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 ABSTRACT 

Rare populations of threespine stickleback species pairs (Gasterosteus aculeatus L., 1758 complex) 

found only in British Columbia have been of immense importance to the study of evolution, but have 

also been shown to be susceptible to the impacts of invasive species.  The recent collapse of the 

stickleback species pair in Enos Lake, Vancouver Island, roughly co-incided with the first reports of the 

invasive American signal crayfish (Pacifastacus leniusculus) in this lake.  Given the known tendency of 

crayfish to destroy aquatic vegetation, and the possible importance of this vegetation as a cue for 

assortative mating, crayfish have been suspected as a leading factor driving the Enos Lake collapse.  

Here I present an outline of my research-in-progress, in which I address three main questions: 1) Does 

the absence of aquatic vegetation lead to increased frequency of introgression between benthic and 

limnetic sticklebacks? 2) Is there a breakdown of essential nesting behaviours in male sticklebacks 

during interactions with crayfish? And 3) Is there any dietary evidence for the predation of crayfish on 

sticklebacks during the stickleback breeding season? 

 

INTRODUCTION 

Ecology and Evolutionary History 

The threespine stickleback, Gasterosteus aculeatus, is a small, coastal fish species with a 

Holarctic distribution.  Although stickleback populations are known to exist in many environments – 

fully marine, anadromous, or freshwater-resident – they are rarely found more than 200 km inland 

(McPhail 2007).   In coastal areas, sticklebacks have colonized a variety of habitats and have formed, in 

several cases, species pairs including anadromous/resident populations, stream/lake species pairs and, 
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perhaps most famously, a variety of sympatric lacustrine species pairs (Larson 1976; Ólafsdóttir et al. 

2007; Gow et al. 2008).  

Divergence of sympatric populations based on adaptation to distinct and divergent ecological 

niches is a prime example of ecological speciation (Hatfield and Schluter, 1999). One of the best 

documented cases of ecological speciation is also the most rare: five watersheds in the central Strait of 

Georgia region of southwestern British Columbia contain species pairs of sticklebacks that have evolved 

independently, each diverging dramatically in various traits (Larson 1976; McPhail 1984, 1992a, 2007; 

Taylor et al. 2006; Gow et al. 2006, 2008).  

Freshwater populations of sticklebacks were derived from marine ancestors that were isolated in 

these lakes around 12,500 years ago as glaciers receded and landmasses rebounded, cutting off access to 

the sea.  The “double-invasion” hypothesis, posed by McPhail (1994) suggests that an initial isolation of 

marine sticklebacks in coastal lakes was followed by a morphological divergence of these invaders from 

marine populations, resulting in a relatively “benthic-like” solitary population.  According to the 

hypothesis, this first invasion and isolation was followed by a less dramatic sea level rise, temporarily 

restoring some marine – fresh water connections and allowing a second invasion, and subsequent 

isolation, of marine sticklebacks in a handful of low-elevation lakes with close proximity to the ocean.  

The interim period between these two invasions is thought to have provided ample time for character 

displacement to occur in the founder population relative to their marine ancestors such that a second 

wave of marine invaders encountered solitary populations of “benthic-like” sticklebacks which were 

sufficiently reproductively isolated from the marine invaders to allow sympatric species pairs to form 

(Schluter and McPhail 1992; Vines and Schluter, 2006).   Although this theory is now fairly well 

accepted by many biologists, it still is debated by some who believe that species pairs were formed from 
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the original invading population through sympatric speciation promoted by ecological determinism 

(Taylor and McPhail 2000). 

 

Reproductive Isolation: 

In the wake of these historical events, sympatric populations of stickleback continued to diverge 

in various life history and morphological traits, allowing them to more efficiently exploit abundant 

resources found in ecologically disparate niches in a heterogeneous environment (Larson 1976, McPhail 

1994). As a result, each of the species pairs that formed consisted of two distinct forms, differing in 

several important traits.  The “limnetic” form is relatively small and slim, and is specialized for life in 

open water habitats where it employs its narrow gape and many long gill rakers to feed on planktonic 

invertebrates.  The “benthic” form has a larger, deeper, more robust frame and is specialized for life in 

the littoral zone, where it uses its relatively wide mouth and few, short gill rakers to forage for 

invertebrates (Larson 1976; Hatfield and Schluter, 1999; Vines and Schluter, 2006).  

As benthic and limnetic sticklebacks diverged from each other morphologically and ecologically, 

stronger assortative mating developed as a by-product of these differences, reinforcing the pre-

reproductive isolation between the pair (Vines and Schluter, 2006).  Divergent sexual characters, such as 

body size, nuptial colouration, and choice of breeding habitat, and the correspondingly divergent 

preferences exhibited by benthic and limnetic females during the breeding season were likely 

instrumental in creating this effective barrier to interbreeding (Ridgway 1982; Boughmann 2001).   

Benthic and limnetic sticklebacks share some similarities in breeding behaviour, such as nest-

building and guarding by males during the breeding season, which takes place from as early as mid-

March to as late as early September when water temperatures are above 10ºC but below 22ºC (McPhail 
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2007; National Recovery Team 2007).  Despite these similarities, substantial differences exist in their 

reproductive ecology. One of the most important differences is the differential use of the littoral zone 

during the breeding season: benthic males typically utilize areas with higher densities of aquatic plants, 

while limnetic males tend to nest in open areas (Ridgeway and McPhail 1984; McPhail 1994). In 

addition to providing rearing habitat for juveniles, aquatic plant cover decreases susceptibility to 

predation and reduces courtship disruptions by conspecific males (Savino and Stein 1982; Ridgeway and 

McPhail 1986).  It is perhaps not difficult, then, to imagine why benthic males, with their larger body 

sizes, may have preferentially adapted to these prime breeding sites and, in doing so, forced limnetic 

males to adapt to the second best nesting habitats.  It is believed that, due to these nesting habitat 

preferences on the part of the males, aquatic plants likely provide cues for maintaining segregation 

between benthics and limnetics during the breeding season, thus helping to maintain assortative mating 

(Peterson, 2008; Rosenfeld et al. 2008). 

Despite the natural safeguards provided by pre-reproductive isolation through assortative mating, 

low levels of interbreeding can still take place between benthics and limnetics, producing fertile, viable 

hybrids (McPhail 1991).  Luckily for the species pair, post-reproductive isolation can act after the fact to 

select against these hybrids.  Ecological factors in particular are believed to be immensely important to 

the persistence of species pairs through their ability to diminish hybrid fitness (Vines and Schluter 2006; 

Gow et al. 2007).   

Divergent life history and morphological traits exhibited by benthic and limnetic sticklebacks are 

highly correlated with diet in unperturbed species pair lakes.  In hybrid populations, however, these 

traits are expressed as intermediate between those of the benthic and limnetic parents and are not 

correlated with diet.  Consequently, hybrids exhibit a more generalist trophic status (Behm 2006).  In 
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unperturbed species-pair lakes, these hybrids are selected against because the divergent phenotypes of 

limnetics and benthics are optimized to utilize the similarly divergent resources that characterize these 

habitats, while the hybrid phenotype is not (Behm 2006). Such ecological selection against hybrids may 

help to explain genetic surveys that show consistent declines in hybrid abundance in free-ranging 

sticklebacks (Gow et al. 2007). 

In addition to the trophic disadvantages described above, hybrid phenotypes are further selected 

against in unperturbed species pair lakes through negative sexual selection (Vamosi and Schluter, 1999).  

For example, hybrid sticklebacks exhibit intermediate male nuptial colouration, but divergent 

colouration has been selected for in sympatric species pair lakes, thus lowering the fitness of the 

intermediately coloured hybrid males and effectively removing them (Albert et al. 2007). 

As outlined above, ecologically-based selection factors have been consistently effective in 

unperturbed species pair lakes in segregating limnetics and benthics based on diet and breeding habitat, 

and selecting against any hybrids that, despite this segregation, are produced.  These factors are, 

however, in their infancy and are thus likely unstable.  Any perturbations to the habitat of species pair 

lakes that could reduce the fitness of the extreme phenotypes of species pairs, or break down their 

assortative mating system, may cause a reversal of this divergence, favouring generalist hybrids with 

intermediate phenotypes (Behm 2006; Taylor et al. 2006).  

 

Importance of Species Pairs: 

Aside from the inherent value of stickleback species pairs as an interesting and unique taxon, 

they have been – and will likely continue to be – very important in the context of evolutionary biology 

and for the study of the processes involved in ecological speciation (McPhail 2007).  Speciation is 
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usually too slow to be observed, thus it is only possible to gain insights into speciation by studying 

recently formed species.  It can often be difficult to determine the relative importance of ecology versus 

genetics in reproductive isolation during speciation.  The use of recently formed species is critical in this 

regard, as genetic differentiation is relatively minor at this early stage (Hatfield and Schluter, 1999). 

Since the maximum possible age of these species pairs, as constrained by the known timeline of the 

most recent glaciation, is roughly 13,000 years, these fish are an excellent speciation model (McPhail 

1984).  The importance of these rare species pairs has been equated to that of Galapagos finches and 

cichlid fishes in the African Rift lakes (McPhail 2007).  In addition to the aforementioned value that 

these stickleback species pairs represent for science, it is also important to recognize their value – in a 

more general sense – as a contribution to biodiversity.  

Only four watersheds in the world now retain species pairs, all in the central Strait of Georgia 

region of southwestern British Columbia. Two of these watersheds are located on Texada Island, one is 

located on Vancouver Island, and one recently discovered pair lives in a lake on Nelson Island (Gow et 

al. 2008).  Until relatively recently, there was also a species pair in Hadley Lake on Lasqueti Island, but 

it has since been declared extinct, due to the introduction of an invasive fish species, the brown bullhead, 

Ameiurus nebulosus (Lesuer, 1819)(Hatfield 2001; Gow et al. 2008).  In the last decade, evidence has 

shown that the Vancouver Island species pair, living in Enos Lake, has collapsed into a hybrid swarm of 

phenotypically intermediate fish (Taylor et al. 2006).  All of the remaining species pairs – aside from the 

newly discovered Nelson Island pair – are currently listed as endangered by both the Committee on the 

Status of Endangered Wildlife in Canada (COSEWIC) and the Species at Risk Act (SARA)  (COSEWIC 

2002; National Recovery Team for Stickleback Species Pairs 2007).  
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Enos Lake Collapse 

After Larson’s (1976) initial description of a G. aculeatus species pair, McPhail (1984) 

proceeded to provide evidence for a distinct species pair in Enos Lake on Vancouver Island, noting that 

a very low number of intermediate forms were found in his samples.  Disturbingly, samples collected in 

1999 yielded contrasting results:  Of forty-nine sticklebacks sampled, six individuals (12%) exhibited a 

hybrid phenotype, intermediate to that of either the benthic or limnetic form.  This finding constituted 

the first evidence of the impending species pair collapse in Enos Lake (Kraak et al. 2001).  These results 

were confirmed by Taylor et al. (2006) in a study that conducted both morphological and genetic 

comparisons between the members of the Enos Lake species pairs.  Taylor et al. (2006) also 

demonstrated that the collapse of the species pair into a hybrid swarm was due to hybridization, rather 

than the biased extinction of one species or the other.  

 

The Culprit:  

In the last two decades new observations of the apparently invasive American signal crayfish, 

Pacifastacus leniusculus (Dana, 1852) have been reported in Enos Lake.  It is suggested that this 

invasive species was likely introduced in the late 1980s (Taylor et al. 2006; Rosenfeld et al. 2008; 

Peterson 2008).  Multiple accounts of crayfish in general describe these animals as aggressively 

dominant omnivores in invaded habitats, imposing various damaging effects on aquatic organisms and 

their habitats, including direct competition with, and predation of,  fish species (Guan and Wiles 1998; 

Stenroth and Nystrom 2003; Carpenter 2005; Dorn and Mittlebach 2005; Rosenthal et al. 2006; Ilheu et 

al. 2007; Kuhlmann et al. 2008).  Observations of the significant impacts of P. leniusculus specifically 

on aquatic plant and benthic invertebrate communities in Enos Lake seem to confirm this description, 
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demonstrating that these crayfish are capable of significantly reducing the species richness and density 

of benthic invertebrate and aquatic plant communities compared to reference lakes (Rosenfeld et al. 

2008).   In Enos Lake in particular, less than five per cent of its littoral zone is occupied by aquatic 

plants in the presence of crayfish (Peterson 2008).  As a result of these various observations, P. 

leniusculus has been implicated as a major factor behind the collapse of the Enos Lake stickleback 

species pair in recent years (COSEWIC 2002. Taylor et al. 2006).  To date, however, I am aware of no 

studies that have addressed this possibility through empirical research. 

 

RESEARCH OBJECTIVES: 

The goal of this research is to determine the effects of P. leniusculus on an intact and naïve 

species pair of G. aculeatus to determine what effects the introduction of a destructive invasive species 

may have on sympatric species pairs. Understanding the role of crayfish in this model will be a useful 

contribution to our understanding of the collapse of the stickleback species pair in Enos Lake, and the 

importance of protecting other valued fish species from biological invaders. To ensure the persistence of 

the remaining stickleback species pairs, it is important that we understand the processes underlying this 

breakdown and reversal of speciation.  If it is demonstrated that P. leniusculus is capable of significantly 

disrupting the assortative mating system of a naïve stickleback species pair in such a way as to promote 

hybridization, conservationists will be one step closer to ensuring that the situation observed in Enos 

Lake can be avoided in the small number of remaining lakes where these rare examples of ecological 

speciation are still observed.  
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COMPETING HYPOTHESES: 

It should be acknowledged that there may be some anthropogenic sources of disruption in Enos 

Lake, which could conceivably provide alternative hypotheses for this species pair’s collapse; however, 

these hypotheses would be less parsimonious than those addressed hereafter.  My thesis will focus on 

investigating what impacts crayfish in particular have had in this lake. Although crayfish are known to 

be very destructive to aquatic plant and fish populations in environments where they are introduced, no 

studies have addressed the stresses that crayfish might impose on the breeding systems of stickleback 

species pairs. 

Several hypotheses can be proposed to explain how American signal crayfish is responsible for 

the increased hybridization of the Enos Lake stickleback species pair.  A subset of these hypotheses can 

be organized into two broad categories, based on how directly the crayfish exert their impact: A) indirect 

disruption (i.e. habitat/resource impoverishment) leading to mating system disruption, and B) direct 

disruption of the stickleback mating system. 

 

A – Indirect disruption via disruption of habitat and visual cues: 

It has been demonstrated that reversals in speciation can occur if conditions suddenly change in a 

way that favours a hybrid phenotype or relaxes selection against these normally unfit individuals (Grant 

and Grant, 2002; Behm 2006).  For example, habitat and/or resource disruption, such as changes in 

relative abundance of prey items, water level, land use, or climate may be implicated in increased 

feeding costs or reduced energy intake for one or both members of the species pair, thus increasing the 

relative fitness of hybrids (Kraak et al. 2001).  In my first hypothesis, however, I suggest that habitat 
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disruption can also cause a reversal of speciation by disrupting the assortative mating system that has 

been so critical to the divergence of this sympatric species pair in the first place. 

As has been mentioned already, even though benthic and limnetic sticklebacks often coexist in a 

given habitat in Enos Lake, benthic males tend to breed in clumps of aquatic plants while limnetic males 

tend to breed out in the open (Ridgway and McPhail 1984; McPhail 1994) resulting in a spatial 

segregation that may be very important in maintaining assortative mating.  In the absence of these 

natural barriers to introgression, it is conceivable that confusion could cause assortative mating to 

weaken and eventually collapse. 

 

Hypothesis A: Aquatic plant removal leads to increased introgression 

Primary: 

Clear-cutting (through direct consumption) of aquatic plants by crayfish disrupts one of the 

important cues used by benthic and limnetic sticklebacks and normally maintains a segregation of 

habitat and thus maintains assortative mating.  Assuming that aquatic plant cover is a nest identification 

cue for female sticklebacks, this homogenization of habitat creates a situation in which nests built by 

limnetic and benthic sticklebacks are perhaps less distinguishable to the eyes of female stickleback.  As 

a result, female limnetic sticklebacks may inadvertently lay their eggs in the nests of benthic males, or 

vice versa, thus promoting the production of hybrid young.  

 

Alternative mechanisms: 

Alternative mechanisms may also exist through which aquatic plant loss may lead to increased 

introgression between benthic and limnetic sticklebacks:  First, it is possible that territorial aggression 
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between benthic and limnetic males would be more prevalent in the absence of habitat segregation, thus 

resulting in decreased nesting success for the smaller limnetic males.  If aquatic plants normally provide 

the best nesting habitats, which the larger benthic males normally out-compete limnetic males for, it 

would follow that, in the absence of prime aquatic plant habitats, benthic males would re-locate to the 

second best habitats, thus displacing limnetic males to habitats which may be unsuitable for nesting.  In 

this scenario, a relatively small number of limnetic males would be able to advertise completed nests, 

thus presumably making female limnetics more vulnerable to making an incorrect nest choice. 

Second, divergent visual cues associated with a heterogeneous breeding habitat may lose their 

effectiveness when aquatic plants are removed.  Boughman’s (2001) ‘sensory drive hypothesis’ suggests 

that male nuptial coloration in both benthic and limnetic sticklebacks has evolved independently to 

contrast with their particular breeding habitats. In a homogenized breeding habitat, such as that created 

by clear-cutting of aquatic plants by P. leniusculus, these specialized visual cues may be rendered 

useless, thus contributing to the breakdown of the assortative mating system.  These visual cues may 

also be disrupted by a loss of water clarity when destabilized sediments are stirred up.  The root systems 

of littoral aquatic plants provide a natural protection against erosion and turbidity. Previous work on 

cichlid fishes in eastern Africa has shown that changes in water clarity and turbidity can have significant 

effects on mate choice in a species where visual cues are important (Seehausen et al. 1997).  It has been 

suggested that the loss of aquatic plants in Enos Lake due to crayfish grazing may have similarly 

contributed to the breakdown of assortative mating in sticklebacks (Gow et al. 2006; Taylor et al. 2006) 

although, to the best of my knowledge, evidence in support of a temporal increase in turbidity in Enos 

Lake is currently lacking. 
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B – Direct disruption of nesting males leading to demographic effects:  

Although indirect impacts of habitat alteration on pre-mating isolation is a plausible explanation 

for the recent changes observed in Enos Lake, P. leniusculus may have influenced the hybridization of 

the Enos Lake stickleback species pair by exerting an impact in a more direct way.  Sticklebacks males 

are in a highly vulnerable position during the breeding season (Candolin and Voigt 1998).  Males of 

both benthic and limnetic sticklebacks build their nests in the littoral zone, using pieces of vegetation 

and substrate to cover a shallow depression in the sandy benthos (Wootton 1976; Ridgway 1982; 

Bentzen et al. 1984; Ridgway and McPhail 1987; Barber et al. 2001).  As omnivores, crayfish 

presumably cruise these same areas and voraciously eat anything they encounter, which could include 

stickleback nests.   

Crayfish in Enos Lake have an average length of approximately 60mm and average weight of 

approximately 7.7g and thus could represent an imposing adversary for Enos Lake sticklebacks, which 

grow to average length of approximately 45mm, with limnetics tending to be smaller than benthics, who 

can reach lengths of up to 90mm (McPhail 1991; Peterson 2008).  It is conceivable that, although 

crayfish may disrupt male nesting behaviour of both members of the stickleback species pair, effects 

would likely be most apparent when the smallest male sticklebacks clash with the largest crayfish 

individuals, assuming that larger body size permits more effective nest defense.  I predict that crayfish 

will have a detectable impact on sticklebacks, particularly when larger crayfish individuals interact with 

the generally smaller limnetic sticklebacks.  In a scenario where limnetic nests in a given area are 

harassed to a higher than average extent during the breeding season, one would expect that relatively 

fewer limnetic males are likely to succeed in providing an attractive nursery in which conspecific 

females can deposit their eggs.  
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Willis et al. (2004) have suggested that hybridization can be encouraged when there is a shortage 

of conspecific mates.  In the preceding scenario, limnetic sticklebacks find themselves at a reproductive 

disadvantage relative to benthics. Limnetic females navigating the pool of eligible males would be more 

likely to encounter viable nests belonging to the relatively unperturbed benthic males.  This skew in 

reproductive fitness could easily lead to increased introgression between limnetics and benthics in the 

short term, as well as long term demographic effects, perpetuated by reduced abundances of breeding 

limnetic males over time as limnetic nest success is reduced generation after generation. My suspicions 

of the higher susceptibility of limnetic males are supported by evidence of asymmetric introgression in 

Enos Lake, which favours the benthic genotype (Gow et al., 2006).  

The following two hypotheses are distinguished by the mode of disruption. 

 

Hypothesis B-1: Disruption of nest maintenance behaviours  

Both benthic and limnetic males exhibit highly stereotyped mating, nest guarding, and parental 

behaviours that are undoubtedly critical for the successful development and survival of offspring.  In 

addition to courtship displays and nest construction and maintenance, males defend their brood from 

predators and conspecifics that may eat or steal eggs from their brood (Whoriskey and FitzGerald 1994). 

If these behaviours are interfered with to a great enough extent, or a male allocates too many of his 

limited resources to defense, it is conceivable that a male will be unable to maintain and advertise his 

nests sufficiently to attract oviposition by a female.  Females are then more likely to entrust her eggs to a 

male who has been able to repel crayfish interference.  I hypothesize that P. leniusculus interferes with 

the nesting behaviours of both limnetic and benthic members of the species pair, but benthic males are 

more effective at repelling crayfish and thus can more effectively maintain their nests and attract 
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females.  Some of these females will undoubtedly be limnetic females who will, in their search for safe 

nests belonging to conspecific males, may choose one of the more abundant benthic nests, thus 

promoting introgression. 

 

Hypothesis B-2: Preferential predation of crayfish on limnetic nests 

Primary: 

Based on the fact that crayfish are omnivorous grazers, and the fact that eggs and nesting materials are 

well within the scope of a crayfish’s diet, it is conceivable that crayfish may have developed a habit of 

feeding directly on the nests of male sticklebacks.  As stated in the previous hypothesis, I predict that the 

smaller limnetic males, who also tend to breed in the open, would be more susceptible to these attacks.  I 

hypothesize that P. leniusculus differentially destroys - or feeds directly on - the nests, eggs, juveniles, 

or adults of limnetic male sticklebacks. This biased disruption could influence the relative abundance of 

limnetics, thus making it more difficult for assortative mating to occur (Taylor et al. 2006).   

   

Alternative mechanisms: 

According to Vamosi (2003) a given sympatric stickleback population can theoretically be 

reduced in abundance to the point where divergent selection is no longer functional.  It is plausible that, 

upon the initial introduction of crayfish to Enos Lake, the aforementioned nesting disruptions by 

crayfish were applied equally to both the limnetic and benthic stickleback males at a very intense level 

such that both groups of males were driven to very low numbers.  With densities of males at a very low 

level, choosiness in the selection of conspecific males by females may have been abandoned, rendering 

the assortative mating system ineffective. 
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RESEARCH PLAN AND METHODOLOGY 

My research will be conducted in three concurrent phases from March 2009 through February 

2010.  The first phase will be conducted in outdoor cattle tanks located on the Vancouver campus of the 

University of British Columbia.  In this phase, I will test the effect of habitat homogenization on the 

prevalence of hybridization between limnetic and benthic sticklebacks (Hypothesis A).  As this first 

phase will be performed outside, it will be carried out between the months of March and June of 2009, 

as these months coincide with the appropriate temperature and photoperiod required for maintaining 

breeding conditions in exposed above-ground tanks.  A pilot of this phase of research was run during the 

spring and summer of 2008, but no results were obtained due to in-tank mortality likely caused by poor 

timing and inhospitable conditions.  Various modifications will be made in setup and methodology in 

2009 cattle tank trials (see below). 

The second phase of experimentation will use glass aquaria in a temperature-controlled 

environmental chamber.  In this phase, I will observe interactions between crayfish and sticklebacks to 

test whether or not P. leniusculus disrupts the nesting behaviours of benthic and limnetic males 

(Hypothesis B-1).  In this more accessible and controlled setting, behavioural observations will be 

carried intermittently from July 2008 to February 2010.  As these trials will be run in an environmentally 

controlled chamber, breeding conditions can be reasonably maintained regardless of natural 

environmental conditions, effectively extending the window of time during which mating behaviour can 

be induced in sticklebacks.  As of January 2009, no successful trials have been run in this phase, due to 

failed attempts at bringing post-spawning males into breeding condition as well as in-tank mortality.  

See below for more information on phase 2 effort to date, as well as proposed modifications designed to 

ensure success in 2009. 
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The third phase of research will involve sampling of P. leniusculus from Enos Lake and 

subsequent gut content analysis, in order to determine if crayfish are indeed shifting their diet to prey on 

stickleback eggs or juveniles during the stickleback breeding season.  Stable isotope analysis will be 

conducted on samples to determine if the trophic level of crayfish is significantly higher during and after 

the stickleback breeding season relative to those collected in the winter, several months after the 

stickleback breeding season. Provided that tissue turnover rates are fast enough, I predict that isotopic 

signatures will indicate that crayfish are consuming food from higher trophic levels during the 

stickleback breeding season, in contrast to the remainder of the year, during which they feed mostly on 

detritus and benthic invertebrates.  Although this third phase of my research is not expected to shed any 

light on the differential effects of the crayfish, it will provide direct evidence pertaining to the 

hypothesis that crayfish feed directly on stickleback nests and their contents (Hypothesis B-2). 

Threespine sticklebacks have been, and will continue to be obtained from Priest Lake on Texada 

Island. These individuals have never, to the best of our knowledge, been exposed to crayfish and, 

therefore, will be a good model for determining how the naïve Enos Lake species pair may have reacted 

when first exposed to this invader. Sticklebacks are captured using unbaited minnow traps and dip nets, 

sorted by visual means as either benthic or limnetic, and held separately in large tanks overnight to 

reduce transportation stress. Once transported back to the Vancouver campus of UBC, fish collected in 

the spring of 2009 will be held in holding tanks either adjacent to the cattle tanks used in phase 1, or in 

an array of aquaria set up in an environmentally controlled chamber in the Biological Sciences building, 

where the 2008 fish are still being held.  In either case, benthic and limnetic sticklebacks are held in 

separate aquaria.  Juvenile sticklebacks are fed to satiation with a mixture of small food particles 

composed of frozen Daphnia, live brine shrimp and live C. elegans.  Adult sticklebacks in holding tanks 
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are fed to satiation with frozen chironomid larvae.  Fish that have run their course of experimental 

usefulness will be euthanized by overdose of MS-222 and stored in 95% ethanol. 

Crayfish have been, and will continue to be obtained from Enos Lake using minnow traps and 

prawn traps baited with cat food.  Those crayfish that will be used for phase 2 experiments will be 

transported live to the Vancouver campus of UBC, where they will be held in secure quarantine tanks in 

the environmentally controlled chamber described above and fed algae wafers to satiation.  Crayfish 

used in phase 3 will be immediately frozen in dry ice (at approximately -40ºC) to preserve gut contents. 

 

Phase 1: Cattle Tanks   

Setup – Season 1 (2008) 

Cattle tanks are 1100L plastic containers with an open top, and dimensions approximately 0.6m 

deep, 1.2m wide, and 1.8m long.  For the first season of experimentation during the spring and summer 

of 2008, the tanks were set up as follows, using materials commonly found in the stickleback habitats of 

Paxton Lake. 

1. The bottom was covered with coarse sand, roughly 5 cm deep, to allow rooting of aquatic plants 

and digging of nests by male sticklebacks.  Sand was rinsed approximately 8 times to improve 

clarity. 

2. All cattle tanks were filled with approximately 850L of Vancouver municipal water on April 23, 

2008, and allowed to stand for seven days to allow the chlorine to dissipate. 

3. Planktonic invertebrates were collected from (pre-2009) UBC research pond #8 via plankton 

tows and were subsequently concentrated and added in equal amounts to each cattle tank on 

April 29, 2008.  A voucher sample of this inoculation of planktonic invertebrates was collected 
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for initial quantification.  The aim was for these invertebrates to multiply and form a natural food 

source for limnetic sticklebacks during the experiments. 

4. Approximately 1 L of peat moss was added to each tank to provide a nutrient base. 

5. Leaf litter and substrate from the littoral region of the (pre-2009) UBC research pond #13 was 

added to all tanks on May 7-8, 2008 in order to stock the substrate with benthic macro 

invertebrates.  Litter and substrate was collected via kick-netting, and was filtered through a 

300µm sieve.  Approximately 3.5 L of this material was added to each tank.  As with the 

planktonic invertebrates, these macro invertebrates were intended as a food source for the 

benthic sticklebacks. 

 

Figure 1.  Set up of cattle tanks for phase 1 including modifications made for the  
second season. The experiment will consist of multiple replicates of a 
control treatment (B) with equal amounts of “cover” and “open” 
habitat and a clear cut treatment (A) designed to simulate the effects of 
plant removal by crayfish in Enos Lake. 

 
6. Aquatic plants (Potamogeton sp.) obtained from the (pre-2009) UBC research pond #13, was 

randomly applied to half of the cattle tanks on May 9, 2008 as the control treatment.  In each of 
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the control tanks, aquatic plants were planted in four dense clumps, halfway between each corner 

of the tank and the centre. Open and covered sections of the tank were roughly equal in area.  

The other half of the tanks were left bare as the clear-cut treatment. 

7. One month was allowed for the invertebrate and plant communities to establish themselves in all 

of the tanks before any fish were added to the tanks.  Chlorophyll a (Chl a) was measured in each 

tank periodically in June of 2008 to monitor the availability of phytoplankton as food for the 

stocked planktonic invertebrates such as cladocerans and copepods.  Because all but one tank 

had very low initial levels of Chl a, all tanks were supplemented with 10 µg/L of Phosphorus and 

160 µg/L of Nitrogen. 

 
Setup modifications – Season 2 (2009) 

8. After the first field season in late July of 2008, each cattle tank was topped off with additional 

water from one of the new (2009) UBC research ponds.  This water contained planktonic 

invertebrates, thus re-charging the stock of plankton in each tank.  Dead material was pruned 

from the aquatic plants and the tanks were allowed to sit undisturbed for 7 months before 

preparations for second season of trials will be performed. 

9. Lime (Calcium Carbonate) will be added to each tank to bring the pH up to approximately 8, 

which is the pH experienced by the fish in their home habitat of Priest Lake, as well as the pH 

maintained in the environmental chamber holding facility. 

10. During the pilot study in the summer of 2008, it was evident that the irregular shape of the inside 

of the cattle tanks was problematic for standardizing the breeding area available to sticklebacks 

and for tracking purposes.  To solve this problem, rectangular enclosures composed of fiberglass 

screen secured to a wooden frame, will be constructed and placed inside each cattle tank.  
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Enclosures will measure 1m x 1.5m, and reached from above the water surface to below the 

surface of the substrate. (See Figure 1).  These enclosures will also provide a frame on which the 

apparatus described in the following point will be mounted. 

11. It is possible that some of the fish mortality observed during the 2008 field season was due to 

territorial aggression of male sticklebacks.  To avoid this problem, a removable divider, 

composed of the same materials as the enclosure, will also be constructed and will fit across the 

width of the enclosure (see Figure 1).  At the start of each trial, benthic and limnetic males will 

initially be separated by this barrier to discourage any territorial aggression.  Once nests are 

constructed, mesh barriers will be removed.  Since this divider will bisect the enclosure across its 

width, identical nesting opportunities – in terms of habitat options – will be available to the fish 

placed in each side of the divider. 

12. Based on low survivability of plants during the first season, artificial plants, made from weighted 

strips of black plastic bags, will be used in addition to real plants (providing the real plants 

survive the winter) in the control treatments.  For the control, the arrangement of aquatic plants 

will also be changed for the second season to better provide equivalent areas of the two habitats; 

they will be arranged in 25cm-wide lengthwise strips along the two sides of the enclosure to 

simulate the “cover” breeding habitat preferred by benthics (area = 2 [ 25cm x 150cm ] = 7500 

cm2) thus leaving a 50cm strip in the middle of the enclosure open to simulate the “open” nesting 

habitat of limnetics (area = 50cm x 150 cm = 7500 cm2 )(see Figure 1).    

13. Limestone cobble (approximately diameter of 10-20cm) will be added in a single lengthwise 

strip along the centre line of each enclosure to provide more realistic cover such as that found in 
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the “open” areas of Priest Lake.  This habitat structure should correct for the obvious 

confounding effects of an overly sterile “open” habitat.  

14. During the first field season, no nest construction was observed in the cattle tanks.  It is possible 

that males were capable of building nests, but did not have sufficient building supplies.  In the 

second season, a fresh stock of pine needles and java moss will be added to each tank for use as 

nest-building materials. 

15. During the June, 2008 experiments, Chlorophyll A measurements ranged from 0.5 µg/L to 9.2 

µg/L, with only 3 tanks ever exceeding a measurement of 5 µg/L, my minimum Chl a target 

considered to be adequate to sustain a population of plankton.  A supplement of chironomid 

larvae will be added to each tank in the second season of these experiments to ensure sufficient 

nutrition for the experimental fish. 

 

In the first season of experimentation, the first fish were captured in the field on May 11, 2008 

and the first fish were added to the cattle tanks on June 10, 2008.  By June 30, all but 2 of the 48 fish 

added to the cattle tanks had survived.  In late June/early July, water temperature and dissolved Oxygen 

in the cattle tanks ranged from 18ºC and 7.5 mg/L, respectively at sunrise to 25ºC and 10 mg/L at sunset.  

Starting these experiments so late in the summer probably contributed significantly to the high levels of 

fish mortality due to a variety of factors: poor physical condition following two to three months of 

mating behaviour, additional stress from handling and relocation, high temperatures, low Oxygen due to 

these high temperatures, etc.  To ameliorate these various effects, and avoid high levels of mortality, the 

second season of sampling and experimentation will take place from March – May of 2009.   
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Methodology – Season 1 (2008): 

Three tanks with aquatic plants (“Plants”) and three without (“Open”) were used in the first 

season of experimentation.  Due to the late start of experimentation, this was considered a pilot.  Two of 

each of limnetic males, limnetic females, benthic males, and benthic females were added to each tank 

for a total of eight fish per tank.  Tanks were monitored daily to observe any nesting behaviour.  Some 

isolated observations were made in the tanks, but no mating behaviours or nests were observed. 

As was alluded to earlier, the 2008 field season was a complete failure in terms of data 

collection.  Massive and rapid mortality of fish negated any attempts at observing hybridization 

frequency.  An earlier start, as well as a more streamlined experimental procedure will help make the 

2009 season more successful. 

 

Methodology – Season 2 (2009):  

Two tanks will be used for each replicate, one with aquatic plants and one without.  For each 

replicate, two benthic and two limnetic stickleback males will be added to each tank. Gravid females of 

both morphs will be placed in jars and floated in each tank for 1-2 hours each, to encourage nest 

building behaviour in the males.   

Once males have constructed their nests, either two limnetic or two benthic females will be 

added to each tank, determined by a coin toss.  Nests will be monitored on a regular basis and behaviour 

will be observed as thoroughly as possible without disturbing the fish.  When eggs are laid, the owner of 

the nest will be recorded and the eggs will be removed and preserved in 95% ethanol.  After each round, 

the females will be removed from the cattle tank, weighed and measured.  A fin clip will also be taken 

and preserved in 95% ethanol.  This process will be repeated with the same males for a second round, 
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this time using two females of the opposite morph from those used in the first round.  Once the males in 

a given tank have been exposed to both limnetic and benthic females, they will be replaced with a fresh 

set of males.  When males are removed from the cattle tanks, they will be weighed, measured and fin 

clips will be taken and preserved in 95% ethanol.  Retired males will be used in phase 2 of this research. 

As it is possible that breeding may not occur in many of the tanks, behavioural observations will 

be carried out throughout the trial period to record any other differences between the treatment and 

control tanks.  These observations may include, but will not be limited to the following: 

a) approximate measures of distance between benthic and limnetic sticklebacks to test the 

segregating qualities of aquatic plant cover. 

b) frequency of nest approaches by females of both members of the species pair as a proxy for 

actual mating. 

c) nest location to determine the preferred nesting habitat of benthic and limnetic males. 

 

Preserved eggs and fin clips from each pairing of males and females will be genotyped to determine 

the parents of the eggs, thus validating observations made during the experiment. 

 

Phase 2: Environmental Chamber 

Setup: 

 In the UBC BioSciences building, an environmental chamber was used to house several 180L 

glass aquaria measuring 90 cm x 45 cm x 50 cm (see Figure 2).  These aquaria are much smaller than the 

cattle tanks in phase 1, but large enough to reasonably assume no forced conflict between crayfish and 

sticklebacks due to crowding. Temperature and photoperiod in the environmental chamber was 
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controlled to simulate seasonal changes in Enos Lake.  Compared to phase 1 of this study, the conditions 

in this phase allows for much more direct and long term - albeit less ecologically relevant - observations 

of the behavioural interactions between sticklebacks and crayfish.  Experimental aquaria were set up in a 

similar way to the cattle tanks in phase 1, with some differences: 

1. Experimental tanks will be filled with dechlorinated tap water from the UBC Biological Science 

building and fitted with a single air stone to oxygenate the water. 

2. One or two pieces of limestone will be added to each experimental aquarium to simulate the 

relatively high pH found in Priest Lake (pH = 8).  The limestone will be placed in one corner of 

the aquarium (see Figure 2) to allow for some shelter for nesting male sticklebacks. 

3. Artificial plants will be placed in each of the experimental aquaria to provide a more natural 

environment for crayfish and stickleback. 

4. A nesting box, containing filter sand for nesting substrate, will be placed in one corner of the 

aquarium.  The floor of the remainder of the aquarium will be kept clear of substrate, thus 

forcing males to nest in the space provided (see Figure 2).  This will allow observers to more 

easily score proximity measurements (See methodology). 

5. A jar will be fitted with a sliding barrier of mesh in its lid and attached to a string to allow 

remote removal.  In the case of treatment replicates (as we will hereafter see) this mesh will keep 

the crayfish confined in the jar while still allowing visual and chemosensory contact between 

stickleback and crayfish. 

6. A layer of duck weed (Lemna) will be added to the surface of the water in each test aquarium to 

provide an additional buffer from outside disturbance while still allowing diffuse light to enter 

the tank. 
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7. A cloth will be draped over the sides of the experimental tank to reduce disruption from outside 

of the tank.  A viewing hole will be cut in the cloth to allow observations to be made. 

8. One 5cm-long section of PVC pipe (2.5cm diameter) will be placed in one corner of each test 

aquaria to provide the crayfish with refuge in treatment replicates (see Figure 2). 

Methodology – Season 1: 

During the first season of experimentation, using fish captured during the spring and summer of 

2008, overcrowding and improperly conditioned aquaria led to massive mortality events.  Once the 

aquaria were stabilized, however, holding tanks maintained relatively low mortalities at densities of 20-

30 adults or up to 60 juveniles.  There was no exhibition of breeding condition amongst these captive 

fish, however, after the mating season had concluded.  In order to get sexually receptive males for this 

phase of experimentation outside of the breeding season, I attempted to trick the fish by simulating a 

relatively rapid winter in the environmental chamber:   

Temperature and light conditions in the chamber will be decreased to 11ºC and a light:dark (L:D) 

cycle of 9:15 hours for 2-3 weeks to simulate autumn, followed by a further decrease of temperature to 

8ºC and photoperiod to a 6:18 L:D regime for 5 weeks.  This decrease in photoperiod and temperature 

will then be reversed at the same rate to simulate spring conditions, resulting in a temperature of 14ºC 

and photoperiod of 12:12.   

The results of this procedure are as yet unclear.  If nuptial coloration appears in the 2008 captive 

fish before the start of season 2 cattle tank research, the following procedures will be carried out on 

these individuals.  If not, newly collected fish and/or retired males and females from season 2 cattle tank 

experiments will be used for phase 2 trials. 
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Methodology – Season 2: 

As male sticklebacks begin to exhibit nuptial colouration, they will be moved from their holding 

tanks to a new aquarium (as seen in Figure 2). Separate aquaria will be used for each treatment and 

control replicate, randomly assigned each time.  In both the treatments and controls, gravid females will 

be presented to the male in a floating glass jar to induce nest building behaviour, and promptly removed 

once nest construction begins.  If live gravid females are not available, an artificial gravid female will be 

used in a similar manner. 

 

Figure 2.  Experimental aquarium set up for phase 2 research.  Front  
and top views illustrate the various components of the 
apparatus.  In treatment replicates, the crayfish enclosure 
jar will contain a crayfish; in control replicates, it will not.  
Observations will be made through the front of the 
aquarium (Front View). 
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Once the nest is constructed, a glass jar will be added to the opposite end of the aquarium from 

the location of the nest.  In the treatment aquarium, the jar will contain one crayfish (see Figure 2); in the 

control aquaria, the jar will contain nothing.  The test crayfish will be fasted for at least 48 hours prior to 

the experiment to ensure willingness to eat plant material once released from its jar enclosure. At the 

same instant as the crayfish jar is added, a gravid conspecific female will again be floated in the 

aquarium in a glass jar (see Figure 2). 

The behaviours of both the stickleback and the crayfish will be scored for an initial 10 minute 

period for each tank.  In each 10 minute period, one scoring will be made for each 5 second interval.  

After this period of observation, the mesh door on the crayfish jar in the aquaria, regardless of treatment, 

will be removed by pulling on a string.  Behaviours will again be scored for a ten minute period to 

measure any differences in nesting disruption based on physical contact as opposed to visual and 

chemosensory contact alone.  For each replicate, the treatment and control will be run one after the other 

to allow direct observations.  Order will be determined by coin toss.   

Behavioural scoring will include various male stickleback reproductive behaviours described by 

Wootton (1976) and summarized by Ridgway (1982), such as: 

a) Direct or Zig-zag Approach – Male approaching female (in jar) by swimming in either a straight  

or weaving line.  Positive approach behaviours would indicate a priority for courtship, thus 

suggesting a lack of external disruption. 

b) Direct or Meandering Lead. A behaviour in which the male swims from the female’s position 

back to his nest with the female in tow, in a straight or weaving path, respectively.  As the female 

will be confined to a floating jar, leads will be scored if the male swims at least one body length 



Velema, G.J.       MSc. Research Proposal 

 28 

towards the nest when in proximity to the female.  This behaviour would indicate a commitment 

to mating by the male, thus further suggesting a lack of external disruption. 

c) Nest Maintenance – Various male stickleback behaviours including the fanning of the nest 

entrance with pectoral fins, poking at the nest with his snout, or gluing the nest by pressing his 

cloaca against the nest while swimming over it.  These behaviours could indicate either readiness 

to mate, or defensiveness, depending on whether he is oriented towards the female or the 

crayfish jars. 

d) Null – swimming in a non-directional way, or remaining motionless in the water column.  This 

behaviour (or lack thereof) may be difficult to attribute to the presence or lack of disturbance.  

Further modifications to the scoring of these null behaviours may be necessary as the first results 

are recorded.  

e) Refuge – Taking refuge in the shelter provided in the aquarium.  This behaviour, if not 

attributable to disruption by the experimenter, would indicate extreme disruption by the crayfish 

and would result in complete nesting failure if prolonged. 

In addition to these previously described behaviours, more generalized measurements will also be made, 

including: 

f) The relative proximity of the male stickleback to the gravid female (in jar), his own nest, and the  

crayfish. This will indicate the nesting male’s priorities with respect to reproduction.  If he is 

being distracted by the presence of the crayfish, I would expect to see a lower proximity to the 

nest and/or female.  Higher proximity to the crayfish would indicate a confident and aggressive 

display of territoriality, whereas a lower proximity to the crayfish, combined with a lowered 

proximity to the female and nest, would indicate a more severe impact on male nesting 
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behaviour, as the male is not simply wasting nesting time confronting an intruder, but fleeing 

altogether.   

 

Behavioural scoring of crayfish during the second 10 minute period will also include be carried out.  

Scored behaviours will include: 

a) Proximity to the stickleback nests and adults.  

b) Direct nest approach -  approaching the stickleback nest in a direct line.  

c) Nest contact – Touching any part of the male stickleback’s nest.  This would be considered a 

disruptive behaviour. 

d) Nest consumption – Consuming any part of the male stickleback’s nest.  This would be 

considered a disruptive behaviour. 

e) Materials consumption – Consuming any left over materials of the type that the males have used 

for the construction of their nests. This would be considered a disruptive behaviour. 

f) Direct attack – Posturing aggressively and approaching the stickleback male (i.e. with chelipeds 

elevated and open). This would be considered a disruptive behaviour. 

g) Null – Not moving or cruising in a direction not oriented directly towards the male stickleback or 

his nest.  This behaviour would be considered neutral. 

h) Refuge – Taking refuge from defensive behaviours exhibited by the stickleback male.  This 

behaviour would be highly significant in demonstrating the ability of a stickleback male to ward 

off disruptive advances by a crayfish. 
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Tallies of all behaviours will be made while watching through the glass from under a darkened hood 

while the inside of the aquarium is illuminated.  This practice should reduce the possibility of disruption 

by the experimenter. 

 

Phase 3: Crayfish Gut Content/Stable Isotope Analysis: 

The purpose of this third phase of the research plan is not an explicit test of either of the research 

hypotheses.  Rather, the purpose is to gather evidence of P. leniusculus predation on G. aculeatus in 

Enos Lake during the breeding season.    

 

Methodology: 

With the assistance of biologists from Vancouver Island University under the supervision of 

Ross Peterson, crayfish were systematically sampled from various transects of Enos Lake were collected 

in July and September of 2008, using prawn traps and minnow traps baited with cat food.  These 

sampling periods correspond to conditions during and following the stickleback breeding season, 

respectively.  Similar sampling will be carried out in February 2009 to correspond to habitat conditions 

following the winter and preceding stickleback breeding (National Recovery Team 2007; see Appendix 

i).  In 2009 sampling, however, bait canisters will be lined with cheese cloth to allow the scent of the 

bait to be released while preventing cat food from contamination the foreguts contents of the crayfish.  

Crayfish samples were immediately frozen in dry ice (approximately -40ºC and subsequently stored at 

approximately -20ºC until analysis will be carried out in the fall of 2009.  

Following methodology used by Whitledge and Rabeni (1997), gut content analyses will be used 

to determine the relative contribution of plants, invertebrates, and fish in their diet to determine if fish 
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tissues make up a larger portion of the crayfish diet during the stickleback breeding season.  As 

sticklebacks are the predominant fish species in Enos Lake, presence of fish tissue in the foregut of 

crayfish can be attributed to the consumption of sticklebacks.  The stickleback breeding season is 

usually followed by substantial mortality of breeding individuals.  Since stickleback tissues found in 

crayfish foreguts could very easily be simply the result of scavenging on dead fish, it will be important 

to make a distinction between scavenged and hunted stickleback tissue.  As it is doubtful that gut content 

and/or stable isotope analysis will be able to clarify this issue, visual observations in the lake may be 

useful in determining if natural mortality events are taking place at the time of sampling.  It should also 

be noted that the contents of the crayfish foregut will most likely be very difficult to analyze, thanks to 

the grinding action of the gastric mill, a component of the decapod feeding apparatus.  Pieces of 

stickleback eggs, spines, and other large structures that would allow conclusive identification of 

stickleback tissues will very likely be ground up beyond our recognition. 

To clarify the gut content analysis, stable isotope analysis will be employed to further analyze 

the contents of the crayfish foregut as well as to determine the trophic position of the crayfish. This 

analysis will also follow methodology used by Whitledge and Rabeni (1997).  Samples of sticklebacks, 

stickleback eggs, benthic invertebrates, and representative littoral plant, detrital, and litter material were 

collected during each of the crayfish collecting trips. These samples will be analyzed to form a baseline 

stable isotopic signature to which the crayfish samples will be compared.  By comparing the carbon 

isotopic ratios of the gut contents and the baseline food sources collected in the lake, identification of 

crayfish gut contents will be achieved. If crayfish do indeed prey on stickleback eggs or adults during 

the breeding season, I would expect to see a relative increase in the presence of these tissues, rather than 

plant or invertebrate tissues, in crayfish foreguts during these critical months.   
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Analysis of the nitrogen isotope ratios of the crayfish gut contents, on the other hand, will be 

used to determine the trophic position of the crayfish in Enos Lake during each of the three sampling 

periods encapsulating the stickleback breeding season.  If crayfish are attacking and consuming 

stickleback eggs or adults during the breeding season, I would expect to see elevated trophic status, not 

just during the scavenging period during the post-spawning mortality events, but also during the peak of 

the breeding season. By contrast, I would not expect to see an elevated trophic status during the 

months leading up to the breeding system, when crayfish are unlikely to come in contact with 

sticklebacks. 
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APPENDIX I: 
 

Table 1 . Life history timing fro stickleback species pairs. (from: National Recovery Team 2007) 

  


