this 

analysis, we found that the most likely number of clusters was 2. 

 NewHybrids differs from STRUCTURE in that it clusters individuals into two parental species, 

F1 and F2 hybrid classes, and two backcross classes. Because this more complicated model took longer 

to converge, >10
8
 iterations were performed after 10

6
 burn-in. 

 

2.4 Clone choice 

 Morphological identification of clones was compared to that by ITS-RFLP and microsatellite 

analyses. Four clones died. For 30 of the remaining 31, morphological ID matched that by 

microsatellite data (p > 0.9, Appendix 4), while only 14 clones had ITS patterns matching their 

morphological + microsatellite ID (Appendix 4). We concluded that the ITS RsaI RFLP digestion did 
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not produce species specific markers, but nevertheless rejected clones that had the ITS pattern 

attributed by Taylor et al. (2005) to European D. galeata. We further rejected one clone whose identity 

by STRUCTURE analyses was uncertain (p < 0.9). Individuality of clones was assessed manually by 

comparing microsatellite alleles; each clone was confirmed to be unique. 

 Of the remaining clones, we randomly selected six of each species for experimentation. D. 

dentifera clones were chosen using a random block scheme such that 3 were selected from Indiana and 

3 from Michigan, and that no more than one clone was chosen per source lake. Our choice of D. 

mendotae lakes was more constrained; we randomly selected 3 clones from Lake Onondaga (New 

York), 3 from Lake Texoma (Texas), and 1 from the Sudbury region (Ontario). 

 

2.5 Life history experiment 

 We first tested whether D. mendotae and D. dentifera differed in life history characteristics, and 

whether changes to these characters were inducible by exposure to Bythotrephes kairomone. 

Prior to the experiment, Daphnia were raised for three generations under common conditions to 

remove maternal effects and approximately synchronize the start of the experiment (one animal per 100 

mL jar, 20
o
C, 16:8 light : dark cycle, daily water change, daily addition of 50,000 cells/ml C. 

rheinhardtii). Each pre-experiment generation was initiated with second or third brood neonates within 

24 hours of their birth. 

 Experimental animals were taken from the second or third brood of the third pre-experiment 

generation. Within 12 hours of their birth, these were assigned randomly (within clone) to either control 

water or water containing Bythotrephes kairomone (see below for kairomone production). Six clones 

per species were used, and from each clone six replicate neonates were placed in each treatment. Thus, 

we used 2 species x 6 clones x 2 treatments x 6 replicates = 144 jars. Culture conditions were as above. 
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 Each day, the water was exchanged, algae added, fresh kairomone added (see below), and the 

number of births, deaths, and aborted neonates were recorded. Neonates were discarded after being 

photographed (see below). To avoid counting bias, the experimenter was blinded to the species and 

clonal identities of the jars. This procedure was followed until the release of the second brood, which 

were used to initiate the second generation of the experiment. The eggs in the mothers' brood pouches 

were counted as a measure of the third brood size, and the mothers were discarded. This first 

generation was performed to induce cross-generational plastic changes; all analyses were performed on 

the second generation. 

The second generation of the experiment was performed as the first, except that the second 

brood was kept for use in a predation experiment (below). This generation was used in all subsequent 

analysis. The experiment ran from 14 July 2011 until 19 August 2011.  

 For each species x kairomone treatment, the life history data of the second generation was used 

to calculate i) the time until first reproduction, ii) the total reproductive output, iii) r, the intrinsic rate 

of increase, which integrates fecundity and survivorship to provide a more ecologically relevant 

measure of fitness than either in isolation, and iv) the juvenile growth rate, which has been found to 

correlate strongly with population growth rate when calculated using mass (R
2
 = 0.99, Lampert and 

Trubetskova 1996), and which is considered to be a sensitive measure of fitness (Hairston 1999). 

 

2.6 Morphological analysis 

 During the above life history experiment, each experimental animal and its offspring were 

photographed every day at 40x, using a Leica digital microscope camera. Scale bars were calibrated 

using a micrometer slide and printed directly on the image. Points were placed on these photographs 

using the program ImageJ (Abramoff et al. 2004) corresponding to the anterior tip of the head shield, 
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the centre of the compound eye, the anterior margin of the carapace, the ventral intersection of the 

carapace and the caudal spine, and the tip of the caudal spine (Figure 2). These points were used to 

calculate the following morphological measures: i) The total length, from the anterior tip of the head 

shield to the posterior edge of the carapace, not including the caudal spine.  ii) The relative helmet size. 

The helmet was defined as the portion of the head shield anterior to the compound eye, and was 

divided by the total length as these measures were significantly correlated (R
2
 = 0.3, F(1,98) = 43.0, p < 

0.0001). iii) The relative spine length, calculated as for the relative helmet size, for the same reason (R
2
 

= 0.2, F(1,98)  = 24.3, p <0.0001). The above measurements were also performed for neonates from the 

second experimental generation's first brood. 

 

2.7 Predation experiment 

 Neonates from the second generation of the life history experiment (i.e., the third experimental 

generation) were used to test whether species identity or 3 generations of kairomone exposure affected 

the probability of depredation by Bythotrephes. Neonates were cultured in the same conditions as for 

the life history experiment for 3 days, and exposed to predation for 24 hours starting on their 4th day of 

life. Only neonates from the second brood were used. 

 Each trial consisted of 5 juvenile Daphnia placed with one actively swimming adult 

Bythotrephes in 40 mL of lake water, and cultured as usual. Survivors were counted after 24 hours. 

Trials were rejected if the Bythotrephes died during that time or looked otherwise weak (e.g., lying on 

the bottom of the flask). In total, 25 trials were performed with D. mendotae exposed to kairomone, 22 

control D. mendotae, 8 D. dentifera exposed to kairomone, and 8 D. dentifera controls. The lower 

number of  D. dentifera replicates was due to the lower reproductive output of this species, and the 
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overall small size of the experiment was due to the difficulty of choosing Bythotrephes that would 

survive the night: 23% of Bythotrephes died or weakened during trials. 

 

2.8 Bythotrephes culture and kairomone production 

 Bythotrephes were collected from Fairy Lake, Huntsville, Ontario, in July 2011. To avoid 

mechanical damage by plankton nets we collected them at night from shore, by attracting them with a 

flash light and scooping them from the lake in 100 mL plastic jars. These jars were placed on ice and 

transported to Kingston, where they were immediately fed a mixture of Bosmina spp., D. mendotae, D. 

ambigua, and freshly hatched Artemia nauplii. Cladoceran food cultures were grown in 1 L batch 

culture at 20
o
C with a 16:8 light:dark cycle, and fed C. rheinhardtii ad libitum. Artemia were hatched 

by placing approximately 0.5 g of freeze dried eggs (Brine Shrimp Direct, Ogden, Utah, USA) in 1 L of 

a 35.8 g/L solution of artificial sea salt (Instant Ocean, Mentor, Ohio, USA) in a conical flask bubbled 

from below. Eggs hatched within 24 hours. 

Bythotrephes were cultured in the above conditions, and were slowly acclimated to our 

laboratory water by replacing 50% of their culture water with filtered lake water every two days; after 4 

replacements they were considered acclimated. To avoid mechanical damage we avoided pipetting live 

animals, instead suctioning water from the culture vessels with a small-bore, high-volume pipettor. 

Each animal received 10-20 cladocerans and ~100 Artemia every day, following the methods of Kim 

and Yan (2010). 

 After an initial period of high mortality and cannibalism, we transferred the remaining animals 

to long term culture in 100 mL glass jars. Each jar contained 1-3 individuals, and any neonates 

produced were left as food for the adults. Cultures were fed every day as above, and 50% of their 

culture water was exchanged daily. Fresh Bythotrephes were obtained twice more during the 
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experiment; once due to a temperature-related die-off (27
o
C in the laboratory), and once due to normal 

mortality. In no case did we have too few Bythotrephes to produce the required amount of kairomone. 

 Only adult Bythotrephes (two or three tail spines) were used to produce kairomone. Water was 

suctioned from several Bythotrephes culture jars, mixed, and filtered through a Whatman GF/C filter 

prior to use. To increase the density of kairomone, only 50% of the water was taken from each jar per 

day. Filtered kairomone water was diluted with lake water to a concentration equivalent to 2 

Bythotrephes / L and used in the experiments above. This density is on the order of 100 to 1000 times 

that observed in invaded Canadian Shield lakes (1 to 13 animals / m
3
, Boudreau and Yan 2003). 

Kairomone was used immediately or refrigerated in the dark prior to use, in no case for more than 3 

hours. 

 

2.9 Statistical analysis 

 Our use of multiple replicates per clone precludes the use of normal analysis of variance as 

within-clone measurements are presumably correlated, violating the assumptions of independent 

observations and uncorrelated residuals. We therefore used a linear mixed modelling approach, which 

avoids these problems. Model selection, simplification, and interpretation follows Zuur (2009), as 

follows. 

 First, we fit an "over maximal" model, which includes as fixed terms all biologically plausible 

explanatory variables, in this case species identity, kairomone exposure, and their interaction. We did 

not include clone as a fixed effect as we are only interested in species-level differences and therefore 

consider clone to be a random variable selected from a population of many such clones. This model 

was fit with Restricted Maximum Likelihood (REML), which provides more conservative estimates of 

the significance of model terms than Maximum Likelihood (ML). Second, we tested the necessity of 
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adding a random intercept, in this case clone. This model was compared to the first model using a 

Likelihood ratio test and Akaike's Information Criterion (AIC) values. An L-ratio that produces a 

significant p-value indicates significant correlation within clone, i.e., that clones differed significantly 

with respect to the response variable. An insignificant random intercept indicates that the data reduces 

to a linear model and that we may use ANOVA. P-values were calculated based on Zuur (2009). AIC 

values were used as confirmation. Third, if the random intercept of clone proved necessary, we tested 

for the necessity of adding a random slope, in this case kairomone treatment. A significant random 

slope indicates that not only did clones differ with respect to the response variable, but that they had 

significantly different responses to the kairomone treatment. This model was again compared to the 

random-intercept model using L-ratios and AIC values. Fourth, the over maximal model with the most 

likely random structure was refit using ML, which allows the comparison of nested models, as we are 

about to do. Fifth, the significance of fixed model terms (species, kairomone, interaction) was assessed 

by sequentially fitting models in which the least significant term of the previous model, assessed using 

F-tests, was removed. These models were then compared using L-ratio tests; significant L-values 

indicate that the term removal was unjustified, i.e., resulted in a significant loss of explanatory power. 

Finally, the model with the most likely random and fixed structures was refit using REML; this model 

was used to assess the significance of remaining explanatory variables (species, kairomone, 

interaction). We used the package 'nlme' (Pinheiro et al. 2009) in the statistical environment R Version 

2.11.1. (R Development Core Team 2008). 

 If this process seems pedantic or needlessly complex, consider the alternatives: either 

knowingly using ANOVA on data with an un-modelled correlation structure, violating the cardinal 

assumption of independent observations, or collapsing the data from each clone into a single mean, 

with an unacceptable loss of information and degrees of freedom. The mixed modelling approach 
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avoids these problems by using all observations but modelling the correlation structure directly. Thus 

no information is omitted but degrees of freedom are adjusted to account for correlations in the data. 

 This approach has the benefit of indicating whether individual clones significantly differed from 

each other, and in their response to kairomone treatment. Furthermore, we can partition residual 

variance to analyse the proportional contribution of clone and kairomone treatment. Therefore, while 

the small number of replicates for each clone prevents us from detecting differences between clones or 

reactions to kairomone using traditional tests (data not shown), we can still state, experiment-wise, 

whether the clones differed, and whether kairomone affected clones differently. We cannot apply post-

hoc tests to determine between which clones the differences lie.  

  

2.9.1 Life history experiment 

 Time until first reproduction and total reproductive output were analysed with linear mixed 

models, as above. Species identity, kairomone treatment, and their interaction were tested as fixed 

effects; clone was tested as a random intercept, and kairomone treatment was tested as a random slope. 

 The population growth rate was calculated by producing a stage-structured Leslie matrix for 

each species x kairomone treatment, where each stage was one brood; the real component of this 

matrix's dominant eigenvalue corresponds to r. We used the bootstrap method to estimate standard 

errors around this value and enable statistical comparison. 

 Each bootstrap replicate began by randomly selecting individuals (with replacement) to form a 

pseudo-population the same size as the experimental population. A Leslie matrix was constructed from 

this data, and the population growth rate was extracted as above and saved. This procedure was 

repeated 1000 times for each treatment group. 
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 Statistical comparison of these pseudo-values of r was done using a modified ANOVA. The 

treatment sums of squares (SS) and mean squares were calculated as usual, as was the SS-error, but the 

Mean Square Error (MSE) was calculated by dividing SS error by the degrees of freedom produced by 

the number of individuals in the experiment rather than the number of bootstrap pseudo-values. This 

MSE was used in the calculation of F-values, and the significance of these F-values was again assessed 

against distributions with degrees of freedom produced by the true size of the experiment. Because both 

the treatment and error sums of squares were inflated at the same rate, the mean squares, F-values, and 

p-values were unaffected by the number of bootstrap iterations. 

 Juvenile growth rate was calculated as (Lt1 - Lt0) / (t1 - t0), where Lt1 and Lt0 are the total 

lengths and maturity and birth, respectively. These rates were compared using linear mixed models, 

with species, kairomone treatment, and their interaction as fixed effects, and clone and kairomone 

treatment as random effects. 

 

2.9.2 Morphological analysis 

 Total length, relative helmet size, and relative spine length were compared using linear mixed 

models. Species identity, kairomone treatment, and their interaction were tested as fixed effects; clone 

was tested as a random intercept, and kairomone treatment was tested as a random slope.  

 

2.9.3 Predation experiment 

 The number of Daphnia consumed in 24 hours was compared using an ANOVA, with number 

eaten as response variable and species and kairomone as explanatory variables. 
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Chapter 3: Results 

3.1 Life history 

 Daphnia mendotae reproduced significantly earlier than D. dentifera. D. mendotae had their 

first brood after a mean of 9.8 ± 0.35 days, while D. dentifera did not reproduce until they were an 

average of 10.6 ± 0.35 days old (F(9, 95) = 5.52, p = 0.043, Figure 3). Exposure to Bythotrephes 

kairomone treatment produced no detectable effect (L(1) = 1.51, p = 0.23), and did not significantly 

interact with species (L(1) = 0.005, p = 0.94). Considering the random effects, we observed significant 

clonal variability in the time until first reproduction (L(1) = 41, p <0.001). Although we stress again that 

we cannot determine between which clones significant differences lie, it appears that clonal variation 

was large: it explained 55.8% of the variance not explained by species identity. Furthermore, while we 

saw no species-level effect of Bythotrephes kairomone, individual clones varied significantly in their 

response to kairomone treatment (L(2) = 7.4, p=0.01). The response was small however, explaining only 

5.3% of the residual variance.  

 Over the three broods that we measured, D. mendotae produced a mean of 17 ± 1.64 live young, 

significantly more than D. dentifera, which produced a mean of only 11 ± 1.13 (F(1,109) = 29.4, p = 

3x10
-7

, Figure 4). Total fecundity was not detectably affected by the exposure to Bythotrephes 

kairomone (F(1,109) = 1.13, p = 0.28), and there was no significant interaction between species and 

kairomone treatment (F(1,109) = 0.01, p = 0.9). We were able to analyze total fecundity using ANOVA 

because individual clones did not have significantly different fecundities (L(2) = 0.29, p = 0.29), aside 

from that variation captured by their species identity.  

 The population growth rate, r, of D. mendotae was 6.3 ± 0.27 under control conditions, and was 

significantly reduced to 5.9 ± 0.31 with the addition of Bythotrephes kairomone, while D. dentifera’s 

was significantly lower than D. mendotae’s in both treatments, at 4.7 ± 0.3 (Figure 5). We thus 
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observed highly significant effects of species (F(1,109) = 529.4, p = 2x10
-6

), kairomone exposure (F(1,109) 

= 9.84, p = 0.002), and their interaction (F(1,109) = 12.26, p < 0.001).  

 D. mendotae displayed a significantly faster juvenile growth rate than D. dentifera (0.094 ± 

0.004 mm/day vs. 0.082 ± 0.04, F(1,10) = 10.97, p = 0.008, Figure 6), but neither was detectably altered 

by the addition of Bythotrephes kairomone (L(1) = 2.27, p = 0.13). With regards to random effects, we 

again observed that individual clones differed significantly in their juvenile growth rates in a manner 

not captured by their species identity (L(1) = 16.25, p < 0.001). The effect was moderate, explaining 

32% of the residual variance. However, these individual clonal growth rates did not significantly differ 

based on kairomone treatment (L(2) = 3.54, p = 0.12).  

  

3.2 Adult morphology 

 Adult D. mendotae had a mean total length 1.67 ± 0.06 mm, which is significantly longer than 

D. dentifera’s mean of 1.46 ± 0.05 mm (F(1,10) = 9.4, p = 0.01, Figure 7). These lengths did not 

significantly differ between Bythotrephes kairomone treatments (L(1) = 0.7, p = 0.39). The total length 

of individual clones differed significantly (L(1) = 41, p <0.001). Clonal differences explained 54% of 

the residual variation in total length. The mean lengths of individual clones were not detectably 

affected by Bythotrephes kairomone (L(1) = 1.9, p = 0.28). 

The relative helmet size of adults (Figure 8), which we calculated as helmet size ÷ total length, 

did not significantly differ between species (L(1) = 0.46, p = 0.49), and was not detectably affected by 

kairomone treatment (L(1) = 1.47, p = 0.22). However, individual clones differed in their helmet size as 

a random effect (L(1) = 10.0, p = 0.001); clone-level difference explained 29% of the total variance. 

These clonal differences were not affected by kairomone treatment (L(2) = 0.09, p = 0.85). 
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 Relative tail spine length (Figure 9) was calculated the same as relative helmet height. D. 

mendotae’s tail spines were significantly longer than D. dentifera’s (0.25 ± 0.007 vs. 0.21 ± 0.007,  

F(1,96) = 24.54, p < 0.001), but no effect of exposure to Bythotrephes kairomone was discernable (F(1,96) 

= 3.34, p = 0.071). This trait was analyzed with ANOVA, as there was no significant random effect of 

clone.   

 

3.3 Neonate morphology 

 In contrast to adult total length, neonate total length did not significantly differ between species 

(L(1) = 0.78, p = 0.34, Figure 10). There was also no discernable effect of kairomone treatment (L(1) = 

0.30, p = 0.58). However, individual clones differed significantly with respect to total length, and, 

within clones, individual mothers produced neonates of significantly different lengths (L(2) = 354, p < 

0.001). Clonal identity explained 41.8% of the total variance, and maternity explained 10.9%. 

Furthermore, kairomone exposure affected clones significantly differently (L(3) = 7.0, p = 0.019), 

explaining 30.3% of the variance.  

 In contrast, D. mendotae neonates had significantly larger helmets than D. dentifera (0.034 ± 

0.0012 vs. 0.029 ± 0.0015, F(1,94) = 58.1, p<0.001, Figure 11). Neonate relative helmet height was not 

detectably different between kairomone treatments (L(1) = 0.28, p = 0.59). As with total length, relative 

helmet height was significantly different between clones (L(2) = 9.45, p = 0.008), but in contrast, did not 

significantly differ between mothers (L(1) = 2.14, p = 0.14). Clonal identity explained 10.2% of the 

residual variance. Clones did not express detectably different relative helmet heights based on exposure 

to Bythotrephes kairomone (L(2) = 0.28, p = 0.72) 

 D. mendotae and D. dentifera neonates did not have detectably different relative spine lengths 

(species L(1) = 0.8, p = 0.37, Figure 12), and there was no significant effect of  kairomone exposure 
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(kairomone L(1) = 0.11, p = 0.73). However, spine length was significantly different between clones 

(L(2) = 417.8, p < 0.001); clonal identity explained 57.5% of the total variance. Within clones, 

individual mothers produced neonates with significantly different relative spine lengths (L(1) = 55.7 p < 

0.001), although maternity explained only 2.4% of the variance. Kairomone treatment affected clones 

significantly differently (L(4) = 13.4, p < 0.001), and explained 20.9% of the variance.  

 

3.4 Predation experiment 

 Number of Daphnia consumed (Figure 13) did not detectably differ based on species identity, 

(F(1,59) = 2.25, p = 0.14), kairomone treatment, (F(1.94) = 1.94, p = 0.17), or their interaction (F(1,59) = 

2.56, p = 0.11). 
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3.5 Figures 

 

Figure 1: Life cycle of Daphnia (Crustacea: Cladocera), showing alternating parthenogenetic and 

sexual mating phases. Drawing from Ebert (2005).  
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Figure 2: Morphological measurements of Daphnia dentifera and Daphnia mendotae. Ht, helmet size; 

Hd, head size; By, body size; Sp, spine length; TL, total length. Scale bar is 0.5 mm. Drawing modified 

from Taylor and Hebert (1993a).
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Figure 3: Days until first reproduction of second generation D. mendotae and D. dentifera cultured in 

water containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 4: Total production of living young over three broods by second generation D. mendotae and D. 

dentifera cultured in water containing Bythotrephes kairomone or control water. Vertical bars are 

standard errors. 
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Figure 5: Intrinsic rate of increase, r, of second generation D. mendotae and D. dentifera cultured in 

water containing Bythotrephes kairomone or control water. Vertical bars are standard deviation of 1000 

bootstrap replicates. 
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Figure 6: Juvenile growth rate of second generation D. mendotae and D. dentifera cultured in water 

containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 7: Total length of adult second generation D. mendotae and D. dentifera cultured in water 

containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 8: Relative helmet size of second generation D. mendotae and D. dentifera cultured in water 

containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 9: Relative spine length of second generation D. mendotae and D. dentifera cultured in water 

containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 10: Total length of first brood neonates born to second generation D. mendotae and D. dentifera 

cultured in water containing Bythotrephes kairomone or control water. Vertical bars are standard errors. 
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Figure 11: Relative helmet height of first brood neonates born to second generation D. mendotae and 

D. dentifera cultured in water containing Bythotrephes kairomone or control water. Vertical bars are 

standard errors. 
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Figure 12: Relative caudal spine length of first brood neonates born to second generation D. mendotae 

and D. dentifera cultured in water containing Bythotrephes kairomone or control water. Vertical bars 

are standard errors. 
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Figure 13: Number of 4 day old juvenile D. mendotae and D. dentifera consumed by Bythotrephes in 

24 hours, out of 5. Daphnia were cultured for three generations in water containing Bythotrephes 

kairomone or control water. Vertical bars represent standard errors. 
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Chapter 4: Discussion 

 In this study we tested for ecologically relevant differences between D. mendotae and D. 

dentifera that could help explain why they remain distinct species in spite of their broad sympatry, 

efficient dispersal, and lack of biological mating barriers. We found differences in their morphologies 

and life histories which strongly suggest that these species are adapted to different predation regimes. 

We then tested whether these traits could be induced or exaggerated by an invasive predator. Their 

response to Bythotrephes was less clear.  

 Morphologically, adult D. mendotae were larger at maturity, and had relatively larger helmets 

and caudal spines, supporting our hypothesis that this species is better adapted to invertebrate predation 

than is D. dentifera. This finding accords with long-noted patterns of zooplankton assemblages under 

different predation regimes, in which fish exert downward selection on body size and invertebrates 

upward (Brooks and Dodson 1961), and well as with the following more recent work. 

D. pulex is the de facto model system for studies of invertebrate predator-induced 

morphological plasticity (Riessen 1999), because its large size limits its distribution to lakes without 

fish predation, i.e., to lakes in which the dominant predators are gape-limited invertebrates. This 

species displays "neck teeth" in the presence of Chaoborus (phantom midge) larvae during its juvenile 

phase, which are effective in reducing vulnerability (Krueger and Dodson 1981). In addition, the 

presence of Chaoborus kairomone induces larger body size and time to maturity (Tollrian 1995, Luning 

1992). Similar plastic patterns are seen with D. magna threatened with Triops spp., which increase their 

body size and caudal spine length (Rabus and Laforsche 2011). The reverse situation has been found as 

well: Boersma et al. (1999) found that D. magna collected from lakes with heavier fish predation had 

smaller body sizes. Spaak et al. (2000) found that D. cuculata reduced their size at maturity in the 

presence of fish, and Spaak and Hoekstra (1995) attributed the success of a hybrid between D. cuculata 
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and D. galeata to its combination of the former's small body size and the latter's high reproductive 

output. Huelsman et al. (2011) found that the large D. pulicaria out-competed the smaller D. galeata, 

except when they were exposed to fish predation, when D. galeata's lower vulnerability led to its 

dominance. The sister species D. parvula and D. retrocurva are sorted among lakes depending on the 

intensity of invertebrate vs. vertebrate predation: the smaller D. parvula is less vulnerable to fish, while 

D. retrocurva is less vulnerable to invertebrates (Costanzo and Taylor 2010). This relationship is now 

well enough established that Hart and Bycheck (2011) offer a synopsis: visual predation exerts 

downward pressure on body size, while gape-limited invertebrate predation exerts upward pressure. 

Given this body of research, we consider the differences between D. mendotae and D. dentifera 

with regards to body length and the relative size of defensive structures to be consistent with the 

hypothesis that they are adapted to different predation regimes. Similarly, neonates of D. mendotae 

expressed significantly larger helmets than did D. dentifera, even with striking clonal variability 

(Appendix 5). This is consistent with the higher vulnerability of neonates to invertebrate predation: 

helmet formation is the classic defense of D. mendotae (Dodson 1974), and Daphnia are the most 

vulnerable at birth. Interestingly, while clones of D. dentifera displayed smaller helmets, they also had 

much greater variability (Appendix 5), and appeared to respond more strongly to Bythotrephes 

kairomone, although we lack the statistical power to determine the significance of individual genotypic 

reactions. 

 Surprisingly, both species produced neonates of the same length, and with the same relative tail 

spine lengths. This result can be explained by the clonal variation that we observed in these traits 

(Appendix 5), which swamped species level differences. A similar pattern was noted by Boersma et al. 

(1998), who found significant intra-clonal variation in the expression and inducibility of anti-predator 

morphology of D. magna. These authors concluded that "the major distinction is not between inducible 
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and noninducible genotypes but rather that genotypes differ in the combination of traits for which they 

show inducible response" (Boersma et al.1998).  

 Life history traits showed a less clear pattern. Juvenile growth rate was faster in D. mendotae, 

consistent with the hypothesis that this species is under selective pressure to minimize the duration of 

its most vulnerable life stages (e.g., Weber and Declerck 1997), because Daphnia are expected to 

allocate energy to growth rather than reproduction when under predation threat by  invertebrate 

predators (Luning 1992, Tollrian 1995, Riessen 1999). The higher population growth rates displayed by 

D. mendotae compared to D. dentifera should not be considered predator-based adaptations per se, but 

rather as a manifestation of D. mendotae's larger body size resulting in more efficient food uptake and 

metabolism (Size Efficiency Hypothesis, Brooks and Dodson 1965). The reduction in r displayed by D. 

mendotae when exposed to Bythotrephes kairomone could be interpreted as a cost associated with 

production of anti-predator defenses (Tollrian 1995), but the absence of measurable induction of these 

defenses in our study limits the confidence we can place on this result. 

 Exposure to Bythotrephes kairomone had little detectable effect on the expression of these 

morphological and life history traits. The only trait which exhibited statistically significant plasticity 

was the population growth rate, which, as mentioned above, is difficult to interpret in isolation. This 

lack of statistically detectable response could be due to several reasons. 

 First, the high genotypic variability that we observed (Appendix 5) may have swamped species-

level responses. The mixed modeling approach that we adopted allows us to state when clones respond 

differently to exposure of kairomone, as they did for the traits neonate total length, neonate relative 

spine length, and days until first reproduction, but does not allow us to examine where those 

differences lie. Nevertheless, we can cautiously interpret graphical results (Appendix 5), and see that 

both species contained clones that either showed no response, increased, or decreased their total 
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lengths, spine lengths, and time until reproduction. This pattern is similar to that found by Boersma et 

al. (1998) who found major within-species variation in the response of D. magna to predator 

kairomone, with none of the clones examined responding to every examined trait. 

 Boersma et al.'s (1998) finding of differential expression of defenses among clones raises the 

possibility for us that D. mendotae and/or D. dentifera really did respond to the kairomone treatment, 

but did so in a dimension that we did not measure. For example, Pangle and Peacor (2006) found that 

D. mendotae responds to the presence of Bythotrephes by migrating to darker, cooler depths during the 

day to limit their spatial overlap with this predator, at a significant cost to their somatic and population 

growth (Pangle et al. 2007). Other behavioural responses to invertebrate predation observed in 

Daphnia include the adjustment of swimming speed (Dodson 1996) or the time spent travelling on one 

trajectory (Riessen et al. 1984). Responses to fish predation include vertical migration, as mentioned, 

swarming behaviour (Weber and Van Noordwijk 2002), and greater carapace transparency (Costanzo 

and Taylor 2010). As we did not measure any of these traits, we cannot rule out plastic response to 

Bythotrephes kairomone. 

 The third possibility is that both the D. mendotae and D. dentifera used in this experiment either 

cannot detect or do not respond to Bythotrephes kairomone. We used clones from lakes that have not 

been invaded by Bythotrephes, which means that these Daphnia species either have no evolutionary 

experience whatsoever with this predator, or that their last contact was tens or hundreds of thousands of 

years ago (Ishida and Taylor 2007). If these species ever had genetically determined responses to 

Bythotrephes, it is conceivable that the response may have deteriorated over time.  

 Despite the morphological differences that we observed between D. mendotae and D. dentifera, 

which in D. mendotae are presumably defenses against invertebrate predation, we saw no difference in 

vulnerability between these species. This result should not be extended to infer similar vulnerabilities 
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in field conditions, as our experimental conditions were perhaps insufficiently realistic. First, our small 

(40 mL) containers may have been too restrictive for effective predation by Bythotrephes, which 

naturally hunt by orienting themselves in the direction of water flow and swimming straight ahead 

(pers. obs.). In the small volumes that we used, this led to their quickly hitting the wall of the chamber, 

at which they would fumble until prey came to them rather than actively hunting Daphnia. Second, 

while the Bythotrephes used in this experiment all appeared healthy and active at the beginning of 

trials, the high mortality that we observed indicates that they actually differed in their health and/or 

energy reserves. This high variability in the activity of predators may have outweighed natural variance 

in the vulnerabilities of their prey. Third, we were limited to relatively small sample sizes by the 

constraints of Daphnia's birth rates. Taken together, these experimental problems prevent us from 

interpreting the results of this predation experiment in the context of natural populations.  

In the face of efficient dispersal (Cáceres and Soluk 2002), widespread sympatry (Brooks 1957, 

Taylor and Hebert 1993a), frequent hybridization (Taylor and Hebert 1992, 1993a,b), and, occasionally, 

the total breakdown of reproductive barriers (Duffy et al. 2004), D. mendotae and D. dentifera have 

remained genetically distinct. They have been clearly delineated in past studies based on allozyme data 

(Taylor and Hebert 1994), 12s mtrRNA sequences (Taylor et al.  1996, 2005), and mitochondrial 

protein coding sequences (Ishida and Taylor 2007). We have shown here that they can also be 

discriminated based on neutral nuclear markers. This separation in spite of numerous homogenizing 

factors, combined with species preferences for lakes with different surface areas (Taylor et al. 1992), 

has suggested ecological speciation (Duffy et al. 2004). 

 Are D. mendotae and D. dentifera adapted to different predation regimes? We found significant 

differences between their morphologies and life histories consistent with this hypothesis. D. mendotae's 

large body size, helmet expression, caudal spine expression, and juvenile growth rate strongly suggest 



   

42 

 

that they are under selective pressure by invertebrate predators. In contrast, D. dentifera's small size 

and slow growth suggest selection against somatic growth, possibly by visually feeding fish.  

 Do D. mendotae or D. dentifera detect or respond to kairomones released by Bythotrephes? It 

appears that some clones may, although the strength and direction of this response is highly variable, as 

are the traits in which the response is manifested. These results emphasize the utility of experimenting 

with multiple clones, as intra-species differences are often as great as or greater than differences 

between species. 
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Summary and Future Directions 

 Daphnia mendotae and D. dentifera are subject to numerous factors promoting their 

evolutionary reticulation: they are broadly sympatric (Brooks 1957, Taylor and Hebert 1993a) and 

disperse efficiently (Cáceres and Soluk 2002), they appear to have no biological mating barriers (Duffy 

et al 2004), and they hybridize frequently in nature (Taylor and Hebert 1992, 1993a,b). Nevertheless, 

they have remained genetically distinct, and can be clearly delineated based on a variety of molecular 

markers (Taylor and Hebert 1994; Taylor et al. 1996, 2005; Ishida and Taylor 2007). This separation in 

spite of numerous homogenizing factors, combined with species preferences for lakes with different 

surface areas (Taylor et al. 1992), suggests ecological speciation (Duffy et al 2004). 

 We tested this hypothesis using ecologically relevant traits, and found that D. mendotae displays 

morphological and life history differences commonly seen in other Daphnia species adapted to 

invertebrate predation, while D. dentifera should be better adapted to predation by fish. However, 

neither of these species displayed measureable species-level plastic reactions to the presence of the 

invasive cladoceran Bythotrephes. We conclude that we have uncovered significant evidence in favour 

of our hypothesis, but that more study is required for confirmation.  

The question of whether D. mendotae and D. dentifera are adapted to different predation 

regimes now has more support, but has not been answered definitively. Future studies can do so, first, 

by exposing these species to kairomones from vertebrate and invertebrate predators with which they 

naturally co-occur, and second, by testing their vulnerabilities to predators that are more easily reared 

under laboratory conditions. If, for example, D. mendotae expresses a larger helmet in the presence of 

Chaoborus than does D. dentifera, and if this difference results in lessened laboratory vulnerability, 

then we could consider D. mendotae adapted to resist invertebrate predation. Similarly, if D. dentifera 

has analogous responses and relative vulnerabilities to zooplanktivorous fish we could make the 
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analogous conclusion. Finding both of these results together could be taken as strong confirmation of 

the hypothesis of ecological speciation. More extensive field sampling is also needed to determine the 

ranges of these species in relation to the intensity of different predator types.  

 What about the effect of Bythotrephes? If, as we have suggested, the distributions of D. 

mendotae and D. dentifera are controlled by the relative intensities of invertebrate and fish predation, 

then changing the frequencies of these predator types should alter the dynamics of these Daphnia 

species. This situation is in fact exactly what we observe when Bythotrephes invades a lake: the overall 

intensity of invertebrate predation can be as much as tripled (Foster and Sprules 2009). If a lake is 

dominated by D. dentifera pre-invasion, the rise of invertebrate predation may tilt the balance towards 

D. mendotae. This hypothesis can be easily tested using Daphnia resting eggs extracted from sediment 

cores. The DNA can be extracted from eggs that were deposited before, during, and after a 

Bythotrephes invasion, and species and hybrids can be identified using the microsatellite loci we have 

used here. If our hypotheses are correct, this approach would reveal not only cryptic species structure, 

but a cryptic intercontinental succession in response to an invasive species.  
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APPENDIX 1: Sources of experimental Daphnia. Clone name letter indicates lab of origin: H, 

Hairston; D, Duffy; W, Weider; Y, Yan. 

 

Clone Name Original Name Source Lake State, Country Morphological Species Identity 

H1 1-87 Onondoga NY, USA Daphnia mendotae 

H2 37-A12 Onondoga NY, USA Daphnia mendotae 

H3 13 Onondoga NY, USA Daphnia mendotae 

H4 28 Oneida NY, USA Daphnia mendotae 

H5 1-49 Onondoga NY, USA Daphnia mendotae 

H6 14 Oneida NY, USA Daphnia mendotae 

H7 1-46 Onondaga NY, USA Daphnia mendotae 

H8 1-17 Onondaga NY, USA Daphnia mendotae 

H9 1-53 Onondaga NY, USA Daphnia mendotae 

H10 1-93 Onondaga NY, USA Daphnia mendotae 

D1 Midland 113 Midland IN, USA Daphnia mendotae 

D2 Canvassback 131 Canvassback IN, USA Daphnia dentifera 

D3 Downing 210 Downing IN, USA Daphnia dentifera 

D4 Hale 106 Hale IN, USA Daphnia dentifera 

D5 Warner 5 Warner MI, USA Daphnia dentifera 

D6 Bristol 111 Bristol MI, USA Daphnia dentifera 

D7 Scott 40 Scott IN, USA Daphnia dentifera 

D8 Scott 5 Scott IN, USA Daphnia dentifera 

D9 Hale 118 Hale IN, USA Daphnia dentifera 

D10 Warner 2 Warner MI, USA Daphnia dentifera 

D11 Midland 9 Midland, IN IN, USA Daphnia dentifera 

D12 Island 264 Island, IN IN, USA Daphnia dentifera 

D13 Baker 11 Baker MI, USA Daphnia dentifera 

D14 Bristol 10 Bristol MI, USA Daphnia dentifera 

D15 Canvassback 278 Canvassback, IN IN, USA Daphnia dentifera 

D16 Island 281 Island, IN IN, USA Daphnia dentifera 

D17 Downing 28 Downing, IN IN, USA Daphnia dentifera 

D18 Beaver Dam 30 Beaver Dam MI, USA Daphnia dentifera 

D19 Beaver Dam 130 Beaver Dam MI, USA Daphnia dentifera 

W1 S1-3 Texoma OK, USA Daphnia mendotae 

W2 S2-8 Texoma OK, USA Daphnia mendotae 

W3 S3-10 Texoma OK, USA Daphnia mendotae 

W4 S3-7 Texoma OK, USA Daphnia mendotae 

Y1 D1 Dorset region ON, Canada Daphnia mendotae 

Y2 S1 Sudbury region ON, Canada Daphnia mendotae 
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APPENDIX 2: mean specific population growth of two Daphnia species cultured in two media. 

Population growth was calculated as (Nt1 - Nt0) / Nt0, where Nt0 and Nt1 are the initial population size 

and the size after one week. The experiment was repeated and the data pooled for analysis. N = 38 jars 

of D. dentifera and 20 jars of D. mendotae in each medium. Vertical bars are SEM. 
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APPENDIX 3: Figure 4 from Taylor et al (2005). "A photograph of an agarose gel with the five main 

RFLP patterns found by digesting the ITS rRNA region from individuals of the Daphnia longispina 

complex with the RsaI restriction enzyme." Lane one is a size ladder with rungs from 200 to 1000 bp. 

Lane C1 is from Daphnia dentifera, lane C1 + C2 is from a hybrid between D. dentifera and Daphnia 

mendotae; lane C2 is from D. mendotae; lane C2 + B is from a hybrid between European D. galeata 

and d. mendotae, and lane B is from a European D. galeata . 
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APPENDIX 4: Genetic and morphological identification of experimental Daphnia. Column P shows 

the proportion of the genotype derived from each cluster, using the programs STRUCTURE and 

NewHybrids. See text for details. Bold genotypes are those used in the experiment.  

Clone Name ITS RFLP 

Pattern 

STRUCTURE NewHybrids Morphological Species 

Identity 

Cluster P Cluster P 

H1 C2 Dm 0.988 Dm 1.0 Daphnia mendotae 

H2 C2 Dm 0.995 Dm 1.0 Daphnia mendotae 

H3 C2+B Dm 0.996 Dm  0.999 Daphnia mendotae 

H4 C2 Dm 0.962 Dm 1.0 Daphnia mendotae 

H5 C2+B Dm  0.997 Dm  0.999 Daphnia mendotae 

H6 C2+B Dm 0.994 Dm  0.996 Daphnia mendotae 

H7 B Dm  0.997 Dm 0.999 Daphnia mendotae 

H8 B Dm 0.997 Dm 0.999 Daphnia mendotae 

H9 C2 Dm 0.996 Dm 1.0 Daphnia mendotae 

H10 C2 Dm 0.993 Dm 0.996 Daphnia mendotae 

D1 C1 Dd 0.981 Dd 0.999 Daphnia mendotae 

D2 C2 Dd 0.972 Dd 0.998 Daphnia dentifera 

D3 C2 Dd 1.0 Dd 0.999 Daphnia dentifera 

D4 C1+C2 Dd 1.0 Dd 0.999 Daphnia dentifera 

D5 C1+C2 Dd 1.0 Dd 0.999 Daphnia dentifera 

D7 C2 Dd 1.0 Dd 0.999 Daphnia dentifera 

D8 C1 Dd 1.0 Dd 0.952 Daphnia dentifera 

D9 C1+C2 Dd 0.989 Dd 1.0 Daphnia dentifera 

D10 C1 Dd 0.950 Dd 0.882 Daphnia dentifera 

D11 C1+C2 Dd 0.993 Dd 1.0 Daphnia dentifera 

D12 C1 Dd 0.886 Dd 0.989 Daphnia dentifera 

D13 C1+C2 Dd 0.988 Dd 1.0 Daphnia dentifera 

D14 C2 Dd 0.911 Dd 0.971 Daphnia dentifera 

D15 C1 Dd 0.992 Dd 1.0 Daphnia dentifera 

D16 C2 Dd 0.928 Dd 0.989 Daphnia dentifera 

D17 C2 Dd 0.994 Dd 1.0 Daphnia dentifera 

W1 B Dm 0.871 Dm 0.968 Daphnia mendotae 

W2 C2 Dm 0.994 Dd 1.0 Daphnia mendotae 

W3 C2 Dm 0.986 Dd 1.0 Daphnia mendotae 

W4 C2 Dm 0.994 Dm 1.0 Daphnia mendotae 

Y2 C2 Dm 0.986 Dm 0.991 Daphnia mendotae 
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APPENDIX 5: Results of life history and morphology experiments, showing genotypic means in 

addition to species means. Figures are shown only for those response variables which had significant 

random effects of genotype, i.e. those for which genotypes significantly differed from each other.  

Figure 5.1: Relative helmet height of first brood neonates born to second generation D. mendotae and 

D. dentifera cultured in water containing Bythotrephes kairomone or control water. Thick lines are 

species means; vertical bars are standard errors. Thin lines are genotypic means.  
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Figure 5.2: Total length of first brood neonates born to second generation D. mendotae and D. 

dentifera cultured in water containing Bythotrephes kairomone or control water. Thick lines are species 

means; vertical bars are standard errors. Thin lines are genotypic means. 
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Figure 5.3: Relative spine length of first brood neonates born to second generation D. mendotae and D. 

dentifera cultured in water containing Bythotrephes kairomone or control water. Thick lines are species 

means; vertical bars are standard errors. Thin lines are genotypic means.  
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Figure 5.4: Relative helmet length of adult second generation D. mendotae and D. dentifera cultured in 

water containing Bythotrephes kairomone or control water. Thick lines are species means; vertical bars 

are standard errors. Thin lines are genotypic means.  
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Figure 5.5: Juvenile growth rates of adult second generation D. mendotae and D. dentifera cultured in 

water containing Bythotrephes kairomone or control water. Thick lines are species means; vertical bars 

are standard errors. Thin lines are genotypic means. 
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Figure 5.6: Days until first reproduction of adult second generation D.mendotae and D. dentifera 

cultured in water containing Bythotrephes kairomone or control water. Thick lines are species means; 

vertical bars are standard errors. Thin lines are genotypic means. 
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Figutre 5.7: Total mature length of adult second generation D. mendotae and D. dentifera cultured in 

water containing Bythotrephes kairomone or control water. Thick lines are species means; vertical bars 

are standard errors. Thin lines are genotypic means. 

 


