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Abstract. Species have specific tolerances to a variety ef@mmental variables including
temperature, dissolved oxygen (DO) and turbidityayes in either of these variables can
therefore be expected to affect predator-prey aatevns in shallow water ecosystems.
Temperature drives the metabolic rates of poikéatis, including fish. Hypoxic conditions
generally affect larger fishes to a greater detirae smaller fishes, though the presence of
physostomous swim bladders in certain species lbantkat relationship. Finally there are
species of fish that rely on vision for food acdfios while other species rely on other senses
such as chemical cues. Changes in turbidity lex@ldd therefore affect foraging efficiency of
visual foragers. This thesis examines the roled¢hah of these environmental variables
(temperature, DO and turbidity) can have on comtywomposition and therefore predator prey
interactions, with a specific focus on the roléerhperature in structuring predator-prey
interactions.

Laboratory, field and theoretical studies suggfest as temperature increases, encounter
rates between predators and prey will increase. &#&eemore active, spend more time foraging,
and increase their use of risky habitats in waremtironments in laboratory experiments. In the
field, prey and predator activity and/or abundaisgeositively related to temperature. These
laboratory and field studies suggest that tempezanicreases should result in increased
predation rtes of prey. Finally, the results ofyaamic state dependent optimization model also
suggest that periods of warming will result in eéoing of the probability of survival of the
fathead minnowPimephales promelas, a prey specieqver the-ice free season.

A reduction in DO levels in aquatic ecosystemsiltesn a reduction in the number of
and/or activity of predators present. This shoeklit in a reduction in predation risk to prey.

However, when endothermic predators are factored this equation, this reduction in risk may



not occur. The presence of avian predators of sim@te fish are directly related to the level of
DO in the water, regardless of the abundance of fisk present. This relationship is likely a
result of behavioural decisions of prey that oceénrsypoxic conditions. In periods of low DO,
prey fishes may exploit areas of higher DO thatcéweer to the surface of the waters. While
their piscine predators may not be able to tolettegdow DO levels regardless of the position of
prey in the water column, avian predators appebhetable to cue in to this increase in
availability of potential prey, reducing any bemethat might occur by occupying surface areas
where DO levels might be slightly higher than lowethe water column.

As compared to temperature and DO, turbidity dudsappear to affect the potential risk
of predation to forage fish. The catch per unibaf{CPUE) of foragers who rely on vision and
those that rely on chemical cues to forages, weteatated to turbidity levels. Turbidity levels
were also not related to the abundance of aviasiapoes. This suggests that in this generally
turbid, shallow water ecosystem, changes in tutypid not affect the overall species
composition of the system. Predator-prey interastio the system are also not likely to be
affected by turbidity.

In contrast to this, temperature and DO are likelinfluence the interactions between
predators and their prey in a shallow water ecesysBoth increases in temperature and
decreases in DO may result in increases in predatiessure on prey. While temperature
increases will likely result in increased predatwmprey by piscine predators, a reduction in
DO, which often occurs as temperature increasdklikely result in increased predation on prey

by avian predators, even as predation pressurésbing predators decrease.
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Chapter 1: General Introduction

Theoretical framework linking temperature and predator-prey interactions:

Temperature and fish distribution. In North America, there are three thermal guild§isifes:
cold-, cool- and warm-water. General upper letimait$ of these three guilds of fishes are 25°C,
32°C and 40°C respectively, though species-speetfoeptions occur (Magnuson and de Stasio
1997). These thermal preferences of fishes argyltke result of recent evolutionary histories
(Johnson and Kelsh 1998). For example, fishesefamily Salmonidae belong to the cold
water guild; percids and esocids, which are closglgted phylogenetically, are both cool water
species; Siluriformes and Cypriniformes, which mu@e closely related to each other than to the
percids and esocids generally belong to the wartenvgaiild (thermal guilds: Magnuson et al.
1979). Given that thermal microhabitats do not galheexist in aquatic ecosystems - the
thermal conductivity of water is 24.5 times gredbamn that of air (Hammel 1955) - the
temperatures under which fishes persist may playge role in the structuring of community
composition and the interactions between predatodstheir prey.

It is this quality of the aquatic environment, taet that microhabitats of significantly
different temperatures do not typically exist (sémewithin lakes that thermally stratify), that
make changes in the thermal regime of an aquabsystem potentially challenging for the
organisms that live there. Temperature of botHahd and the oceans are on the rise with an
observed increase in air temperature of 0.6 “@erpiast three decades and 0.8 °C in the past
100 years (Hansen et al. 2006). Concerns assoasigtiedhanges in temperature in aguatic
ecosystems are primarily associated with thermefepences of fishes. Unfortunately the impact
of this climate change on fish populations andrateons between fish species, including

predators and their prey, is unknown. As fishegpaikilotherms, their body temperature will



follow the temperature of their environment. Asithedy temperature changes, so will their
metabolic rates. It is therefore probable that terage aquatic ecosystems may be among the
most affected by a changing thermal environmentodtter predict the responses to warming
waters, we must first understand the role thatthreent temperature regime plays on

community composition and interactions between g@d and their prey.

Predator-prey interactions: the potential influence of the abiotic environment. Consumption

of prey by predators occurs as a result of consexiriteractions between predator and prey in
which the predator is successful. Initially theseletection and encounter of the prey by the
predator. After the prey has been detected by itb@gbor an attack occurs - this attack must lead
to capture if the predator is to consume the phdter capture of the prey the predator then
handles and finally ingests the prey which comgléte predation everngehsu Holling 1959).

The purpose of this thesis is to determine how tFatpre, dissolved oxygen and turbidity

influence piscine predator-prey interactions inahgdnstances where the predators are birds.

In a natural ecosystem, the very first step inedption event requires the spatial overlap
of predators and their prey. This means that tleenticonditions of the aquatic ecosystem have
to be able to support both predators and preyeHsuares of temperature, dissolved oxygen or
turbidity fall outside of the ranges necessaryupp®rt populations of given species, predator-
prey interactions may be altered. Even if spediesable to survive under given conditions,
those conditions may not be optimal for foragingrétiore changing the interactions between
species. For example, temperature and dissolvegeoxgan influence encounter rates of piscine
predators and their prey as these fishes will gdlyehave different optimal and lethal

temperatures and dissolved oxygen levels in whiely tan inhabit (Chapman et al. 1995).



Encounter and detection rates on a small scalalsarbe influenced by the abiotic
environment, including temperature. There is theepial for temperature to influence foraging
and activity rates of prey, as well as risk takrygprey in the presence of predators. This likely
occurs through the influence of temperature on buleyels via the effect of temperature on the
energetic cost of metabolism (Sogard and Olla 1996}abolic rate increases with increasing
temperature, though not necessarily in a lineaepatMetabolism generally peaks at a given
temperature and then decreases (Wootton 1990; HRIKE), suggesting thatgvalues are not
applicable throughout a range of temperatureslfdisaes. This implies that in response to
increased temperatures, fishes may forage mores&t the demands of increased metabolism
(Weetman et al. 1998), though this depends onahger of temperatures encompassed by the
increase.

As metabolism may not be linear, feeding rates alsg be non-linear and interactions
between species may be temperature dependent. Berd®87) suggests that ectothermic
animals, which appear to have temperature-depeifioi&ging rates for a range of temperatures
found naturally, may mediate coexistence of spduyealtering feeding rates as well as the
temperatures selected to inhabit. In fact, Berg(d887) determined that while both perch
(Percafluviatilis) and ruffe (Gymnocephalus cernuus) experienced increased capture rate and
decreased handling times of prey with an increasemperature, routine swimming
performances increased with temperature for penth ds in many lakes, perch occupied a
much narrower temperature range than ruffe, whigjyssts that the foraging abilities of ruffe
are less temperature dependant than perch. Thetatape-dependent foraging and swimming
abilities of different species will have differeaiteffects on prey, especially if the species efypr

differ between species of ectotherms.



Temperature can also affect predator-prey intevastby affecting growth rates.
Anderson et al. (2001) determined that temperatdi@genced growth rate of tadpolddyla
regilla); at increased temperatures, growth rates alseased. However, high temperatures
during periods of starvation may lead to a redstion of energy away from growth and
towards functions such as maintenance (van Dit.€2002). As well, after the optimal
temperature for growth has been reached, escalatgbolism can reduce the rate of growth
(Morgan and Metcalfe 2001); in times of starvatitis thought that fish prefer to use cooler
water habitats to reduce metabolic demands (betelibypothermia). In fact, Sogard and Olla
(1996) ascertained that fish avoided cold watermdediated, however as rations decreased, the
use of cold water increased. This result is nos=tent however, as others have observed the
preferred temperature increasing during periodgarfvation (Javaid and Anderson 1967,
Morgan and Metcalf 2001). With redistribution ofeegy from growth to maintenance functions
with changes in rations present, increased temperdbes not necessary result in an increased
growth rate.

Influencing the growth rate at given temperaturestiae associated feeding rates at
various temperatures. As aforementioned, feeditgg rzan be temperature dependent. Van Dijk
et al. (2002) determined that roa¢tuijlus rutilus) feeding rates increased until a temperature of
18°C was reached. After the maximum feeding rate mwached at that temperature, feeding
rates leveled off and then declined. However, vgk & al. (2002) did not determine if weight
loss occurred with the decrease in feeding rateatr@dicting the study by van Dijk et al. (2002)
is the study by Meeuwig et al. (2004). Meeuwigle{2004) observed no real pattern in feeding
rates with temperature in juvenile cutthroat tr@mcorhynchus clarki henshawi) with feeding

rates greatest at 18°C. Feeding rates were lds¥’@tthan at 18°C, but greater at 12°C than



24°C; growth rates were highest for cutthroat ttut2°C. In a marine ecosystem, at increased
temperatures fishes foraged more (Smith 2008);fiashwater ecosystem the same result was
also observed (Ojanguren et al. 2001). Howevdrpith aforementioned studies the amount of
food available was not controlled for, a factortttan influence growth of individuals in a
natural setting under various temperature regimes.

The relationship between temperature and growthrdduence predator-prey
interactions because of the role size plays onuca@nd consumption rates of prey by predators.
Different sized prey, differ in energetic availayito predators and they differ in their visual
availability to predators. In order for a predamrconsume a prey, the predator must first
observe/encounter the prey; the prey has to be kmgugh for the predator to see, given the
particular environment (turbid water or structwabmplex environments make prey harder to
see). The predator must then capture the preygerarey, with longer body lengths are faster
than smaller prey (though smaller prey are capabigeater changes in angular velocity)
(Wootton 1990). The predator must then manipulaectientation of the prey so that it can be
ingested. While large prey may provide more erterg@lue to the predator, the prey cannot be
too large for the gape size of said predator. ¢t faundvall et al. (1999) demonstrated that there
is an optimal size selection with predators satgctnid-sized prey. This is likely due to the
predators being unable to see the small prey,l@thtge prey being too costly to chase.

Given that foraging and activity (Krause and Gaba95) of fishes increase with
temperature and influence growth rates, and eneouates are influenced by the activity of
predators and prey, predation risk is also likelgltange with changes in temperature. Changes
in behaviour of the prey fishes in response to ghann temperature and predation risk can also

affect the predators themselves. If predators anesnmterested in more active prey (Krause and



Godin 1995), and activity and foraging of prey ease with temperature, the relationship
between temperature and risk of predation may tieduexacerbated.

Dissolved oxygen has also been implicated as amagmental factor that can influence
fish distribution, thus affecting predator-preyerdctions. Large and small fishes (as well as
different species) also have different requiremémtslissolved oxygen and different rates of gas
exchange with the environment (Abrahams 2006). dfbee dissolved oxygen can influence the
spatial overlap of prey and their predators, thedbecting the encounter rates of said predators
and prey. In summary, larger fish are generallyeoled in areas of highest oxygen
concentration, while smaller bodied fishes are gaheobserved in more oxygen deprived
areas, both in the lab (Burleson et al. 2001) anthiural environments (Suthers and Gee 1986,
Chapman and Chapman 1998; Chapman et al. 20023s Afdow dissolved oxygen may
therefore provide small fishes refuge from predabyg piscine piscivores in these instances.
However, Almeida-Val et al. (2000) determined tloaitthe Astronotus ocellatu, an Amazonian
hypoxia tolerant fish, tolerance to hypoxia incezhwiith fish size. Lactate dehydrogenase and
malate dehydrogenase were used as indicators dditoxe flux capacity and experiments were
run on survivorship at differing levels of hypoxBoth enzyme activity and survivorship
increased with increasing body mass (Almeida-Val e2000) suggesting that hypoxic areas of
the Amazon floodplain inhabited #stronotus ocellatu would not necessarily provide a refuge
for smaller fishes when larger fishes with adaptatito low dissolved oxygen are present. There
are species-specific tolerances to hypoxia, asagedl relationship between size of the fish and
hypoxia tolerance.

Finally, dissolved oxygen can also affect the retathip between piscine prey and their

avian predators. As dissolved oxygen decreasea® théhe potential for prey fishes to exploit



areas closest to the air water interface wherelfisd oxygen is highest (Kramer 1987,
Chapman and Chapman 1998). This use of watershigtter levels of dissolved oxygen may be
physiologically advantageous for small fish, bundy also make them more easily detected,
encountered and captured by their plunge divingrapredators.

In shallow water ecosystems, turbidity may alsy @laole in the interaction between
predators and prey. Turbidity can reduce a prely&ces of being eaten by a predator, but
turbidity can also reduce the prey’s ability to ebv® the predator, as well as the prey’s own
prey/food items. Nilsson et al. (2009) describe fawncrease in turbidity levels reduces the per
capita prey consumption by northern pike when tke pre foraging in a group. While foraging
alone, increases in turbidity results in an incedaghe consumption rates of prey by the pike.
De Robertis et al. (2003) found the reduction sikility to result in a decrease in the absolute
mortality rate on prey by piscivores, while Abraleand Kattenfeld (1997) found no difference
in the absolute mortality rates from clear to tdrvater; Abrahams and Kattenfeld (1997)
instead observed predators consuming small sikedis clear water, while in turbid water,
there was no preference of any size range of fishes feeding rates of planktivorous fishes are
not necessarily negatively affected by turbidityp(Ber and Wilde 2002; De Robertis et al.
2003). The effect of increasing turbidity on foragyiability of both predators and prey is
therefore not consistent between systems.

The response to turbidity, as measured by foragjirngess, is species-specific and
dependent on the sensory mechanisms of the spewksling the presence of a tapetum
lucidum. The tapetum lucidum is a reflecting laj@imnd in some species of fishes. It acts to
reflect light back towards the retina, providingppdreceptors with another opportunity for

stimulation, enhancing the sensitivity of eye; &cuanay be reduced (Braekeveklt 1980)r



example, pikeperctsander lucioperca), which have tapetum lucidum, are not affected by
increases in turbidity, while European perBler€a fluviatilis) foraging efficiency declines with
increasing turbidity (Ljunggren and Sandstrom 200/rphologies of fishes can therefore

influence their ability to forage under differenthidity levels.

Overview of research conducted:

My research addresses four questions pertainitigetoole of the abiotic environment in
predator-prey interactions:

1) Temperature: Given what is known regarding tioegase in energetic demands in
poikilothermic individuals with increasing tempered, as temperatures increase what are the
behavioural responses of prey? Do these respohaege in the presence of a predator? Do the
prey, in order to meet increased metabolic demandsase their activity and foraging rate as
temperature increases? Are those prey then wiltingcrease their risk taking, foraging in the
presence of a predator in order to meet metabeheashds (Chapters 2 and 3)?

2) Temperature, dissolved oxygen and turbiditya matural, shallow water ecosystem, what is
the role of temperature, dissolved oxygen and dlipin structuring the fish community
composition? Does the community composition of ptecs change with the changing
environment, altering the predation risk to preh&@ter 4)?

3) Temperature: Given what is known regarding tile of temperature in determining the
energetic requirements of prey and predators,dleetemperature plays in determining
population doubling times of zooplankton and algpbotosynthesis can be temperature

dependent - (minnow forage), and the influence tatpre has on activity rates of fishes, does



the probability of survival of prey fishes over tice-free season change with changing
temperatures (Chapter 5)?

4) Temperature, dissolved oxygen and turbidity: &&bural responses to a changing aquatic
environment can affect not only fish predator H fisey interactions but also avian predator-
fish prey interactions. In response to physiologitsanands under differing abiotic conditions,
do fishes alter their behaviours in such a wayahange their interactions with avian
predators? Specifically, | am interested in whetitenot a numerical response in the number of
Forster’s terns§erna forsteri) occurs as a result of changes in the aquatic emvient (Chapter

6).

Addressing the role of the environment in predator-prey interactions. The research
conducted to address the above mentioned questinged from large scale monitoring of
aquatic ecosystems, to small scale laboratory @xpets to computer modeling. The influence
of temperature on the activity and foraging ratefathead minnowsHimephal es promelas) was
determined by a series of laboratory experimenssteperature increased, both the activity and
foraging rates of the fathead minnows increasetotatory experiments using yellow perch
(Perca flavescens) as predators and fathead minnows as prey fisk alep conducted to
examine the influence of temperature on a) riskakn prey fish and b) the response of
predators to changes in prey behaviour. Fatheadowis in this experiment were given food at
two locations, a safe and a risky location. In oalrtrials, the risky feeder was next to an empty
aquarium while in the predator treatment trialsahaarium contained a perch predator.
Increases in temperature increased the numbestwdiforaging, but the number of foragers at

each temperature did not change with the additt@anpyedator. However, in the presence of a



predator only fishes held at the warmest tempegatid not change their use of the feeder in the
risky location. In response to increased numbefsbfforaging and an increase in the use of the
risky feeder with temperature, at the warmest teatpee the predators spent more time oriented
towards the prey.

Field work examining the potential for temperatutissolved oxygen and turbidity to
control the spatial overlap of predatory fish aneirt prey (thereby influencing encounter and
detection rates of these predators and prey) waduobed in Blind Channel, Delta Marsh,
Manitoba, Canada. Blind Channel is a shallow watesystem found just south of Lake
Manitoba and is connected to the lake via one gas$ash community composition was
monitored by gillnetting and minnow trapping fromaiithrough August in 2006, 2007 and
2008 and environmental variables (temperaturepbied oxygen and turbidity) were monitored
every 30 minutes via YSI data sondes throughouétitiee sampling period. As temperatures
increased, the catch per unit effort (CPUE) of lmmbl- and warm- water fishes increased.
Dissolved oxygen (DO) levels were significantlyateld to two groups of fish with different
physiologies. As DO increased, there was an inergathe CPUE of fishes with physostomous
swim bladders (those fish that have the potentiglerform aerial surface respiration); CPUE of
fishes without that capability were negatively tethto DO levels. Turbidity levels were not
related to the CPUE of either fish species.

Building on the results from my field and laboratstudies to further understand how
temperature changes may affect the overall suraalpopulation of fathead minnows, a
computer model was developed that integrated sefolin field studies with those from the

literature. Specifically, the model was developeihtorporate temperature into the costs and
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benefits of selecting a specific patch. Temperatreases consistently resulted in a reduction
in the probability that an individual survives tlse-free season.

To examine the role of temperature, dissolved oryayed turbidity on prey fish — avian
predator interactions in the field, monitoring diri8l Channel was conducted not only to
measure environmental variables and prey fisheseaioned above, but also to determine
Forster’s ternserna forsteri presence. Only DO was a significant predictor of fgesence;
there was no relationship between tern abundantéh@abundance of their prey suggesting
that it is the availability of the prey and notitrebundance that drives the presence of terns.

There are obviously complex interactions that od@iween organisms and the
temperature as well as the dissolved oxygen arldity levels of the habitats they occupy.
Future research should attempt to disentangledlleemat each of the measured environmental
variables plays in predator-prey interactions matural ecosystem. This would also allow for
more accurate measures of parameters that wererugezimodel, and the development of more
specific predations to be tested. Overall, reseanciiucted for this dissertation predicts that as
temperature increases, prey will experience areas® in the risk of mortality.

All experiments and field research described is thesis were conducted under
approved protocols FO08-013 and F03-041 by the pobtmanagement review committee at the
University of Manitoba as per the guidelines of @anadian Council for Animal Care. All

sampling conducted in Blind Channel was approvetibagitoba Conservation.
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Chapter 2: Activity rates and foraging attempts of fathead minnows (Pimephales promelas)

at three temperatures. implicationsfor predator-prey interactions

Abstract. There is general consensus that the earth is @raivg phase. Fishes in temperate
ecosystems are ectothermic and there is poteh&athis could significantly modify the nature
of predator-prey interactions. In particular, pekt that in a warmer environment increasing
energetic demands upon both predator and preyegilllt in a reduction in the indirect effects of
predation (e.g., changes in the behaviour to abeidg killed by a predator). To determine
whether this is likely to occur | directly measutéé how the behaviour of a common prey
species, the fathead minnow, changed with tempexatish were held at one of three
temperature regimes: 4, 15, and 24°C and theivigctind foraging rates were determined from
30 minute trials during which food was administereghotely at the 15 minute mark. Fish were
significantly more active at 15°C than at 4°C amgphsicantly more active at 24°C than at 15°C.
There was also a significant effect of temperaturé¢he foraging rates of the fathead minnow.
Significantly more foraging attempts were undertake24°C than at both 15°C and 4°C. No
differences in foraging attempts were observed betwl5°C and 4°C treatments. The results of
this study demonstrate that temperature does méki¢ghe foraging behaviour of small fish in a

manner that suggests that the influence of predlaisé will be reduced at higher temperatures.

16



I ntroduction

Studies of predator-prey interactions stress thmomance of predation in structuring aquatic
environments (Brodeur and Pearcy 1992, Caley 1¥8kson et al. 2001, Baum and Worm
2009, Palkovacs and Post 2009) through both djoectsumption) and indirect (habitat use
patterns, group vigilance, competition, etc) eBg&ih 1987, Mittelbach and Chesson 1987).
Short-term responses to predation risk are commdnreclude hiding and “waiting out” a
predator (Johansson and Englund 1995) and a reduatiprey activity (Rahel and Stein 1988,
Eklov and Werner 2000). However, individuals canmde indefinitely. They must acquire
enough energy to meet their metabolic demandsgdss/growth, reproduction, and predator
avoidance. The presence of predators in the enmieahimposes the constraint that food be
obtained without becoming food for others. In aguatosystems where fishes are ectothermic
(Wootton 1990), energy requirements for both predand prey should be strongly affected by
temperature.

There is an obvious role of physiology in predaigey interactions as the mechanism
that links the physical environment to changeseahaviour (Abrahams 2006). For ectothermic
individuals, as temperature increases energeti@addmthe requirement for food should also
increase, which in turn should increase foragirigsiaAt high temperatures, prey should be
increasingly affected by these energetic consiaerst the hungrier an individual, the more
energy it will devote to finding food (Dill and Fser 1984, Godin and Crossman 1994). A field
study (Smith 2008) conducted over a temperatuferdifice of 8 C° (21.1 — 29.4°C) suggested
that the feeding rate of a herbivorous fish incesasith increasing temperature, though this

result was not consistent across sites and the mnodtood available was not measured. A
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mean temperature increase of 2°C was also enougbrease the feeding rate of another
subtropical fish (Mendes et al. 2009).

However, an increase in foraging with increasinggerature does not appear to be a
strictly linear relationship, and in some studibgre does not appear to be any relationship at all
between temperature and feeding. Van Dijk et &022 determined that roacRuilus rutilus)
feeding rates increased until a temperature of M4€reached. Beyond that temperature,
feeding rates leveled off and then declined. Siriyjdeeuwig et al. (2004) found that feeding
rates in juvenile cutthroat trouDfcorhynchus clarki henshawi) peaked at 18°C relative to those
observed 12 and 18°C.

Vital rates in ectotherms are strongly dependerteoperature. Temperature, therefore,
has the potential to constrain functions such asgnacquisition, physiological adaptation and
behaviour (Schultz and Connor 1999, Biro et al.®2Q@rsson et al. 2005). Both Krause and
Godin (1995) and Hurst and Duffy (2005) observedharease in the activity levels of fishes
with increasing temperature, in the absence of.fadler increasing temperatures, it is
therefore expected that in the presence of foadjigcof fishes might increase further.
Understanding how temperature, through its effectmergetic demands of fishes, influences the
foraging and activity of these fishes is importembur understanding of how predator-prey

interactions will change in response to a changiegmal regime.

Materialsand M ethods
Sudy animals. Fathead minnowd{mephales promelas) were used for these experiments. They

are common across central North America and ataldised in Canada from New Brunswick in
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the east west into Alberta. They average 51 mni ength (Scott and Crossman 1998). Within
their range, the minnows may experience a widegafigemperatures both seasonally and daily.
Approximately 60 fathead minnows (mean = SE lendéx 0.8 mm) for this experiment were
obtained from small ponds in southern Manitoba,adanin the spring of 2007 (at a water
temperature of 10°C) and held in 200-I aquaria. Water temperature of all three aquaria was
increased to 26°C for a period of two weeks. Afitext period, the temperature of the aquaria
was decreased at a rate of approximately 1°C perutdil one aquaria was at each of three
temperatures (4, 15 and 24°C). Fish were heldesethemperatures under a 12 hour light:12
hour dark regime at the Animal Holding Facilitythé University of Manitoba for at least two
weeks prior to commencement of the experiment. Wene fedad libitum Nutrafin flakes and

frozen bloodworms.

Experimental protocol. Approximately 24 hours before the start of the expent, a randomly
(haphazardly) selected group of three fish was v&mdrom each of the three tanks and placed
in a 76-1 aquarium containing water of the samepemature (4, 15 or 24°C). Fish were not fed
after being placed in the aquaria until the feediogiponent of the experiment. Aquaria were
covered on three sides preventing visual contaetden individuals occupying separate aquaria.
A ruler was placed along the bottom edge of eaclamgm to allow for measurements of
distances travelled (see below for methods). Adldrwere conducted in an environmental
chamber, which minimized disturbance to the figlxperiments were conducted between 1400
and 1500 hours and lasted for 30 minutes.

The effect of temperature on the activity ratet@se covered/frame) and foraging

attempts (number of bites made at the surface/fraffathead minnows was observed during
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thirty-minute trials. The first 15 minutes recordaaseline information in the absence of food.
The second 15 minutes provided foraging informatiotine presence of 0.5 g of Nutrafin flakes.
This food was dispersed remotely; a burst of ai delivered from outside the environmental
chamber through tubing that entered the chambes.tlihing was connected to a small piece of
polyvinyl chloride with two holes — a large holesuased as a means of placing food into the
device, which was covered during the trial, andhalshole through which the food exited upon
administration of the burst of air (Figure 2.1)x 8ials, each consisting of three fish, were
conducted at each temperature. A single Panas@ild/GVV-CP484 SDIIl camera with Pentax
3.5-8mm F/1.4 CS auto iris lenses was used to dezach trial. Video data were recorded to
Digital Video Disc (DVD) via a Toshiba 1080P UP ersion D-R7. All tanks were emptied
and rinsed between trials to eliminate any remaifood. All video data were converted to
stacked frames using VirtualDubMod (Version 1.411€k 2006) and saved as bitmap files.

These files were then imported as a sequence tgelin@ersion 1.38, 2007) for further analysis.

Foraging attempts. | recorded the number of foraging attempts condlbiethe most active
fathead minnow (hereatfter, focal individual) durthg 15 minutes post food addition. Foraging
attempts were classified as movement by the miroaive surface of the water followed by
mouth opening and closing after food was admiresténo observation of this behaviour

occurred before addition of the food). Nutrafirkéa remained floating at the
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Air hoses — connected to external
air source. Circle represents
opening from outside to inside of
the environmental chamber.

—

aquarium aquarium aguarium

Figure 2.1: Diagram of the experimental set-up. [Einge box represents the environmental
chamber as a whole. Food is located at the enlgeddit hoses and is delivered to fish in the

aguaria when the external air source is turned on.
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surface of the aquaria for the remainder of thad.tA single factor ANOVA using log(number
of attempts +1) as the dependent variable and tetyve as the independent variable was used

to statistically analyze data.

Distancetravelled. The distance travelled (a proxy measure of achivatythe focal individual in
each aquarium was measured using the positioreahthnow in the aquaria at 5 sec intervals
(every 158 frame). Analysis of each trial began with a caltion of the ruler tool in ImageJ
using the ruler on the bottom edge of the aquarMext, the position of the focal individual was
marked in ImageJ, again using the ruler tool aetone. After advancing to the next frame (5
seconds later), | marked the new position of tleafandividual using the software tool. This
continued until the end of the trial. At the endlué trial, the total distance travelled per total
time of the trial was determined.

As the presence of food may influence the actioftindividuals, an initial analysis was
conducted using Student’s t-test to determinedfdlwere differences in distances
travelled/frame before and after a feeding botithdre were no differences in activity of fish
before and after feeding at any of the temperatuinesaverage total distance travelled at each
temperature for the entire 30 min of the trial wbbe used in subsequent analysis. A single
factor ANOVA with distance travelled as the depemntdariable and temperature as the
independent variable was used to test for diffezenc distance travelled/frame among the three
temperatures.

Each trial represented a single, independent oaservas fish were only used once in
the experiment. All data were tested for normadityl homogeneity of variance, and any non-

normal data were transformed to meet normalitydsieats. Alpha values were set at 0.05 for all
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analysis and all analyses were conducted using $3ACTA software (StatsSoft Software,

STATISTICA version 8, 2007).

Results

Foraging attempts. There was a significant effect of temperature aadog attempts made by
fathead minnows @F15=21.69, P = 0.00001, Figure 2.2). Post hoc aralysiermined that
significant differences were observed between nie@gying attempts at both 4°C and@5
temperatures when compared to mean foraging atsea@4C (Table 2.1). No difference was
observed between mean foraging attempts of minmeigsat 4C and those held at 15°C (Table
2.1). The magnitude of change in foraging attena@ts greatest between 4°C and 24°C water
treatments (a five-fold increase in foraging att&srgs 24°C when compared to 4°C). There was

an approximate two-fold increase in foraging attenqetween the 15 and 24°C treatments.

Distance travelled. The initial two-way ANOVA indicated that there weme significant
differences in activity of fish before and afteeding at any of the temperatures (paired t-test:
4°C:t=0.276, P =0.785; 15°C: t =-1.03, P =18;324°C: t = -0.717, P = 0.481; df = 10 for all

analysis; Figure 2.3). With no differences in distatravelled (cm) per frame
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Figure 2.2: Mean number of foraging attempts pamf of fathead minnows at three
temperature regimes. Bars represent standardaoond the mean. Letters above the bars

represent significant differencesoat 0.05 using Tukey post hoc tests.
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Table 2.1: Summary of Tukey’s HSD post hoc teghefinfluence of temperature on foraging

attempts of minnows. Significant differences welbsarved between foraging attempts made at
both cold and cool temperatures when compared tmrfegaging attempts/ frame made at warm
temperatures. Significant differences are indicated bold values. No difference was observed

between mean foraging attempts/ frame made undi@aoal cool water treatments.

Treatment 4°C 15°C 24°C
4°C - 0.252 0.00359
15°C - 0.0890
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Figure 2.3: Mean distance travelled (cm) per frarinathead minnows, pre- and post-
administration of food, at three temperature reginBars represent standard error around the
mean. Letters above the bars represent signifdiéfietences at = 0.05 using Tukey post hoc

tests.
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Figure 2.4: Mean (pre- and post- feeding) distarepeelled (cm) per frame of fathead minnows
at three temperature regimes. Bars represent sthedar around the mean. Letters above the

bars represent significant differences.at 0.05 using Tukey post hoc tests.
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before and after feeding, the average distanceltel/frame for the entire 30 min duration of
the trial for each temperature was used in a sifagi®r ANOVA to determine the effect of
temperature on activity rates of fathead minnowser€ was a significant effect of temperature
on activity rates (f15= 81.37, P < 0.0001; Figure 2.4) and a Tukey's HB@nestly significant
difference) test determined that there were sigaift differences between each temperature
treatment (Table 2.2). There was a six-fold insecia activity rates between 4°C and 15°C, and

a 1.5 times increase between 15°C and 24°C.

Discussion

In this study, both foraging and activity ratesreased with increasing temperature. When
compared to fishes occupying 4°C water, fishes heR#°C increased their distance travelled
per frame by a magnitude of nearly nine-fold. A-teld increase in foraging attempts was
observed between fishes held at 4°C and thoseah@4’C. In measures of both foraging and
activity, fish held at 15°C displayed intermedifdeaging and activity levels. These increases in
foraging as temperatures increase is similar todhserved in an herbivorous marine fish
foraging under different thermal regimes (Smith&00ncreased foraging with temperature has
also been observed in juvenile brown tr&@amo trutta (Ojanguren et al. 2001) and brook trout,
Salvelinus fontinalis (Taniguchi et al. 1998). Increases in activityhwigmperature agrees with
the results of Krause and Godin (1995) who als@oiesl fishes held at warmer temperatures

moved more rapidly and made quick turns.
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Table 2.2: Summary of Tukey’'s HSD post hoc teghefinfluence of temperature on activity
rates of minnows. Significant differences were obseé in activity rates between all

temperatures as indicated by bold values.

Treatment 4°C 15°C 24°C
4°C - 0.000126  0.000126
15°C - 0.000133
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These results suggest that temperature is a drigneg influencing the activity and energy
budgets of fathead minnows, and that the effet¢miperature may be exacerbated by positive
feedback. At warmer temperatures fish are requoedcrease their foraging to meet their
higher energetic demands. To do so, they incrdeselével of activity. The increased
requirements for food mean they are less likelyptegrate predation risk into their decision-
making processes (Dill and Fraser 1984, Godin and<tnan 1994) as incorporating risk of
predation into the decision to forage or not isadesdependent decision (Magnhagen 1988,
Gregory 1993). A satiated individual is less likedytake a risk to obtain food as compared to a
hungry individual; the satiated individual can rely its energetic reserves, which negates the
need to forage under risk of predation. Hungryvrttials are therefore more likely to take the
risk and forage while predators are present wmdiin may result in increased detection and
capture rates by predators.

Anderson et al. (2001) found that increasing temapees increased growth of larval
anuransKylaregilla), which was expected to reduce the mortality ratdbese larger
individuals as their predators were gape limitedwgh decreases the number of gape limited
predators that can consume prey (Magnahagen arb 26D1) and offers a potential refuge for
prey (Urban 2007). However the increase in growtlarwal anurans in the study by Anderson et
al. (2001) resulted in the observed increase irtatityr of anurans held at higher temperatures.
While activity and foraging rates were not measuneithat study, it is probable that the increase
in growth rates at high temperatures were a refuticreased foraging and activity levels of the
larval anurans, which in turn resulted in the higmerality of anurans. This in itself is likely a
result of increased encounters between prey arthfmes as foraging/activity of prey increased

with increased temperature. Increased activityates been linked to increased mortality rates
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in the damselflyCoenagrion hastulatum (Brodin and Johansson 2004) and flounder,
Pseudopleuronectes americanus (Taylor and Collie 2003) when predators are atfotbermic.

The study by Anderson et al. (2001) suggestshight temperatures results in higher
predation risk. However there is a possibility tloat temperatures and the resulting low activity
rates as observed in this study may not necessasljt in a reduction in predation risk. Muscle
function and swim speed are reduced when tempesaaue low (Claireaux et al. 2006, Jones et
al. 2008) and may result in a reduction in theiighib escape faster swimming predators.
Johnston et al. (2004) observed the activity ofngpaf-year Atlantic salmorSalmo salar) and
determined that at low temperatures (< 7°C) salbeoome less active (as observed in this
study) and spend more time hiding — they also beceotturnal at low temperatures. If only the
prey are ectothermic, a reduction in muscle fumcéind swim speed may actually increase the
vulnerability of fish to predation — a possible Exation for the observation of a switch to
nocturnal behaviour of the salmon to avoid thettahermic predators at low temperatures
(Johnston et al. 2004).

If increased temperature results in increasedwarteos between predators and their prey,
the potential detrimental effects to prey as alteguncreased temperatures will likely be
beneficial to a predator. Prey are more activagitdr temperatures and therefore less cryptic
(Gotceitas and Godin 1991) and predators have detnaded a preference for active prey
(Krause and Godin 1995). With an increase in agtand foraging rates with temperature, it is
expected that fathead minnows would experiencaeease in predation risk with increasing
temperature. Mitigating effects of increased prieshatisk might include increased mobility and
escape capabilities at increased temperaturess@?ei986) as muscle function and swim

performance are temperature dependent (Logue E9%h).
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How individual prey tradeoff increasing energy @isgion against decreased safety from
predators can dictate the flow of energy withireansystem (Trussell et al. 2006). The energy
flow within an ecosystem is itself determined bgybeing consumed by predators and the rate
of food consumed by these prey. Both of these fa@we affected by temperature and both of
these factors interact with one another. As tentperancreases, food consumption and activity
rates of prey increase making it increasingly diffi to meet their energetic demands. It is likely
that these individuals will be less concerned withdation risk when it comes to decision
making as their efforts are focused on food condgiompAnd not only are these individuals
likely not incorporating predation risk as fullytandecision making as individuals inhabiting
cooler temperatures, but the increased activitgdesl at high temperatures likely renders these
individuals more easily detected by predators. ds#ic ecosystems warm in response to
climate change, prey will likely experience an gese in mortality as consumption rates by
predators increase in response to their own inergasietabolic demands and in response to an
increase in availability (through increased movets@amd therefore detection) of prey to

predators.
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Chapter 3: Risk-taking and temperature: what deviationsfrom theideal free distribution

tell usabout the influence of temperature on predator-prey interactions

Abstract. As temperatures increase, the metabolic rateslédiincrease. It was hypothesized
that preywould take greater risks to achieve increased fogagayoffs to meet these increased
energetic demands. To test this hypothesis, preg m®vided opportunities to feed in low and
high risk locations at three temperature regimabénpresence and absence of a predator held at
a constant temperature. In the absence of predatans distributed themselves between feeding
locations as predicted by the Ideal Free Distrdou{iFD) at all temperatures with the highest
feeding activity at 23°C. Only at 23°C did the g@rce of a predator not significantly alter this
distribution. The behaviour of the predators wae alffected by temperature with their time
spent oriented towards the prey greatest at 23R€sd results suggest that increasing
temperatures will generate increasing mortalitgsaif prey due to more prey willing to take
greater risks to obtain food in combination witkitlpredators also requiring more food to meet

their elevated energy demands.
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I ntroduction

The best-known role of predators within ecosystemtiseir consumption of prey; they also have
indirect effects as prey modify their behaviouatwid being consumed (Mittelbach 1984,
Mittelbach and Chesson 1987, Sih 1982, Werner. di983). Prey however, cannot spend all of
their time avoiding predators as their energetiuirements must be met in order to avoid
starvation. Habitat choices made by prey must thezdalance the benefits of avoiding
predators with the net energy benefits of the fobthined (MacArthur and Pianka 1966, Werner
and Gilliam 1984). Since both these parametersvaily in space and time, these decisions will
constantly need to be updated (Sih 1987; Abram4;1098l and Fraser 1984). Important factors
affecting the prey’s decisions include energettes{Dill and Fraser 1984; Godin and Crossman
1994), predation pressure by gape-limited preddtdrsan 2007) and the possibility of future
foraging opportunities under reduced predation (ista and Bednekoff 1999).

A large number of theoretical studies have beewtdel to predicting the distribution of
prey among habitat patches that have inherent astlgewards (food) associated with them.
Empirical and theoretical studies that suggest distyibution among patches is dependent upon
both resource distribution and predation risk (&il and Fraser 1987, Abrahams and Dill 1989,
Lima and Dill 1990, Grand and Dill 1997). In fagfyrahams and Dill (1989) suggest that prey
will use an inherently risky patch if the levelfobd is increased to a point at which risk of
predation is offset. It is unknown if the abiotieve@onment will affect the distribution of fishes
between habitat patches when these patches diffeski but have equal quantities of food
present.

Environmental parameters such as dissolved oxygeamnier et al. 1983, Wolf and

Kramer 1987, Robb and Abrahams 2002), light leseé(Lima and Dill 1990), turbidity
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(Abrahams and Kattenfeld 1997), and temperaturayg& and Godin 1995) can have an impact
on the behavioural decisions made by prey and gnedators. Of particular interest in this paper
is temperature, since metabolic rates of fishekimalease with temperature, (Wootton 1990). It
is assumed that these increases in metabolicnegak in increased energy demands which will
in turn increase the risk they are willing to intarfeed (Magnhagen 1988, Gregory 1993).
Anderson et al. (2001) found that increased tempeya increased the growth of larval
anuranskKlylaregilla). As body size decreases the number of predatorsases, (Magnahagen
and Heibo 2001), meaning that a large size offgrstantial refuge for prey (Urban 2007).
Anderson et al. (2001) therefore expected thakss®d temperatures would result in a reduction
in the mortality risk of the individuals rearedragher temperatures. However, they observed an
increase in the number of anurans consumed by forsda higher temperatures. While activity
and foraging rates were not measured in that sttidyprobable that the increase in growth rates
at high temperatures were a result of increaseayiing and activity levels of the larval anurans,
which in turn resulted in the higher mortality efumans. This might be a result of increased
encounter rates between predator and prey; forggeygare less cryptic (Gotceitas and Godin
1991) and predators have demonstrated a prefefenaetive prey (Krause and Godin 1995).
The expectation is that as temperatures increaseder to meet increased energetic demands,
prey will increase their use of risky habitats whieill in turn increase their mortality rate.
Previous work has demonstrated that fathead maiar§@impehal es promelas) increase
their activity levels with increasing temperatu@hépter 2), suggesting that the minnows will be
more vulnerable to predators (sensu Krause & Gb885). The goal of this study is to
determine whether prey also become more willingake greater risks to obtain food at warmer

temperatures, and whether their predators simutasig increase their foraging behaviour as
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prey become more active. Ultimately this inforroatwill allow me to determine whether the
risk of predation within aquatic ecosystems willyvdepending upon the temperature of the

environment.

Material and Methods

Sudy species. Fathead minnows and yellow perdPelca flavescens), a predator of the fathead
minnow, were used in this experiment to determireegffect of temperature on risk taking by
prey. Fathead minnows (mean + SE weight: 2.10 &d).for this experiment were obtained
from small ponds in southern Manitoba, Canadaenfali of 2009 using minnow traps when the
water temperature was approximately 7°C. The wataperature of all three aquaria was
increased to 26°C for a period of two weeks. Afitext period, the temperature of the aquaria
was decreased at a rate of approximately 1°C peruidil one aquaria was at each of three
temperatures (5, 15 and 25°C). Yellow perch (me&fkveight: 101.01 + 1.56g) were collected
from Delta Marsh at the University of Manitoba Eiétation at the southern tip of Lake
Manitoba (50°11'N, 98°23'W) in 2006, again usingmmow traps. Fish were held at their
experimental temperatures under a 12 hour lightdit dark regime at the Animal Holding
Facility at the University of Manitoba for at leagto weeks prior to commencement of the
experiment. yellow perch were housed in 200-| siguaat 15°C. The fathead minnows were fed
ad libitum Nutrafin flakes and frozen bloodwormsiletihe yellow perch were fed squid and

fish.
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Experimental design. In an environment free of risk, where there i®atimuous input of food,
under predictions of the Ideal Free Distributioffl Fretwell and Lucas 1970) it is expected
that the spatial distribution of foragers will mathe spatial distribution of food in the
environment. The IFD assumes that individuals Kaleal” (e.g., perfect) knowledge of the
resource distribution and are “free” to competeadigun any location. When these assumptions
are met, deviations from the IFD can be used totfyahe impact that the risk of predation has
on habitat quality (Abrahams and Dill 1989).

To determine the potential effects of temperatur@m@dator-prey interactions, |
designed an experiment to test the relative rikkata(feeding in a risky location) by minnows
held at three temperatures (5, 15 and 23°C), whddemperature of the predator remained
constant. Changing the temperature of the predatoutd affect their metabolic rates, hunger
levels, and likely their ‘interest’ in the preygih potential food. This in turn could potentially
alter the responses of the prey as prey can asskss predation based on inspection of their
predators (Dugatkin and Godin 1992) and changimgp&ratures may change that risk.
Temperature of the predators was therefore keptannto allow for the direct effect of
temperature on risk taking by the fathead minnawlset discerned without the confounding
factor of changes in the riskiness of the predator.

The experimental apparatus consisted of a 40-lraquacontaining the fathead minnows
and a 10-I aquarium housing the yellow perch adiatethe end of the large aquarium. Before
the experiment commenced, a solid divider was plédetween the two aquaria to prevent visual
contact of predator and prey (fathead minnows)thadotential habituation of the prey to a
predator that is not an actual threat. Controltineats were trials with no predators; the solid

divider was also placed between those two aquadtiag trials. The small aquarium was
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randomly placed on either the right or left sidehef aquarium to control for any potential side
effect in both control and treatment trials. In theanow’s aquarium, two automated feeders
were set up to provide equal amounts of food. @eddr was placed 5 cm from the 10-I
aquarium (when predator present in the small aqmarihis was designated as the high risk
location), the other 5 cm from the end of the ojecand of the aquarium (low risk). Each
feeder provided 0.25 g of frozen bloodworm oveapproximate 15 minute time period (see
Abrahams and Dill 1989 for a description of thediexs) (Figure 3.1).

Both the predator and groups of six similar sizexyypvere randomly selected and placed
in the apparatus 24-h before the experiment sta@ade the trial was ready to begin, cameras
were activated, the solid divider removed and titeraated feeders were then turned on. The
feeder was the only source of food for the minnéwshe duration of the experiment. Upon
completion of the trial, the water was changed thedaquarium cleaned. At each temperature,
six replicates of each treatment (predator preseabsent) were completed for a total of 36
trials. Groups of fish were used in one trial ofdither predator present or predator absent). All
trials were completed over 24 days with trials bgmerformed once per day, every second day,

in three aquaria.
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Figure 3.1: Diagram of the experimental apparatesiio determine the effects of temperature
on response of minnows to a predatarrdpresents the high-risk feedes,tke low-risk feeder;
they are located approximately 5 cm from the sidd® 40-1 aquarium. The solid divider

prevented the minnows from becoming habituatetiéqotesence of the predator.
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Data collected during all trials. All trials took place between 1100 and 1130 andfoan
approximately 15 minutes. The total number of mimsaising the feeders and their location
with respect to the feeders (whether the minnow ieeding at the high risk feeder close to the
predator — the 10-1 aquarium location — or the $adeler at the

opposite end of the 10-l aquarium) were observedye®0 seconds for the 15 minute duration of
the trial. The mean proportion of minnows occupyting high risk location was calculated in
both the predator and no predator treatments. difigenminnow was considered to be any
individual that had consumed or was consuming bAaychs within approximately 5 cm of

either side of the feeder. To determine if the ptexs were affected by the behaviour of the prey
among temperature treatments, the proportion ofithe spent oriented towards the minnows in
the 40-1 aquaria during approximately the last 10utes of the 15 minute trial was assessed.
Omitting the first 5 minutes of the trial allowearfany disturbances associated with the removal

of the solid divider to be accounted for in thelgsis.

Satistical analysis. For descriptive statistics, each group of minnogyggesented a single
experimental unit. For statistical analysis, eaclgue combination of minnows and predator at
each temperature was considered an independenivatise, since observations depended both
upon group identity and the response of the predatthe temperature manipulation (prey
behaviour at the various temperatures). A singkeolation for each experiment was determined
by taking the mean of all sequential observatioitBiwa trial. The effects of temperature and
predator on the mean number of minnows feedinglaagroportion using the high-risk feeder

(dependent variables) was determined using a twofaciorial ANOVA.
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Finally, to determine if the temperature of theypaffected the proportion of time the
predators spend oriented towards the prey a sfagter ANOVA was used with temperature as
the independent variable and the proportion of tineepredator spent oriented towards the prey
as the dependent variable. To further examine tbhenpial relationship between the orientation
of the predators toward the prey and the prey bebhgwwo regression analyses were run. The
first regression analysis included the average mumabminnows foraging as the independent
variable and the proportion of time the predat@ngmriented towards the prey as the dependent
variable. The second regression analysis used ¢am proportion of minnows using the risky
feeder as the independent variable and the propoofitime the predator spent oriented towards
the prey as the dependent variable. All data wested for normality and homogeneity of
variance, and any non-normal data were transfotmeteet normality standards. All data in the
form of proportions were arc-sine square root ti@msed prior to analysis. Results were
considered significant at= 0.05. Alpha values were set at 0.05 for all ggialwhich were

conducted with the STATISTICA software.

Results

At 23°C, there were significantly more minnows fgirag than at either of the two cooler
temperatures (two-way factorial ANOVA: 0= 35.31, P < 0.00001, Table 3.1; Figure 3.2a;
Tukey’s HSD post hoc comparisons, Table 3.2); tin¥ee almost three times as many minnows

foraging at 23°C as compared to both 5 and 15°CGzohspared to the
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Table 3.1: Results of the two-way factorial ANOVRaenining the relationship between
temperature and predator presence or absence éimdieqt factors) on the mean number of

minnows foraging. Significant differences are iraded with bold values.

Source of variation df F P
Temperature 2 35.31 0.00001
Treatment 1 0.2464 0.6232
Temperature*Treatment 2 0.17876 0.8372
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Table 3.2: Summary of Tukey’'s HSD post hoc teghefinfluence of temperature on number of

minnows feeding. Significant differences are intecawith bold values.

Treatment 5°C 15°C 23°C
5°C - 0.858 0.000217
15°C - 0.000145
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Figure 3.2: The mean response of the fathead misniowhe presence of a predator as measured
by (a) the average total number of fish feedingtpal and (b) the mean proportion of fish

feeding on the treatment (aquarium) side, at eacipérature in the presence and absence of a
predator. Bars represent standard error arounchéa.
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number of minnows feeding in the absence of predatibe number of individuals using the
feeders did not change at either of the three temyp®s when predators were present (two-way
factorial ANOVA: F; 30=0.2464, P = 0.6; Table 3.3; Figure 3.2a). Thapprtion of minnows
feeding in the presence of the predator was affidayeemperature, with the predator having
little influence on the spatial distribution of miows at 23°C (Figure 3.2b). There was no effect
of predator treatment on the number of minnowsifegdhe interaction between predator
treatment and temperature was also not signifiCeadble 3.1, Figure 3.2a).

As predicted by the IFD, in the absence of predatehes distributed themselves
equally between the two feeders regardless ofaimpérature at which they were held (Figure
3.2b). However, there was a significant interacbetween temperature and predator treatment
on the proportion of feeding minnows using theyiéeder (two-way factorial ANOVA: F 3o
=8.626, P =0.001, Table 3.3, Figure 3.2b). Inghesence of a predator, minnows that were
held at 5°C used the risky feeder significantlyslésan minnows at every other temperature —
predator present/absent combination (Tukey's HS& poc test, Table 3.4). As well, the
proportion of feeding fish using the risky feeded&’C in the presence of a predator was
significantly less than the proportion of fish & € using the risky feeder in the absence of a
predator (Tukey's HSD post hoc test, Table 3.4)e1@WN, the presence of a predator resulted in a
lower proportion of the feeding minnows using tisky feeder at 15°C. At 23°C there were no
differences in the proportion of fish using th&yideeder in the presence versus absence of the
predator.

Temperature had a significant effect on predatbab®ur, whereby predators spent

significantly more time oriented towards the preyew the prey were at warmer
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Table 3.3: Results of the two-way factorial ANOVRaenining the relationship between
temperature and predator presence or absence ¢indemt factors) on the mean proportion of

minnows using the risky feeder. Significant diffeces are indicated with bold values.

Source of variation df F P

Temperature 2 8.451 0.001228
Treatment 1 40.29 0.000001
Temperature*Treatment 2 8.626 0.001098
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Table 3.4: Summary of Tukey’'s HSD post hoc teghefinfluence of the interaction between
temperature and predator presence on the propatiornnows using the risky feeder.

Significant differences are indicated with boldues.

Treatment Combination

Treatment Temperature  Predator 2 3 4 5 6
Combination Treatment

1 5°C Predator 0.00014  0.013 0.00014 0.00019 0.00013
2 5°C No predator - 0.065 0.66 0.70 0.99
3 15°C Predator - 0.0082 0.088 0.0070
4 15°C No predator - 0.061 0.43
5 23°C Predator - 0.89
6 23°C No predator -
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Table 3.5: Summary of Tukey’'s HSD post hoc teghefinfluence of temperature on the
proportion of time a predator spends oriented tdwas prey. Significant differences are

indicated with bold values.

Treatment 5°C 15°C 23°C
5°C - 0.980 0.000471
15°C - 0.000611
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Figure 3.3: The mean response, as measure by thendiof time the predators spent oriented
toward the prey, of predators to prey foragindhege temperatures. Letters above the bars
represent significant differencesoat 0.05 using Tukey post hoc tests. Bars repregantiard

error around the mean.
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Figure 3.4: The relationship between prey actiaitgl predator orientation towards the prey as
measured by (a) the relationship between the nuwiifesh active per trial and the proportion of
time the predator spent oriented towards the pnely(b) the relationship between the proportion

of fish using the risky feeder and the proportibtime the predator spent oriented towards the
prey.
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temperatures (one-way ANOVA:F7=60.96, P < 0.000001; Figure 3.3; Tukey’'s HSDtpos
hoc test, Table 3.5). In fact, predators spent atrdouble the proportion of time oriented
towards the prey at 23°C than at either 5 or 18@h the mean number of fathead minnows
feeding (R = 0.3063, [ 1= 7.064, P = 0.02; Figure 3.4a) and the propontibfathead
minnows using the risky feeder{R 0.4242, i 1= 11.79, P =

0.003; Figure 3.4b) were significant predictorsheff proportion of time the yellow perch spent

oriented towards their prey.

Discussion

This study has demonstrated that the temperatyseegfaffected the behavior of both predator
and prey, even when the water temperature in wihielpredator is housed remains constant.
Significantly more fathead minnows fed at warmenperatures, even in the presence of
predators and their distribution conformed to thB In the absence of the predator. In the
presence of a predator, the proportion of feedingnows using the risky feeder declined with
the greatest decrease in use of the risky feedrraeg at 5°C. In fact, at 5°C in the presence of
a predator, a significantly smaller proportion ofdging minnows use the risky feeder than any
other temperature-predator treatment combination.

As temperatures increased, the proportion of timepredator spent oriented toward the
prey also increased. This result is likely a restithe direct linear relationship between the
proportion of time a predator spends oriented tdwae prey, and both the average number of
minnows foraging and the average proportion ofdorg minnows using the risky habitat to
forage. Taken together, these data suggest tha¢higmperatures will result in increased

predation risk to prey. The increased activity anltingness to forage in risky habitats,
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presumably to meet increased metabolic demandglatémperatures (Wootton 1990), will
likely increase the encounters between predatatstesir prey. In natural ecosystems, where the
temperature of the predators will also increasgrag temperatures increase, this effect will
likely be exacerbated as predators increase theuitg and foraging to meet their increased
metabolic demands as well.

Both theoretical (Hugie and Dill 1994, Sih 1998y ampirical (Gilliam and Fraser,
1987, Abrahams and Dill 1989, Lima and Dill 199@uBkila 2001, Alonzo 2002) studies have
suggested that habitat choice by prey is depengsnt the costs — predation risk, and benefits —
foraging payoffs, of the available habitats. Pregy/lass likely to use risky habitats where
predators are present. Abrahams and Dill (1989)estgd that prey could be encouraged to use
risky locations by increasing the amount of foodikable in that habitat, essentially offsetting
the cost of predation by increasing the benefithla study, at both 5° and 15°C, the potential
cost of predation was enough to offset the potefaraging gains that would be acquired by
using the risky habitats. However, at 23°C, minnowese as likely to use the risky feeder in the
presence of a predator as they were in the absdracpredator. This suggests that the abiotic
environment, specifically temperature, can affeetrisk-taking decisions of the fathead
minnow.

Observations of increased foraging with increaseaperature have been observed in
both marine (Smith 2008) and freshwater fishesg(jute brown troutSalmo trutta: Ojanguren
et al. 2001; brook trougalvelinus fontinalis: Taniguchi et al. 1998; fathead minnow: Chapter 2)
as well as in this study. As temperature increabesmetabolic rate of fishes increases (Wootton
1990) which increases their energetic demands. ilbisase in energetic demands with

temperature is likely the mechanism resulting mmabserved increase in foraging with
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temperature in this study. At high temperaturesadong increases to meet these energetic
demands. Under risk of predation, this requireni@mieet increased demands at high
temperatures likely offsets the risk of predatiaimere was no difference in either the number of
individuals feeding or in the proportion of feedimglividuals that use the risky feeders.

With increasing temperature of the prey, not ondiyttle overall number of individuals
foraging increase and the proportion of individuggng the risky feeder in the presence of a
predator increase, but the proportion of time ttezlator spent oriented towards the prey also
increased. Krause and Godin (1995) observed tlediapory cichlids Aequidens pulcher)
preferentially attacked small groups of guppiesetilia reticulata) that were held at high
temperatures as opposed to large groups of guppldsat lower temperatures. In previous
experiments, when groups were held at constantdeatyres, predators preferentially attacked
large groups of guppies. They attributed the ingedaattacks on smaller, warmer groups to the
fact that at warm temperatures, guppies were nuineeaand more active prey are less cryptic.
In this study, similar observations were made. As\ber of individuals foraging increased, the
proportion of time a predator spent oriented towdh# prey increased. The relationship was
even stronger when the proportion of individualBaimg the risky feeder was used as the
predictor of the proportion of time the predatoersporiented towards the prey. Many studies
examine the role that the presence of predatorshenproximity of predators to prey have on
prey behaviour, growth rates, morphology and litgdries (Lima and Dill 1990, Reznick et al.
1990, Lima 1998, Tollrian and Harvell 1999, Turaed Montgomery 2003). This study
suggests that the actual risk to these prey byapoeslin close proximity to them may be

affected by prey behaviour. Less active prey mageearnce lower mortality rates.
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In Chapter 2, | demonstrated that as temperataosgeased, the activity and foraging
rates of the fathead minnow increased. | then sstgdehat in natural ecosystems, as
temperatures increase, prey would experience aedse in encounter rates with predators as
they attempt to meet increased energetic demanmaierdon et al. (2001) measured an increase
in mortality rates of anuran larvae at increasegpieratures and attributed it to increased
foraging rates by individuals held at warmer terapgies (though this was not measured). My
study suggests that both temperature and the mesém predator have an effect on the number
of individuals feeding and their distribution beemefeeders offering equal amounts of food.
Temperature directly affects the number of indialduforaging and the temperature and
presence versus absence of a predator interatfluence the decisions of prey to use a risky
habitat. Prey are more willing to take risks aredféen the presence of a predator at warm
temperatures, likely increasing their probabilifypeing captured and consumed by a predator. If
predators also increase their foraging at warm &gatpres, and experience an increase in
capture efficiency at warm temperatures (Perss@6)1prey are likely to experience higher

rates of mortality as temperatures increase.
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Chapter 4: Fish communitiesin a changing aquatic environment: implications for

predator-prey interactions

Abstract. Fishes living in a shallow water ecosystem oftepegience a wide range of
temperatures, dissolved oxygen levels, and tusbitiested the hypothesis that the fish
community structure will vary as the aquatic eneirent changes and that these changes will be
related to the morphology and physiology of thecggse To test this hypothesis, | collected
measures of temperature, dissolved oxygen andlityliiom a shallow, blind ending channel
from which fishes could leave if conditions becaméavourable. | also sampled the relative
abundance of predator and prey species. Regaafledsether fishes are classified as cool- or
warm- water, there was a significant positive relahip between fish CPUE and temperature.
CPUE of fishes with physostomous swim bladders \pesgtively related to DO levels, while
those with a physoclistous swim bladder were neghtirelated to DO levels. Turbidity was not
a significant predictor of species that rely omeitvision or chemosensory mechanisms for
foraging. With respect to the role the environny@ats in mediating predator-prey interactions,
increases in temperature increases CPUE of alkashpled, with the possibility of increased
predator-prey interactions as a result of increasedunter rates. Periods of low DO may
provide prey with a reduction in risk of predatioy piscine predators as the two dominant
predators of small fish, northern pike and bullhepécies, have a positive relationship with

measures of DO.
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I ntroduction

Describing patterns in the structure of fish asdagés has been the focus of many ecologists
with the goal of understanding the mechanismsrdmtlate communities (Moyle and

Vondracek 1985, Jackson and Harvey 1989, Gilliaal.€t993, Matthews et al. 1994, Jackson et
al. 2001, Kennard et al. 2007, Mitchell and Knd®2009). These studies have often focused
solely on the species present (Matthews et al. 19%4hell and Knouft 2009), but have also
included physical habitat measures (Gilliam el@B3, Kennard et al. 2007), or waterbody
morphology measures (Jackson and Harvey 1989). s is important to also consider
environmental factors such as temperature, disdalxggen (DO) and turbidity, as these
variables have the potential to mediate interastioetween species and/or limit the ability of
species to persist in a given area (Persson 198fr@an et al. 2002, Robb and Abrahams 2003,
Bonner and Wilde 2002, De Robertis et al. 2003ehy influencing the structure of fish
assemblages. In a waterbody that experiences arange of environmental conditions it is
possible that as conditions change they become ardess favourable to certain species, a
factor dependent upon species-specific physiologlyraorphology. If changes to the aquatic
environment affect predators and prey differentlyderstanding how the environment
influences community composition may be a critmaihponent for understanding predator-prey
interactions.

This paper has two goals: 1) to determine thett@esnvironment plays in structuring
both the species composition and the size distabudf predators within an ecosystem and to
determine whether the abundances of predatorsflaence the abundance of the prey and 2) to
determine how changes in the fish community in oasp to changes the environment may

affect predator-prey interactions, testing theaasipredictions of Abrahams et al. (2007).
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Abrahams et al. (2007) set out to theoreticallydmrtethe effect of a changing aquatic
environment on fish communities. Specifically, thehors attempted to predict if predators or
prey would benefit under changing environmentaldoons.

Most fishes are poikilotherms and temperature ptagae in structuring the distribution
of these fishes based on their tolerances to teatyress. Documented are species-specific upper
and lower thermal limits, as well as thermal optifNaill 1979). In North America there are
three thermal guilds of fishes: cold-, cool- andmwawater with general upper lethal limits of
25, 32 and 40°C respectively although species-ipesiceptions do occur (Magnuson et al.
1997). Conversely, it is not only the species ofralividual that determines its temperature
tolerance. The size of the individual may alsocftelerances to high water temperatures and
metabolic rates of larger fish are higher at agiteanperature than those of smaller fish of the
same species (Hdlker 2003).

Given that species and size are determinants ipgeature preference and thermal
optima of individuals, it is not surprising thahtperature has been demonstrated to influence
predator-prey interactions of poikilotherms (Perns$686, Anderson et al. 2001). Temperature
influences the energetic requirements of fish tghotheir metabolism, (Wootton 1990) activity,
(Weetman et al. 1998, Krause and Godin 1995, Chaptend foraging rates (Chapter 2,
Chapter 3). Temperature also influences the progyeoisindividuals to forage in a risky habitat
to increase the amount of food received (Chaptelt 8an therefore be expected that
temperature will also influence encounter ratesvben predators and their prey in natural
ecosystems, increasing predation risk to prey. Hewas temperatures increase, Abrahams et al.

(2007) predict that the presence of large piscwospecifically cold-water species, will decline.
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Results of their theoretical study suggest thateiasing temperatures may result in a net benefit
to the prey.

As with temperatures, fishes of different speciad sizes will have different tolerances
to dissolved oxygen levels (Robb and Abrahams 20@8ich may play a role in structuring fish
community composition. Unlike temperature wherenbmttremes (highs and lows) influence
physiology, the important factor influencing theliypof fishes to inhabit specific areas is the
lower measure of DO - hypoxia. Hypoxia is widesgreamany shallow water ecosystems and
persistent extreme hypoxia (< 2 mgd)@an result in extreme mortality rates (83% offiis
small pools (Tramer 1977). Research by Fischel €1287) and Chapman et al. (2002) suggest
that differential tolerances to low levels of Dhaafluence community structure.

If DO levels become very low, there is the pos#ibthat species that have a low
tolerance for hypoxia will migrate out of the are@ath low DO and into larger bodies of water
that in general are more oxygenated (Chapman &086). Morphology of individuals can
influence their tolerance to hypoxic conditions (Bson et al. 2001, Robb and Abrahams 2003,
Hedges 2007). Specifically, those species with pstgsnous swim bladders may be able to
obtain oxygen with air gulped from the surface (Beyr et al. 2007). Being able to use a
physostomous swim bladder in this way may enaldsdliishes to exploit areas with low levels
of DO. With regards to size, larger individuals nieymore susceptible to low levels of DO
(Chapman et al. 2002) though the opposite hasbaisn observed (see Nilsson and Ostlund-
Nilsson 2008 for a review). This suggests DO leaslsvell as the temperature of the
environment may influence species composition aeldistribution of individuals within a

water body.
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The response of both predators and prey (and trerpfedator-prey interactions) to
changes in measures of dissolved oxygen is prediteAbrahams et al. (2007) to depend
critically upon the specific physiology of the spcpresent. This is because the physiology of
individuals will influence their tolerance to hygoxonditions. With smaller individuals being
more tolerant of hypoxic conditions (Robb and Alarals 2003), Abrahams et al. (2007)
predicted that under periods of low oxygen leveitsy will be afforded benefits of a reduction in
predation risk due to reductions in the numberis€igores present. As mentioned above
however, the presence of a physostomous swim kladgeedators may alter that predicted
predator-prey dynamic.

Aquatic ecosystems that experience turbid conditeme often home to fishes that use a
variety of senses to detect food. Some fish, ssadhase that rely heavily on chemical cues
while foraging, may be better than others at farggn turbid water bodies (Bonner and Wilde
2002, De Robertis et al. 2003). For example, membkthe family Ictaluridae are
chemosensory feeders and are able to forage iitwdders; they do not rely on vision to forage
and as such have reduced visual acuity (Caprio)198h respect to fish species that do rely on
vision, larger eyes imply increased visual aculty.well, larger and longer eyes increases the
distance between the corneal/lens and the retinehviicreases the size of the image (Howland
et al. 2004). In fishes, eye size increases wihbtbdy length. It is therefore expected that fishes
relying primarily on vision for foraging may be aéted to a greater degree by changes in
turbidity levels within an aquatic ecosystem thaose that rely on chemical cues (Nilsson et al.
2009). Extrapolating responses of species to clsimgeirbidity levels of aquatic ecosystems to
the potential effects of turbidity on predator-preteractions, Abrahams et al. (2007) predict

that as turbidity levels increase, it becomes egtarglly more expensive to forage. Individuals
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increase their movement rates to increase encorates with their food in turbid conditions.
However, as mentioned above, the mechanism by whdatiduals locate their food (chemical
versus visual) may affect activity (foraging) oegators and their prey under turbid conditions,
and therefore the encounter rates between predatdrprey.

While looking at the role that the environment glay structuring fish communities and
predator-prey interactions, it is also importanteocognize the potential dynamic between the
abundances of predators and their prey. In ageatisystems, the abundance of prey can
fluctuate with the abundance of predators (Clardd.€2003). During periods of high predator
abundance, prey are known to increase their usgflojes and/or decline in abundance (Clark et
al. 2003, Baum and Worm 2009, Vonesh et al. 2009.system where the abiotic environment
may be a factor in structuring the predator comnyyainy changes in the predator community
may then affect the abundance of prey in the etesysAs this study focuses on a system in
which both predators and prey can both enter aadeléhe study area, presence of fish in the
system indicates a choice for that system. Giverptieceding information the following
predictions, based on the three environmental bkesaand the potential relationship between
the abundance of predators and their prey weredest
1) Temperature: | predicted that the two guildéisif present (cool- and warm- water species)
will respond differently to changes in temperat#s.temperature increased, | expected the
abundance of cool- water species (northern pikaigC2008) to decrease while the abundance of
warm- water fishes (brown and black bullhead, fwestier drum, and fathead minnow) should
not be affected by temperature (bullhead specigesiards and Ibara 1978, freshwater drum and
fathead minnows: Wei et al. 2004). Temperaturdsig expected to influence the species-

specific length of piscivorous fish. | predictedsled on the fact that metabolic costs increase
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with temperature and size (large fish of a giveecggs will have higher metabolic rates than
smaller fish of the same species), that as temyreraicreased the size of individuals of a given
species will decrease. Given the above predictiam$ncrease in temperature is expected to
result in a reduction in predation risk to preynfias also predicted by Abrahams et al. (2007).
2) Dissolved oxygen: | predicted that dissolvedgety will differentially affect those species
with physostomous swim bladders (black and browthbads, northern pike and fathead
minnows) and those who have physoclistous swimdaa(freshwater drum). Decreased DO
levels should not affect the abundance of specigsplysostomous swim bladders; a decrease
in DO is likely to result in a reduction in abundarof freshwater drum which has a
physoclistous swim bladder. As well, within a giveecies, DO should affect individuals of
various sizes differently (Robb and Abrahams 2603Jges 2007), though this effect is not
expected to impact all species equally. A relatmmbetween DO and body size is expected to
be observed in fishes with physoclistous swim bémgldbut is less likely to be observed in those
individuals with physostomous swim bladders. pprisdicted that larger individuals will be more
susceptible to low levels of DO. While Abrahamsle{(2007) suggest that a reduction in
predation risk will occur as DO levels decreaséhdf primary predators in this ecosystem
(northern pike) are able to utilize aerial respimato compensate for a reduction in the DO in
the water, | predict that a reduction in DO lewsld not result in lowered predation pressure.

3) Turbidity: | predicted that the effect of turliidon the abundance of fish will be dependent
upon the sensory mechanism used for foraging. Visuagers (northern pike, freshwater drum
and fathead minnows) are predicted to decline umélnce as turbidity increases. Non-visual
foragers such as brown and black bullheads refggoily on chemical cues for foraging and

should not be affected by turbidity. As eye sizd #rerefore visual capabilities increase with
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body length, larger visual foragers should be betide to forage under high levels of turbidity
than smaller individuals. | predicted that as tditlyiincreases the size of visual foragers
(northern pike and freshwater drum) should alsoeiase. As predicted by Abrahams et al.
(2007), as turbidity increases, the cost of forgdincreasing activity to increase encounter rates
with prey) will increase. | predict that prey shdeixperience a reduction in predation risk with
increasing turbidity.

4) With the potential for predators to impact theiadance of prey and their potential predators
to track the abundance of their prey, | also ptedithat as the total abundance of predators

increase the abundance of prey would decline.

Materials and methods

To test the predictions that fish community composij as well as the size of the fishes present,
change with changes in the abiotic properties efatjuatic ecosystem, field surveys were
carried out in the summers of 2006, 2007 and 2D0@ng these field surveys, both predatory
and prey fishes were sampled in Blind Channel,@larsh, Manitoba, Canada (98°23'W,
50°11'N) (Figure 4.1). Blind Channel is a smalinkl ending channel south of Lake Manitoba.
Approximately 3.5 km long, the average depth oh&IChannel is 1 m. The community
composition of the channel is able to change thmougthe summer months as the channel is
connected via one waterway to Lake Manitoba. Thimection to Lake Manitoba also means
that seiches in the lake (a consequence of stramgsvirom either the north or south) change the
water levels in the channel. North winds increaagewlevels and a slight lowering of water

temperature occurs.
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Figure 4.1: Aerial photograph of Blind Channel, @aé¥larsh, Manitoba. ‘The Cut’ provides the
connection between Blind Channel and other regodii3elta Marsh and/or from Lake

Manitoba.
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With the water exchange, an increase in the DOdasealso observed. A strong southerly wind
will reduce water levels.

Taken with the fact that Blind Channel experierleege variation in measures of
temperature, DO and turbidity, the connection betwBlind Channel and Lake Manitoba
renders Blind Channel an ideal system to addresstigms pertaining to the influence the
environment has on community composition. It meaas during periods of unfavourable
conditions, individuals that are currently residinglind Channel do not have to remain there —
they can exit the Channel and enter Lake Manitabagore stable ecosystem. It also means that
if conditions become favourable within Blind Chahmedividuals from Lake Manitoba can

move into the system.

Measures of the aquatic environment. Over the course of the ice-free period Blind Ché&nne
experiences a wide range of turbidity (1.3 to 8ph&ometric turbidity units, NTU),
temperatures (peaking at around 28-30 °C) and ldisd@xygen levels (ranging from
approximately 0.1 to 10.0 mg/L). To record DO (mgtemperature (°C) and turbidity (NTU),
three YSI 6920 data sondes were placed at therbpttoddle, and surface of the water column
in Blind Channel from May through August. The sandellected data every 30 minutes, which
were then averaged to provide a daily value toespond with measures of fish abundances.
Only measures of temperature were collected faitats. DO measures were not included when
the charge on the data sonde fell beyond the asdephge (below 25 or above 100 amps) and
turbidity measures were not included when the measNTU was above 500, a value indicative

of debris obstructing the sensor.
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Measures of fish abundance. Sampling of both large and small fishes in Blinga@nel occurred
from May to August in all three survey years. Lafigh were sampled daily with gillnets that
were set for 1.5 hours. The gillnets were 15.2%ngland 1 m in height (approximately the
same depth as the water) with a stretched meslos&88 cm. Three gillnets were set per day at
0.5 hour intervals in locations that were randodibtributed throughout the channel. | recorded
species and the length to the nearest cm of alloagbindividuals. All fish were released at their
site of capture. Daily catch per unit effort (CPUis calculated as the average number of fish
captured per hour per day. CPUE was determinedddhern pike [Esox lucius), freshwater

drum (Aplodinotus grunniens) and bullhead species (both blagkpeiurus melas, and brownA.
nebulosus, bullheads). While walleyesénder vitreus) and yellow perchRerca flavescens) were
also captured, only two and four individuals, retpely, were captured over the three year
study and were not included in calculations of CPHE average daily CPUE for total predators
was also calculated.

To sample the small prey fishes in Blind Channelpiinnow traps were set just below
the surface of the water at 10 locations withindhannel. Five of these traps were deployed on
the north side of the channel while the other fingxe set on the south side. This arrangement
ensured that one side of the marsh with minnowstvequld be relatively sheltered in high wind
events. This study design was important as minneere observed to aggregate in sheltered
areas when winds were high and sampling only ate @i the marsh would have resulted in
inaccurate estimates of minnow abundance. All trega® set at permanent locations and
checked after 24 hours. All captured fish were itiexl to species and counted. CPUE values
were calculated for all species together, as timeigiant fish in the traps (fathead minnows,

Pimephales promelas) comprised over 95 % of the total number of mina@aptured. CPUE
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was calculated as the average (of the 10 minngee xraumber of fish captured in a 24 hour

period.

Data analysis. For statistical analysis, environmental data wasayed to provide a daily
measure. These data were tested for autocorrelagiog Durbin-Watson tests for
autocorrelation. | used parametric analyses orskated data (environmental variables as well as
CPUE and length data;"y= (yi - y)/s, where s is the standard deviation of thenrég).
Quinn and Keough (2002) suggest that translatibusi@ in regression analyses allow variables
to be on similar scales. As well the translate@ @giproached normality and met assumptions of
homogeneity of variances necessary for paramatatyais of regression analysis. Quinn and
Keough (2002) state that regression analyses atesto violations of normality if data meet
assumptions of homogeneity of variance. The tréedldata were also used in the canonical
correspondence analysis as it allows comparisomgelea canonical weights (Hair et al. 2005).
For each series of analyses pertaining to a psatiemvironmental variable, it was first
determined if there were significant differencesoamyears in the measured variable using a
single factor analysis of variance (ANOVA). If difences among years existed in any of the
analyses, year was included as a categorical poediariable and the analysis was that of a
general linear model (GLM). All analyses were coetdd using STATISTICA software. Alpha
levels were set at 0.05 for all analysis.

To determine if temperature affected cool- and wamater guilds of fishes differently,
two separate general linear models were run. Teeused northern pike (a cool- water fish)
CPUE as the dependent variable and temperature@#iauous predictor variable. The second

GLM used the warm- water fish species (brown amglbbullheads, fathead minnows,
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freshwater drum) CPUE as the dependent variabléeanderature as the continuous predictor
variable. The relationship between the speciesHspé&ngth of predatory fish and temperature
was examined using a GLM with temperature as thdiptor variable. In this analysis the length
of the fish was the dependent variable and eaatiepwas run separately.

A second series of GLMs were run to examine theceff dissolved oxygen on
community composition. In the first GLM, CPUE megsiof species with physostomous swim
bladders (northern pike, brown and black bullhesut$ fathead minnows) were used as the
dependent variables. The second GLM used the CRYRegies with physoclistous swim
bladders (freshwater drum) as the dependent vari&ifd measures were the continuous
predictor values in both analyses. The third GLMABO as the continuous predictor variable
and employed length of individuals as the dependanéble. Each species was analyzed
separately to determine if DO levels affected {hecges-specific size of individuals present.

Measures of turbidity were used as the continuoedigtor variables in the next series of
general linear models. The first GLM included CPidBasures of visual foragers (northern pike,
freshwater drum, and fathead minnows) as the degpénériable. The second GLM included
CPUE measures of brown and black bullheads, fosafat rely on chemosensory cues, as the
dependent variable. A second series of generadim®adels were employed with turbidity as the
predictor variable and length of a given speciethaslependent variable; each species was
analyzed separately.

Lastly, to determine if the suite of environmentatiables taken as a whole affected the
abundance of piscine predators as well as prey(\igh daily average CPUE of predators and

prey used as indices of abundance), a single cealasorrelation analysis was employed. The

77



analysis incorporated all data from all years whigre combined to determine if broad-scale
patterns in fish activity could be related to thevironment.

Finally, the biotic as well as abiotic environmeards hypothesized to affect community
structure (specifically, that the abundance of atexs can affect the abundance of prey). A
GLM was run using total predator CPUE as the ptediariable and prey CPUE as the
dependent variable. If there were differences iVEPneasures of predators or prey among
years (as determined by single factor ANOVASs), yweauld be included in the analysis as a

categorical predictor variable.

Results
Between year differences in the abiotic environment. Daily measures of environmental data were
considered independent observations in 2006, 2002808 based on Durbin-Watson tests for
autocorrelation. All measures of environmental deg¢ae used in subsequent analyses. There
were significant differences in measures of tenpeeaamong years; temperature differences
existed between 2006 and 2008, and 2007 and 2a88@08 being significantly cooler than
both 2006 and 2007 (single factor ANOVA: Iz = 8.29, P < 0.001; paired comparisons:
significant differences occurred between 2006 &faB2and 2007 and 2008; Figure 4.2). As
differences existed among years in measures ofdeahpe, year was used as a categorical
predictor variable in further regression analyse®lving temperature.

Significant differences in measures of DO levéd® &xisted among years (single factor
ANOVA: F 121=22.7, P <0.00001; Figure 4.3). Lowest avera@el&els were measured in

2006 (1.47 £ 0.99 mg/L D while highest average DO levels were measuremgltihe sampling
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Figure 4.2: Average daily measures of water tentpsran Blind Channel, Delta Marsh for the

summer sampling period in 2006, 2007 and 2008.
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Figure 4.3: Daily minimum and maximum measuresiséalved oxygen in (a) 2006, (b) 2007,
and (c) 2008 and (d) the average daily measurdssblved oxygen by year in Blind Channel,

Delta Marsh for the summer sampling period.
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period in 2007 (5.44 + 1.2 mg/L, As differences existed between all years in messsof
DO, year was used as a categorical predictor Varialdurther regression analyses involving
DO.

Differences in turbidity existed between 2006 afd& and 2007 and 2008 with 2006
and 2007 being significantly less turbid than 2(§l8gle factor ANOVA: R, 120= 4.66, P =
0.0113; Figure 4.4; paired comparisons: signifiaifierences occurred between 2006 and 2007
only). As a result of these yearly differencesurbidity measures, year was included as a

categorical predictor variable in regression aresyavolving turbidity.

Temperature and community composition. When CPUE of northern pike, a cool-water fish, was
used in a regression analysis with year as a categpredictor value and temperature as a
continuous predictor variable, there was a sigarftgositive relationship with temperature; year
was not a significant predictor (Table 4.1) of pBBUE. Temperature was also a significant
positive predictor of warm-water fish CPUE (browrdalack bullhead, freshwater drum and
fathead minnows, Table 4.1). Again, year was ragaificant predictor of warm water fish
CPUE. When the effect of temperature on fish lengas examined, there was a significant
negative relationship between temperature andhesigireshwater drum; there was no
relationship between temperature and length ofcdingr fish species. Year was not a significant

categorical predictor of fish length for either sigs.

Dissolved oxygen and community structure. There was a direct significant relationship between
DO level and the CPUE of fish with physostomousswiadders (Table 4.2); as DO levels

increased, the CPUE of fishes with physostomoumdvladders also increased. There was a
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significant positive relationship between DO levatsl fishes with physoclistous swim bladders;
as DO levels increased, the CPUE of freshwater dtbenonly fish in this study with a
physoclistous swim bladder) increased (Table Hayever, the length of fishes with
physostomous swim bladders were not significamilpenced by DO levels (Table 4.2); the
length of freshwater drum was affected by DO. AsIB@ls increased, the size of freshwater
drum captured also increased. Year was not a ggnifpredictor in either of the regression

models.

Turbidity and community structure. Turbidity levels did not significantly predict tldundance

of visual foragers (fathead minnows, freshwatendrand northern pike; Table 4.3) or the
abundance of non-visual foragers (brown and blatkéad, Table 4.3). Vision is linked to eye
size which in turn is a function of body size batther year nor turbidity was a significant
predictor of the body length of either of the vispiedators (freshwater drum and northern pike;
Table 4.3). The previous regression analysis was tBpeated for non-visual foragers (bullhead
species) and again, no relationship was observiseeba turbidity levels and length of non-

visual foragers.

The abiotic environment taken as a whole. The canonical correlation analysis indicated a
significant relationship between the environmert areasures of fish CPUE (Canonical R =
0.6161, P < 0.0001, n = 106) with the first canahfanction as the only significant function.

The first canonical function is therefore the ofugiction for which results are discussed. Given
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Table 4.1: Results of regression analyses usingdeature as the continuous predictor variable

and year as a categorical predictor variable. Yiega not a significant predictor in either

regression model. Model df = 3. BH spp = bullhepécges, FWD = freshwater drum, NPK =

northern pike; S.E. = standard error. Significaffedences are indicated with bold values.

Dependent variable

S.E.p F-value Residual df

Matches
predicted
relationship

Cool water fish CPUE
Warm water fish CPUE

Length of BH spp

Length of FWD

Length of NPK

16.5 <0.00001

No

No

No

Yes

No
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Table 4.2: Results of regression analyses usirsplisd oxygen as the continuous predictor
variable and year as a categorical predictor viiafear was not a significant predictor in either
regression model. Model df = 3. BH spp = bullhepécges, FWD = freshwater drum, NPK =

northern pike. S.E. = standard error. Significaffecences are indicated with bold values.

Matc_hes
Dependent variable B SEp F -value P -value Re(sjifdual Eerg:ilg:]esdhip
Physostomous swim bladders  0.333 0.115 6.04 0.0005 373 No
Physoclistous swim bladders  0.238 0.0986 4.89 0.003 128 Yes
Length of BH spp 0.0355 0.157 0.213 0.9 55 No
Length of FWD 0.408 0.148 6.43 0.0003 279 Yes
Length of NPK -0.000627 0.0246 0.00503 0.9 379 No
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the abiotic environment, 27.9% of the variance sasured CPUE is explained. When the
measures of the simple linear correlation betwherirtdependent variables and the respective
canonical variates are determined, there is a ivegadrrelation between the first canonical
correlation (CC1) which includes temperature, D@ fanbidity, and northern pike CPUE
(canonical loading = -0.9108). Freshwater drumoisitpvely correlated to CC1 (canonical
loading = 0.4207) while bullhead species CPUE amthow CPUE show the lowest correlations
(canonical loadings: bullhead species CPUE = 0.16t6now CPUE = 0.2630). Both bullhead
species and fathead minnows are positively cogélad CC1, though the relationship is not
strong (Table 4.4). This demonstrates that therenment, as an explanatory variable, affects
the CPUE of northern pike. The environment alseaff the CPUE of freshwater drum but to a
lesser degree. Based on CC1, bullhead species @RtJEinnow CPUE are essentially not

affected by the measured environmental variables.

Predators and prey. When the daily average CPUE measures were comfaredlividual

species of predatory fish among the sampling sesasb?006, 2007 and 2008, northern pike and
bullhead species CPUE measures did not differ amengs (single factor ANOVA: northern
pike: F2 131=4.37, P = 0.074; bullhead species; fz1=1.78, P = 0.173; Figure 4.5). In the
between year comparison of total predatory fish EP&ignificant differences were only
observed between the years 2006 and 2008, witnéisantly higher CPUE observed in 2008
than in 2006; no differences were observed betv2@@6 and 2007, 2007 and 2008 (single
factor ANOVA: F; 131=9.75, P = 0.00014; multiple paired comparisors@05, Figure 4.5).

In the comparison of freshwater drum CPUE amongsyesggnificant differences were observed
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Table 4.3: Results of regression analyses usidmgdity as the continuous predictor variable and

year as a categorical predictor variable. Year medsa significant predictor in the regression

model. Model df = 3. BH spp = bullhead species, F&/ideshwater drum, NPK = northern pike.

S.E. = standard error. Significant differencesiadécated with bold values.

Matches
Residual predicted
Dependent variable B S.E.p F-value P —value df relationship
Visual foragers -0.0467  0.0987 0.236 0.9 358 No
Non-visual foragers -0.0327 0.102 0.234 0.9 105 No
Length of BH species 0.178 0.161 1.33 0.3 55 No
Length of FWD -0.128 0.0953 0.537 0.7 297 No
Length of NPK -0.193 0.153 0.246 0.9 379 No
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Table 4.4: Results of a canonical correlation asialgxamining the relationship between
environmental variables (temperature, DO and tulsidnd CPUE measures of predatory and
prey fish species in Blind Channel, Delta MarshldBalues indicate those variables with strong
contributions of the canonical correlation. Onlg first canonical correlation (CC1) was found

to be significant and is the only canonical cotietareported here.

Variable CC1
Canonical R 0.6161
Explanatory set Dissolved oxygen -0.8447
Temperature 0.9145
Turbidity -0.4556
Variance explained 0.5858
Redundancy 0.2223

Response set Total predator CPUE  -0.5415
Northern pike CPUE  -0.9108
Freshwater drum CPUEQ.4207
Bullhead spp 0.1566

Fathead minnow 0.2630
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between the years of 2007 and 2008 only (singl®fa&NOVA: F, 13;=11.5, P < 0.000026;
multiple paired comparisons between 2007 and 2BG80.05; Figure 4.5) with significantly
more freshwater drum captured per hour in 2008 B@Y. No differences were observed
between 2006 and 2007, 2006 and 2008.

When the same among year comparison was madetfi@athminnows, the predominant
prey fish of Blind Channel, a significant differenimn CPUE was observed (single factor
ANOVA: F 5 131= 26.7, P < 0.000001; Figure 4.5). Significantlgrm
minnows were captured per hour in 2006 and 2007 2088 (multiple paired comparisons P <
0.05); no differences existed in fathead minnow ERldtween the years 2006 and 2007. As
differences existed among years in measures of OBtJoth predators and prey, year was used
as a categorical predictor variable in a regresaralysis relating prey to predator abundances.

There was no relationship between total predatddEEBnd prey CPUE in a regression
analysis that included year as a categorical predi@riable, total predator CPUE as the
continuous predictor variable and prey CPUE asl#pendent variable  ¢f27= 3.19x10°, P
= 0.9). However, there is an inverse relationslepveen the total predator CPUE (bullhead
species, freshwater drum and northern pike) ang (faghead minnow) CPUE when seasonal
averages of CPUE were compared. In 2006 when mredatindance was the lowest of the three
years, prey abundance was highest while in 200&wwhedator abundance was at its highest,

prey abundance was the lowest recorded for the years.

Discussion
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Linking environmental conditions that communitieperience to the interactions of species
within the community is a difficult task to do situ. However, it is only in natural ecosystems
that the effects of possible interactions of vasienvironmental measures on multiple species
can be elucidated. This study examines whethen imp&n ecosystem, where individuals can
leave if the environmental conditions become uniaable, the abiotic environment can be used
as predictors of the abundance of various fishispe®his study also examines whether predator
and prey abundances are directly linked in sugfsees. Given the responses of these fishes to
the environment, | also suggest how the environnreyt mediate predator-prey interactions,
commenting specifically on the predictions of Akbaats et al. (2007).

The three years during which this study was umadtert experienced significantly
different environmental conditions, as well asaléint measures of CPUE of both predatory and
prey fish. This variability in environmental condits meant that fishes experienced different
combinations of temperature, DO and turbidity asrtbe three years of study. If any
relationships between environmental variable astd @PUE or fish length were observed it
would provide strong support that the particulariemmental variable of interest was driving
the abundance and/or length of the fish specigsaup of interest. It should be noted that
sampling via gill net and minnow trap requires thsltes be active and swim into the net or trap.
This means that it will not only be the abundanicsh that drives the observed CPUE, but also
the activity of the fish present that influenceshéd CPUE. Both abundance and activity rates
(through the relationship between activity and emter rates) will likely have similar effects on
predator-prey interactions and as such will beudised together.

The relationship between temperature and fish CRE&not dependent upon the

temperature guild classification of fishes. Fortbobol- and warm- water fishes, there was a
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significant positive relationship between tempematand CPUE. While it was expected that
warm-water fish activity and/or abundance wouldease with increasing temperature an
increase in northern pike (a cool-water fish) attiend/or abundance with increasing
temperature was unexpected. Cool-water fish gegdrale upper thermal limits of 20°C
(Magnuson et al. 1997) and Blind Channel typicaigches 20°C in mid-June. However,
temperature preferences are species-specific (Magnet al. 1997) and northern pike are
known to tolerate a wide range of environments ¢€kmsan and Lewis 1996); Flinders and
Bonar (2008) also observed northern pike inhabiéireas outside their optimal temperature for
growth (19°C, Casselman 1978). It is probable éhedol-water species lacking in the ability to
tolerate a wider range of temperatures would nee ltlemonstrated a positive relationship with
temperature, however there were no other speassified as cool-water in the system studied.
These observed positive relationships between teahpe and fish CPUE could affect
predator prey relationships as it suggests fisloimeceither more active, more abundant, or both
more active and more abundant when temperaturesaise (minnow traps and gillnets are
passive traps and increased catches suggest iadraetivity and/or abundance). Moore and
Townsend (1998) and Anderson et al. (2001) sudgbasthe increase in activity of prey in
response to increased temperatures (likely asipoegase foraging to meet increased metabolic
demands) is responsible for the increase in moyrtafiprey observed at high temperatures.
Taken with the observation that fathead minnowssase activity and foraging (Chapter 2) as
well as their propensity to forage in risky locatsa/Chapter 3), temperature increases are likely
to result in an increase in predation on smallderish, a result that does not agree with
predictions made by Abrahams et al. (2007). Givext predators have been observed to increase

their attack rates on more active groups versusetigopoups who were less active (Krause and
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Godin 1995) and that capture efficiency, attackfament, and swimming speed of fish can
increase with increasing temperatures, temperatareases are likely to result in increased
mortality of prey.

Temperature was also expected to influence thdHevfgoredatory fish through its
impact on metabolic costs which are affected bysthe of fishes. Large fish of a given species
will have higher metabolic rates than smaller filthe same species, making it more
energetically costly for large fish to forage inrweer waters. In this study, only freshwater drum
lengths were significantly related (negatively}émperature. The lack of relationship between
species length and temperature with the excepfibreshwater drum (for either cool- or the
other warm- water fish) may be a result of theighdf fishes that may be physiologically or
energetically stressed to leave Blind Channel aodennto Lake Manitoba, which is a large
lake that is deeper and likely cooler than Blinca@el. The negative relationship between
temperature and length of freshwater drum may tesat of larger, more physiologically
stressed individuals leaving Blind Channel for Lakanitoba. Any effect of temperature on
predator-prey relationships will therefore be aitesf the increase in activity and/or abundance
of fishes with temperature, and not a result ohges to predation risk which could happen with
changes in the size (length) of the potential piegdgBystrom and Andersson 2005).

As dissolved oxygen increased, CPUE of fishes thighability to air breath also
increased. As the ability to remove oxygen fromgailped in at the surface should negate (or
reduce) the necessity of individuals with physosiamswim bladders to occupy waters of high
DO levels, a relationship between CPUE of fish vapltysostomous swim bladders and DO was
not expected. This observation might be a resukrdthy periods of time where the water was

hypoxic.

93



When faced with periods of extreme hypoxia, itasgible that increased air breathing by
these large predators would increase the riskevhtheing predated on by avian predators
(Randle and Chapman 2004). As avian predatorsrasept in Blind Channel, increased air
breathing may increase risk of predation. Forsterss,Serna forsteri, prey upon small prey
fish (Fraser 1997) such as fathead minnows and pnesence over Blind Channel is directly
related to DO levels (Chapter 6). American whitbgams,Pelecanus erythrorhynchos, and
double-crested cormoranthalacrocorax auritus, have been observed to consume fish as long
as 40 cm (personal observation). With the conne¢tid_ake Manitoba, it is possible that large
individuals migrate from Blind Channel to Lake Mimtia where DO levels are likely higher as a
trade-off against risk of predation that they woeilgberience exploiting surface waters in Blind
Channel in periods of low DO.

With regards to the relationship between fish laragid DO, if fishes have physostomous
swim bladders and could air breath, there is n@etgtion that the length of individuals of these
species would decrease with decreasing DO levéls r@sults of this study support the
prediction that body size of species with physostesnswim bladders do not vary with DO.
Observed was a positive relationship between fraggwdrum length and DO. Freshwater drum
have a physoclistous swim bladder and are relipohuhe oxygen content of the water for gas
exchange. Smaller individuals of the same speeiggire less oxygen to maintain body function
and so the relationship was expected (Almeida-Val.€2000, Robb and Abrahams 2003).

Hypoxic regions have been suggested to be refiegs dor small fish (Chapman et al.
1998) and Abrahams et al. (2007) suggest that genblow DO levels should result in a
reduction in the predation risk to prey fish. Tsigdy supports that concept as the abundance

and/or activity of fishes are highest when DO |e\agle highest and lowest when DO levels are

94



lowest. Predator-prey interactions may be lessémedigh a reduction in encounter rates when
DO levels are low. As with temperature, any efféa@ levels have on community structure and
predator-prey relationships are expected to bewtref changes in CPUE that occur with DO
levels and not with changes in predation presswaewould occur with changes in fish length
and DO levels. It should also be noted howevet,uhder periods of low DO, avian predation
on these small prey will likely increase as abuméasf terns is significantly, positively related
to DO (see Chapter 6).

The predatory fish community of Blind Channel ismgoised primarily of northern pike,
a visual, ambush predator (Craig 2008). The othedlador that relies primarily on vision for
foraging is the freshwater drum. Fathead minnole primary prey in Blind Channel, also rely
on vision for foraging. It was expected that aitlity levels increased visual foragers such as
northern pike, freshwater drum and fathead minnearsld seek out clearer waters, potentially
in Lake Manitoba, in which to forage, resultingaimegative relationship between turbidity and
visual foragers. However, this prediction is basedhe assumption that the decision of fish to
remain in Blind Channel under given turbidity camahs is based only on foraging
considerations and not on other physiological comak resulting from changes in temperature
and/or DO. Visual predators remained abundant iroge of high turbidity levels. This suggests
that turbidity levels in the channel were 1) naghtenough to affect foraging efficiency, 2) did
not vary enough to cause changes in foraging effy, or 3) the abundance of forage fish
within the channel was sufficient enough to oftbet reduction in foraging ability of predators
as turbidity increased. As well, it could be tHa bther option (Lake Manitoba) did not provide
a decrease in turbidity levels and/or increaseddimig opportunities. One final option is that

under low turbidity levels fishes present that r@hyvision for foraging will be able to see the
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traps present and be able to avoid them. This tmddwesult in a lack of relationship between
turbidity level and CPUE of visual foragers.

Turbidity levels were also not a predictor of tbadth of fishes for either visual or non-
visual foragers. It was expected that turbidityellewvould not affect the length of non-visual
foragers. Body length is related to eye size apdefore size of the sighted image; as non-visual
predators are not reliant on sight for foragingréhis no expectation that increased turbidity
would reduce foraging abilities, necessitatingrtievement out of highly turbid environments
by smaller individuals. While it was expected thatly size of visual foragers would increase
with increasing turbidity levels (again, as smalleual predators migrate out with increasing
turbidity), given that the only location fishes aagrate is Lake Manitoba, a turbid
environment, it may be that no other option is ase.

In general, Blind Channel is a turbid environmé&fithile studies have found reactive
distances (Miner and Stein 1996) and antipredatbabiour (Abrahams and Kattenfeld 1997)
decrease with increasing turbidity, in the rangeudbidity values observed during the majority
of this study, mortality of prey is expected to @mconsistent (Abrahams and Kattenfeld 1997).
As initially suggested by Abrahams et al. (200 frddicted that increased turbidity should
result in a reduction in predation risk to prey whpeedators rely on vision. However, this study
found no relationship between activity and/or alamoe of either visual foragers or foragers that
rely on other senses to forage, and turbidity vEhis suggests that within this system it is the
effects of temperature and DO on fish speciesdhae community composition, a fact further
supported by results of the canonical correlatioalysis.

Northern pike are significant predators on foragk {He and Kitchell 1990) and have

been shown to exclude small fish from small pob&bpe and Fausch 2000). Fish also comprise

96



a large component of the diet of the two bullhgaetcges as well (Keast 1985). Freshwater drum
forage primarily on crustaceans and insects arydoed much lesser extent on forage fish as a
prey item (Scott and Crossman 1998). Northern gokawn and black bullheads and freshwater
drum were considered predators to small forage Hshwever, unlike previous studies that
determined predatory fish reduced prey abundanoedsh et al. 2009) there was no relationship
between total predator CPUE and CPUE of prey fighis study. This result is not entirely
unexpected as a reduction in prey biomass in resptmpredation has not been a consistent
result across studies (Abjornsson et al. 2002 nEdad Blaustein 2004, Pink et al. 2007). It is
possible that the densities of predators were reztgnough to have an effect on prey density. It
is also possible that on a small temporal scad@ds would not be evident. In this study, while
daily measures of prey abundances were not refatédily measures of predator CPUE, on a
larger scale (entire three month sampling peridt@mpredator abundance (measured as average
summer CPUE) was highest, prey abundance (meaasraderage summer CPUE) was lowest.
In summary, the results of this study suggestithatshallow, turbid freshwater
ecosystem the environmental variables that comilgtefluence community structure are
dissolved oxygen and temperature. High temperataegsincrease predation risk through
increased encounter rates between predators apd @BUE of both predators and prey
increase with increasing temperatures. Increaspdx}iy conditions, which are linked to a
reduction in CPUE of fishes may provide increasddges for small fish from larger aquatic
predators, though this may not carry over wherehpredators are considered and a decrease in
DO results in increase predation risk.
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Chapter 5: Using a dynamic state variable model to predict the effect of temperature on

survival probabilities of fathead minnows over an ice-free season

Abstract. In shallow water ecosystems, fathead minndwe¥phal es promelas) experience

temperatures ranging from near 0 to above 30°C theeice-free season, which ranges typically

104



from March to November in temperate regions. Okiex period there is an annual survival rate
of approximately 65%. Since these fish are poikibomic, their energetic demands will be
strongly driven by their thermal environment. Higimperatures increase energetic demands and
understanding the role of temperature in behavilaleaisions made by prey may play an
important role in understanding how survival raes driven by the temperature of the
environment. At high temperatures, individuals rbaymore likely to starve, resulting in them
taking greater risks to obtain more food. To baitederstand this process | developed a state-
dependent optimization model that required indigiduo make foraging decisions that balanced
the risk of starvation against the risk of predaiio a dynamic thermal environment. Results
from this model predict that temperature increagihave a detrimental outcome on the
survival probabilities of adult fathead minnows|estst in the short term, regardless of the
relationship between probability of receiving foaad the amount of food present and
irrespective of a reduction in predation risk wigmperature. With many climate change
predictions suggesting rising temperatures aclesgtairies, the results from this study suggest
that populations of minnows may experience a redndéh numbers. As fathead minnows are a
dominant forage fish in many shallow water ecosysteany reductions in population size will

affect community dynamics.

Introduction

For a poikilothermic animal such as a fish, thegemature of the environment it inhabits will
influence rates of biological processes at scateaa the molecular-level to the whole organism
(Logue et al. 1995). The influence of temperatae loe observed as changes in metabolic,

assimilation and consumption rates of fishes (Win1t990) as well as in changes in activity
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(Krause and Godin 1995, Johnston et al. 2004, @h&pt foraging (Chapter 2 and Chapter 3)
and swimming performance (Logue et al. 1995). Téliationship between temperature and
metabolic processes is not a direct linear relahgm but instead fishes have a temperature
optimum (Huey and Kingsolver 1989) outside of whpehformance of the individual is reduced.
Treating temperature as an ecological conditioential habitats should therefore be selected to
optimize physiological performance. However, whie thermal conductivity of water 24.5 times
that of air (Hammel 1955), the availability of theal microhabitats within a shallow body of
water will be limited and changes in environmei¢ahperature will rapidly change body
temperature.

The temperature of the environment in which a feshides is related to the metabolic
rates of the fishes, and therefore their energietinands (Elliott 1976). Increasing energetic
demands should therefore result in an increasadresgent for food. Because of this
relationship between temperature and energetic deéspé&emperature can drive many aspects of
the decision making and behaviour of small fisli@saging to meet energetic demands are
balanced against risk of predation. Larval anuraspond to increasing temperatures (and
therefore energy requirements) by increasing floearging rates (Anderson et al. 2001). A
similar response was observed in studies of thefat minnow (Chapter 2, Chapter 3). If these
increased energetic demands can be met, increasgetatures should also lead to increases in
growth rates (Elliott 1976, Keast 1984, Andersonle2001). With body size and risk of
predation being inversely related (Nilsson and Bréark 2000) individuals may experience a
reduction in predation risk at increased tempeestuhs well, Abrahams et al. (2007) described,
via a model, changes in population abundance afitoout G&lmo trutta) as a result of

temperature increases. They described an ovedalttien in risk of predation through a
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reduction in the number of large bodied individualsd an overall general reduction in the
abundance of these trout. Predation risk may thexefecrease with increases in temperatures.
As long as temperatures remain below the lethat limd energetic demands are met, increases
in temperature should be linked to increases irpthbability of survival of prey. However,

there is a caveat. In the study by Anderson €280D1), accompanying the increase in foraging,
consumption and growth rates of prey, were inciebasertality rates at higher temperatures. As
movement rates increase, it becomes more likelyath&ncounter occurs between predator and
prey. Coupled with an observed decrease in captusthandling time of prey by predators as
temperature increases (Persson 1986), it becorseslkear if increases in temperature will result
in an increase or decrease in the probability ofigal.

Adding to the uncertainty of the relationship be#&n temperature and survival is the
amount of available food and the probability of s@ming that food. Food availability is linked
to temperature and the probability of encounteand consuming that food is linked to the
amount of food available. As mentioned above,nifierature increases cause excess food
availability growth rates also increase (Elliott789 Keast 1984, Person-Le Ruyet et al. 2004).
However, if high temperatures do not coincide vhitdh abundances of prey, weight loss will
occur (Gibbons et al. 1978). Starvation is themefafrconcern if an increase in metabolic
demand cannot be met via consumption of food.

For a small minnow, prey abundance is linked togerature (Goldman and Carpenter
1974, Walls and Ventela 1998, Gillooly 2000, Gilpet al. 2002, Savage et al. 2004, Verbitskii
et al. 2009). The doubling time for both algae aadplankton, primary foods for fathead
minnows (Scott and Crossman 1973), decrease a®tatupes increase (Goldman and Carpenter

1974, Gillooly et al. 2002). The overall resulthsit while increasing temperatures may increase
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energetic demands of small fish, if their prey atance increases at a rate that allows them to
meet energetic demands, growth and possibly surwiMdikely increase. However, if the rate

of increase in prey abundance and availability da#snatch that of the rate of metabolic
increase, an increased probability of starvatioy oxur. The goal of this paper is to examine
the possible changes in the probability of survosgr the ice-free period of a typical, non-
breeding fathead minnowimephales promelas. The fathead minnow is an ideal model as itis a
fish that experiences a wide range of thermal vianaover the course of the ice-free season.
Further manipulations of the state-dependent opaittan model will allow for predictions
regarding survival of the fathead minnow to be matien the overall environment warms,

including whether there will be changes in prob&bg of starvation and predation.

Methods

The model overview. A dynamic state variable model examining the prdiigof survival over

the ice-free season was constructed for a typicad;breeding, fathead minnow under a normal
temperature regime (see Clark and Mangel 2000, Mw¥a and Houston 1986, for the
principles of stochastic dynamic programming). Trhisdel describes the role temperature
variation plays on habitat selection decisionsheffathead minnow through the development of
rules necessary for decision making. The environriet was modeled was Blind Channel,
Delta Marsh, MB, a location that has been usedudysfathead minnows for approximately 20
years. To address the question of the role of teatypes on the survival of fathead minnows, it
was first necessary to model a temperate envirohthahexperiences variability in
temperatures. This variation in temperature alleawghe role of temperature variation on habitat

selection to be determined via a state-dependdimization model.
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Blind Channel is a small, turbid, shallow water &giem located just south of Lake
Manitoba, Manitoba, Canada (98°23'W, 50°11’'N). Amamately 3.5 km long, its average
depth is 1 m and recorded summer temperaturesrbaebed 29°C. Temperatures can fluctuate
up to 4°C daily (personal observation). It is thermal environment of Blind Channel that is the
basis for the temperatures of the habitats presehe model. By modifying the overall
temperature (i.e. the temperature of all patchibs)responses, as measured by changes in
survival probabilities of the fathead minnow, candbucidated. The fish community of Blind
Channel is comprised of large piscivores (northpke, Esox lucius, dominate; brown and black
bullhead,| ctalurus nebul osus andl. melas and freshwater drumi\plodinotus grunniens are also
common) as well as small forage fish, of which éaith minnows dominate numerically.
Common across central North America, the fatheathow, in Canada, is distributed east to
New Brunswick and west into Alberta and averagemfitotal length (Scott and Crossman
1998). Across their range, including within Blinéh&hnel, fathead minnows experience a wide
range of temperatures seasonally.

With bioenergetics and risk of predation linkeddmperature, it is expected that changes
in temperatures will alter the behaviour of fishotlgh their habitat selection decisions as
individuals try to meet increasing energetic densaiithe development of a state-dependent
optimization model allows for manipulation of mogarameters such as available food and
predation risk while keeping all other parameterd aules of habitat selection unchanged. This
allows for the development of rules necessary faking decisions under the state-dependent
optimization model. The use of these rules can Heensed to better understand sources of

mortality over the ice-free period, assuming thateals continue using the same rules. Overall,
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the model allows for the effect of changes in patams such as predation, amount of food,

probabilities of finding food, as well as temperatuo be uncovered.

The model parameters.
Temperature of patches:
Temperatures of patches were based on measuredraomes at Delta Marsh, MB, Canada, and
were constant within patches for the duration ad time step in the model, one 24 hour day. As
water temperatures were directly measured only ft@riviay through 07 August | determined
the water temperature for the remainder of thdree-season using the relationship between
water temperature (J) and air temperature £J, which were both measured at Delta Marsh,
using:

Tw= 0.64141, + 10.794 1)
(regression analysis:’R 0.8175, P < 0.00001)
This initial temperature calculation correspondthieatemperature (EnvTemp) of Patch 1.
Temperature of Patch 2 is equal to EnvTemp + 2@ the temperature of Patch 3 equals
EnvTemp — 1°C. For all descriptions of the modehpzeters, the use of the term temperature
refers to the patch specific temperature. To uridedshow thermal variation affects the survival
of fathead minnows due to the impact of temperatpen state-dependent parameters, |
increased the temperature of the ecosystem by2Z-C(Increased Temperature Regime,

+2ITR) and 4 C° (+4°C Increased Temperature RegiiElR).

Metabolic cost of residing in a patch (w):
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The metabolic cost of inhabiting a patch is basethe temperature of that patch as the
metabolic rate of poikilotherms is directly relatedemperature. Metabolic rates of fathead
minnows at a variety of temperatures were obtafread MacLeod and Smith (1966) and
Klinger et al. (1982). These data were then grd@m a log function was used to produce the
equation used to predict metabolic cas) from water temperature {R 0.9992, P < 0.00001).

a; = 2.0141 * Ln(Ty) — 0.0217 (2)
This equation was rounded to the nearest whole pumithin the model to describe the role of
temperature on the energetic state of the individiteere are always metabolic costs associated
with the occupied patch and therefore if a fishsfto find food, its energetic state declines by

the calculated cost of metabolism associated Witpatch.

Probability of death dueto predation, B;
The equation describing probability of death dupredation was based on work by Persson
(1986) who determined capture rate of prey by thea&an perchRerca fluviatilis, over a range
of temperatures. The Eurasian perch is a cool-wWate(Persson 1983), as is northern plksgx
lucius, the dominant predator in Blind Channel, the sysédter which this model is based. It is
therefore expected that the effect of temperatarthe capture efficiencies of pike in Blind
Channel would be similar to those of the Eurasiarip. The data from Persson (1986) described
the relationship (R= 0.8172, P < 0.001) between mortality rate of/prea patch f§;) and water
temperature as:

Bi = 1.415' TW+ 2.25° 3)
A model derived by Abrahams et al. (2007) suggesisas temperatures increase, the

abundance of piscivorous fishes decrease. In thedtel, temperature increases of 3 and 7°C
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resulted in a reduction in the population of predabrown trout §almo trutta) by

approximately 0.78 and 2.3% respectively. Giverséhesults, | was also interested in the
probability of survival of fathead minnows over tlhe-free season if predation risk decreased
with temperature, instead of increased. To doltkiswulated a reduction in predator population
size similar to that observed by Abrahams et &l072 by reducing the probability of prey
capture by predatorg;j by 1.5%. As the dominant predator in Blind Chdns@ cool water fish
(northern pikeEsox lucius) and a 4°C increase in temperature could resuémperatures of
nearly 34°C, | also reduced the probability of pcapture by 10% and determined the

probability of fathead minnow survival in respoisghese changes in predation risk.

Probability of consuming food, A
The probability that a fish consumes food is relatethe density of the available food (Mols et
al. 2004, Ruxton 2005, loannou et al. 2008). Usinglished data (loannou et a. 2008), the
relationship between the probability of consumiogd in patch (A;) and prey density in that
patch (Y) (R*=0.6810, P < 0.01) is:

A = 0.0783Y003 (4)
While loannou et al. (2008) determined that thébphulity of consuming the first encountered
prey decreases with increasing density, it wouléxygected that in times of increased energetic
demands, these initially encountered prey itemslavba consumed. A second equation based
on data from Kawabata et al. (2006) was also usédei model (R= 0.3536, P < 0.025):

7\4 — 4Yi0.5038 (5)
Under both scenarios, if a fish receives foodertsrgetic state increases by the amount of food it

receives. The use of these two equations allowetbrdetermine if the pattern of survival
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between temperature regimes would remain the saraa different relationships between the
amount of food present and the probability of reiogy that food. These equations were used in
two separate versions of the model and the outcaom@pared.
Amount of food received if found, Y;
Scott and Crossman (1998) suggest that fatheadomvgprimarily eat algae but also consume
zooplankton and detritus (Herwig and Zimmer 2006)incorporate multiple prey items into the
model, | arbitrarily assigned 75% of the diet a# thinnows to be algae; the other 25% was
assumed to be zooplankton. As the population Sibeth algae (Goldman and Carpenter 1974)
and zooplankton (Verbitskii et al. 2009) vary wiémperature, | again used published data
relating population doubling times to temperatargénerate an equation to predict the amount
of food available in the patches for algag)YR?= 0.9261, P < 0.00001):

Yia= 0.75 * (5.9085 * (2.718$°441) (6)
and zooplankton (¥ (R? = 0.9998, P < 0.000001) :

Yi,= 0.25 * (5.95T,~ 6.9715) 7)
The model assumes that algae and zooplankton lgana energetic content. These equations
were rounded to the nearest whole number withimtbdel. If temperature increases resulted in
an increase in the probability of starvation, thedel was used to determine how much food

would be necessary to offset this risk of starvatio

Backward iteration. State-dependent optimization models are based ammzang a measure of
fitness. In this model, patches are selected tamma& the probability of survival for the fathead
minnow. The model then moves backwards 181 tinfesgeach time step is a day), the

calculated number of ice-free days in the studyesys The backward iteration equation (a
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stochastic dynamic programming equation) usedigtiodel is based on patch selection to
maximize survival, where \{x, t) is a measure of fithess associated with visigiatghi on day

t. F(x, t) is the maximum expected survival probability bedw dayt and the end of the ice-free
season (or the end of the organisms life), givan X{) = x.

Vi, )= (1 —Bi}{AF X—oi+ Y;, t+1) + (1 ) Fx—ai, t+ 1)} (8)

Forward iteration. The probabilities of being eaten by a predatorracdiving food based on the
previously described patch parameters are calcl{aee Table 5.1 for model parameters)
during the forward iteration based on the patchain rules arising from the backward
iteration. If the fish survives the first time steh the next time period (i.e. the next day) thetn
patch is selected based on the new state of theAtsstates below 30, the fish is considered to
not have enough energy for survival and dies. Qmalfed is the maximum state of the fish,
which represents the greatest amount of energyvessa fish can have. The forward iteration
allows for a direct calculation of survival probigies of fathead minnows over the ice-free
season. Overall, the use of the dynamic state gdtion model allows for a better
understanding of sources of mortality that fathemahows experience over the course of the

ice-free season.

Table 5.1: Definitions of model parameters andalaas.

Parameter Definition

Ai Probability of receiving food in patch i
Yi Amount of food in patch i
of Metabolic cost of residing in patch i
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Bi Probability of predation in patch i
X_crit Critical energetic state necessary for stawiif x_crit < 30 the fish dies
X_max Maximum energetic state; no fish can exceeenergetic state of 100
T Time period over which the model runs; it is tb&l number of ice-free

days =181

Model output. | used the model to determine the survival rata pbpulation of 10 000 fathead
during the ice-free period within Delta Marsh. Besa | tracked sources of mortality and kept
the decision making rules of the minnows in thekiaaad iteration the same, | could also
determine the relative impact of predation (andhges in risk of predation) and starvation on
the population. | could also determine the efféddemperature on predation and starvation.

Finally, if increased temperature indeed increagddof starvation, both the amount of food
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necessary to offset the energetic cost of incretagerature could be estimated in the model.
The effect of temperature (both +2ITR and +4ITRjamges in overall predation risk, and the
relationship between food density and the probigiwli receiving food on the probability of

predation, probability of starvation and overablpability of survival are discussed.

Sengitivity analysis. Sensitivity analyses were conducted on the kegrpaters used in this

model Each parametei Yi, pi, anda;) was increased by 5% and the resulting chandeein t
probability of survival, calculated as a percerdrue, was determined. The percent change in
the survival probability, was then divided by 5% thange in the parameter value, and a
dimensionless elasticity was calculated. | alsemieined that the model was not sensitive to my
arbitrary assignment of 75% of the forage of titadad minnows being comprised of algae with
the other 25% of the forage arising from zooplankasticity = -0.18) Elasticities were
calculated for one parameter at a time; all othedeh parameters were kept unchanged while
the parameter of interest was varied (Clark andd@aB000). The results of this analysis were
used to determine which parameters were the mgiriant to model predictions as well as to
determine whether model predictions are heavilignélupon parameters that are estimated and
uncertain (Clark and Mangel 2000). As well, pararethat were determined to have large
calculated elasticities were further manipulateddgtermine how changing these parameters

would affect the model outcome.

Results
Sensitivity analysis. The parameter that had the largest calculated@tgsvasp;, the risk of

predation. A 5% increase in the risk of predatieduced the probability of survival
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approximately 2.25%. Wheh was then increased in the increased temperatgiaeaterations
of the model, the resulting increase in probabiityleath was exacerbated — a 5% increase in
risk of predation decreased the probability of stahvby as much as 5% under the +2ITR and
nearly 10% under the +4ITR. This reduction in suaViwas primarily a result of an even greater
impact on mortality due to predators. The resuitshanging predation risk (specifically a
reduction in risk) were further examined with respte temperature. The parameter with the
smallest calculated elasticity wags the metabolic rate of the fish. A 5% increasthin

metabolic cost, resulted in the smallest changberprobability of survival, a 0.35% decrease.

All calculated elasticities were less than 0.5 eartjed from -0.47 to 0.23 (Table 5.2).

Model output and the natural ecosystem (normal temperature regimes)

Under the current temperature regime, the modeigiethat the fathead minnow has between a
64 and 67% probability of surviving the ice-fre@asen given the probability of consuming food
decreases or increases, respectively, with foodiyern both

Table 5.2: Calculated elasticities for the prokgbdf survival when the indicated model
parameter is increased by 5%. Changes to the figkedation result in the greatest change in the

probability of survival.

Model parameter Elasticity
Ai 0.18
0.23
B -0.47
of -0.06
Yi 0.137
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Starvation 0.62

*From Equation 5(a)
From Equation 5(b)

3Starvation combines; Yo, and;
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Figure 5.1: The average probability of survivingind) due to predation and dying « :to
starvation during the ice-free season regardlesstadl state under three different temperature
regimes (current, NTR; +2°C increase, +2 ITR; ad8Crincrease, +4 ITR) with (a) negative,
and (b) positive relationship between probabilityieding food and food density. Error bars
represent the standard error around the mean.
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scenarios, the primary cause of mortality is predaf28.5 and 29.5% chance of predation)
while less than 7% of the population will succuralstarvation (Figure 5.1). Even at the lowest
energetic state when the probability of receiviogd declines with food density, the probability
of surviving the ice-free season is 30%. When tiobdgbility of receiving food increases with
food density, the probability of survival increasesapproximately 45% (Figure 5.2) when
individuals are at their lowest energetic statee plobability of death due to starvation
approaches 60% at the lowest energetic states thiegirobability of receiving food decreases
with food density. When the probability of receigifood increases with food density the
probability of starvation declines to approximatéf26 (Figure 5.3). Under the current
temperature regime, the minimum probability of edue to predation occurs when there is a
positive relationship between the probability afewing food and food density. When this
occurs, there is approximately a 10% probabilitgdeéth due to predation (Figure 5.4). For all
energetic states, risk of predation is lower whrehviduals have a greater probability of
receiving food as food density increases — thedi@ioluals do not have to occupy the most risky

patches to meet energetic demands.

Temperature and survival. Regardless of the iteration of the model compareate fish die as
temperature increases (Figures 5.1 and 5.2). Tdteapility of survival declines from
approximately 64% under the normal temperaturewedo 34% under +4ITR when there is an
inverse relationship between prey density and goitibaof consuming food. The probability of
survival under a +4ITR when prey density and prdliglof consuming food are positively

linked does not decrease as much; fathead minnawes d&
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59% probability of survival under those conditiolsfact, the probability of survival decreased
more under the +2ITR (54%) when there was a negaghationship between food density and
probability of consumption than under the +4ITR wii@od density and consumption
probabilities were positively related.

The change in probability of survival when theramsinverse relationship between prey
density and the probability of consuming food refifethe increase in the probability of dying
due to starvation (Figures 5.1 and 5.3). Under N(RB probability of death due to starvation is
less than 7%; under the +2ITR, this probability@ases to approximately 18%. With a doubling
of the temperature increase (+4ITR), there is av@oubling of the probability that an individual
fish will die due to starvation (41%). This increas probability of death as temperature
increases is greater than the reduction in theofigleath due to predation that occurs with an
increase in temperature. When there is an invetadanship between prey density and
probability of consumption of the prey, the proli&pof survival increases through the decrease
in risk of death as a result of a predation evEigures 5.1 and 5.3).

Comparing the results of the second iteration efrtiodel (where there is a positive
relationship between prey density and the proligmhf consuming prey) to the iteration where
there is a negative relationship between prey teasd the probability of consuming prey
suggests that while the probability of survivall stecreases with temperature, the mode of death
responsible for this observed drop in survival ataibty changes. The probability that an
individual will die due to starvation still increas as temperature increases (+4ITR) under the
iteration with a positive relationship between fadhilability and probability of consuming it
(Figures 5.1 and 5.3). The extent of the increagwabability of starvation however, is much

less (less than 10%, as compared to 41%). There iiscreased risk of death with temperature
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increases as a result of a slight increase inafigkedation (2% overall). The risk of predation
under the NTR is similar between the two iteratiohthe model but when there is a positive
relationship between the density of food and tledability of consuming food, the probability
of death due to predation increases with a 2°Geas® and further increases when the
temperature is increased by 4°C.

When mode of death is explored and there is a ivegalationship between the
probability of consuming food and prey densitythe NTR and +2ITR more individuals die due
to predation than starvation. Risk of starvatiotwaighs risk of predation almost 2:1 under the
+4ITR. When the relationship between successfalgimg and forage density is positive, more
fish again succumb to predation versus starvatios time under all temperature regimes.

When there is an inverse relationship between tblegbility of consuming food and the
amount of available food, there was an increaggabability of death due to starvation as
temperature increased. In order to offset this tis& amount of food available to individuals
would have to increase by nearly 3.5 times. Thisldoeduce the probability of starvation when
the probability of consuming food decreases wittieasing density under the +4ITR to similar
values (near 10%) as in the other model outputbelfprobability of consuming food increases
with increasing food density, an increase in th@am of food by approximately two and a half

results in a further reduction of the probabilifystarvation to less than 2%.

Temperature and survival when predation risk is reduced. If predation risk declines slightly
(1.5%) as temperatures increase (through a redtuictithe number of predators present), the
survival probabilities of the fathead minnow ingeapproximately 3% under a +2ITR

regardless of the relationship between consumiad &nd the amount of food available (Figure
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5.5). An approximate 10% reduction in risk incresalsg approximately 20% the survival
probabilities of the fathead minnow over the iogefseason (18% when the relationship between
consuming food and amount of available food is tiega22% when that relationship is

positive) (Figure 5.6). A slight reduction in préida risk under the +4ITR, results in an overall
increase in the probability of survival for theHaad minnow. This includes a 2% reduction in
mortality risk when the relationship between amafrfood and the probability of finding food

is negative and a 4% reduction when the relatignsatween amount of food and the probability
of finding food is positive. Given a 10% reductiorpredation risk, under the +4ITR there is an
approximate 13% and 22% increase in the probalafigurvival when the relationship between
the amount of food present and the probabilityafstiming the food is negative and positive

respectively.

Discussion

The results of the sensitivity analysis suggestt¢hanges i, the risk of predation,
results in the greatest amount of change in sultvAgthis variable is estimated from published
data on the Eurasian perch (Persson 1986) aneidés the overall survival probabilities of the
fathead minnow, it is important that future resbaggamines the specific influence of
temperature on risk of predation for a variety @dators. A better estimate of how risk of
predation changes with temperature would incrdasat¢curacy of the model. The influence of
temperature on the probability of finding fodgl) fanks second in importance based on
elasticities. Again, these variables were estimétaad published data and are not specific for

the probability of fathead
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minnows consuming food given the density of avdddbod in the environment and suggest
future research is necessary.

Under the current temperature regime, the dynatate slependent model constructed to
examine survival probabilities of a small minnowedlicts that a typical, non-breeding fathead
minnow has an approximate probability of survivB64%. This survival probability is similar
to survival probabilities published from field d4&8-73%) on a population of fathead minnows
in Alberta, Canada that experience a similar teaipee regime as those used in the model
(Divino and Tonn 2007). The fact that the modepaotiis in agreement with published data
gives support to the model’s ability to predictpesses to changing environment.

The results of this study suggest that an averailg témperature increase as low as 2 C°
over the course of the ice-free season resultsedaction in the probability of survival for
fathead minnows. Depending on the iteration oftieglel (there can be either a positive or
negative relationship between density of prey itams the probability of consuming prey), the
range of reduction in survival is 4-10%. A morersfigant temperature increase reduces the
probability of survival another 4-20%. While itusirealistic to expect the model to have the
accuracy to predict, to a specific percentagerebalt of increasing temperature on the
probability of survival of the fathead minnow owbke ice-free season, what the model does
demonstrate is the fact that increasing temperdtyi2C° decreases the likelihood of survival of
a fathead minnow, and an additional increase of fiGher decreases the minnow’s probability
of survival.

In temperate climates where bodies of water frelezang the winter months, survival
during the ice-covered period depends on lipid eonof fishes, a measure correlated with size

of the fish (Biro et al. 2004). For poikilotherns,both field (Anderson et al. 2001) and
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laboratory (Keast 1984, Vigg and Burley 1991, Petse Ruyet et al. 2004) studies increased
temperature results in increased growth rateslag@fiore larger fish. An increase in
temperature could be thought to increase the pilityadf survival not only over the ice-covered
period, but also during the ice-free season aidigh have increased energetic reserves and
can afford to refuge at the expense of feedingatiption risk is high. In the model described in
this paper, an increase in predation risk with terapure is observed when probability of
consuming food is positively related to temperatMv@en the relationship between the
probability of finding food and food density is radiyely related, there is a slight decrease in
predation risk with temperature however, risk agation appears to be the driving factor in the
overall reduction in likelihood of survival.

In this model, fish have a choice of three patchasdiffer in temperature. When there is
a negative relationship between temperature angrtbteability of consuming food, the patch
that will be energetically superior will be the gathat is coolest. As risk of predation increases
with temperature, this cool patch will also be plagch that is less risky. Examining the outcomes
of the model under increased temperature regims®liserved that the fish consistently chose
the low risk patch with the greatest amount of faod the lowest probability of death due to
predation. Risk of predation decreases as temperaicreases. Yet probability of survival
continues to decrease even though fish are occgplyenpatch with the highest probability of
receiving food and the lowest risk of predationthis iteration of the model, the increase in the
probability of death is due to the increase ingh@bability of death due to starvation. In much
the same way as fishes without adequate food stlar@st survive the winter even though they
have eaten (Biro et al. 2004), under an increasegerature regime even though fish are eating,

they are not consuming enough to meet metaboliadds Further examination of the model
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suggests that the predicted amount of food avalatoluld have to increase three and one half
times in order for fish to reduce the probabilifysarvival to those predicted under the normal
temperature regime.

If food availability increased with temperaturenight be expected that survival rates
would also increase as metabolic demands woulddieMevertheless, in the second iteration of
this model where there is an increased probalafitgceiving food with increased temperature,
the probability of survival still decreased witltirasing temperature, though to a lesser degree
than in the first iteration of the model. In thescend iteration, the result of an increased
likelihood of receiving food with increasing tempgire can be observed in the model output.
The probability of death due to starvation incree&¥ over the 4°C temperature increase
(versus a 34% increase when the relationship batthreeamount of food and the probability of
consuming that food is negative). The probabilitp@dation increases with increasing
temperature. While fish can meet energetic dem#mdsigh the use of the warmest patches
doing so puts them at an increased risk of predalios this increase in risky behavior
(selecting patches with both high food and higk)rikat causes the overall reduction in survival
probabilities.

The use of a state dependent stochastic dynamielntmg@redict survival probabilities
under different temperature regimes has the beofefibt only being able to predict general
survival patterns and overall averages of prokadsliof death due to starvation and predation,
but it also demonstrates the role of state in dmtishaking processes. At low energetic states,
very few fish die as a result of a predation evBeiath at low energetic states is most often the
result of starvation. However, if an individual dacrease their energetic state so that they enter

the ice-free period with large amounts of energetserves the probability of death due to
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starvation decreases to almost zero in the NTReUalll temperature regimes, when prey
density is positively related to probability of abting food, the probability of death due to
starvation is again almost zero. When there is1aarse relationship between prey density and
probability of receiving food, fish must be at heglenergetic state in order to reduce their risk of
starvation to essentially zero under the + ITR. &ittie +41TR, regardless of the state at which
the fish begins the ice-free season, there is awlag/ probability of dying as a result of
starvation.

Abrahams et al. (2007) suggest that an increasamperature will result in a reduction
in the predator population, as well as a reduanaine number of large predators present.
Taking this result into consideration, | reduceel tisk of predation in the model. Overall
survival for fathead minnows over the ice-free seaacreased to over 80% when the risk of
predation was reduced approximately 10%. Whenaigkedation is reduced, the probability of
death due to both predation and starvation is redias compared to initial model iterations. The
reduction in risk of predation allows the fish t@it the more energetically profitable patches
while not incurring a greater risk of predationrétey increasing their overall probability of
survival.

This paper highlights the importance of temperatarthe survival of poikilotherms, and
specifically fathead minnows. Temperature is arlaggoal condition in that it can drive the
underlying habitat selection decisions of individu&hen choosing patches, individuals must
balance the costs and benefits of each habitaseledt the one that best suits its current state
and potential future success. Under environmemtaditions predicted by climate change
models (Meehl et al. 2007), the future successinhaws as measured by survival over the ice-

free season declines under both the conservativpdrture increase estimate and the more
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extreme temperature increase predictions. Thetsefsam this study suggest that populations of
minnows may experience, at least initially, a reaurcin numbers. As fathead minnows are a
dominant forage fish in many shallow water ecosysteany reductions in population size may

affect community dynamics.
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Chapter 6: Can the abiotic environment of a shallow water ecosystem influencethe

dynamics of avian predation on prey fishes?

Abstract. Shallow water aquatic ecosystems may be consiabsetete feeding patches for
foraging terns. A unique feature of these ecosystam that their physical conditions can
change dramatically in a short period of time, ipatarly temperature, turbidity, and dissolved
oxygen. Based on previous research | predictednbegasing turbidity will reduce the
availability of fish (minnows) to plunge diving tes through reduction of visibility of the fish,
while increasing temperature and decreasing disdatxygen will increase their availability
through increases in activity and movement tow#indanore oxygenated surface areas
respectively. | also predicted that overall aburmgaof minnows should increase feeding activity
by terns. | measured these environmental variat#es activity, and minnow abundance from
May to August from 2006 to 2008 in a marsh in seuthManitoba. My results demonstrated
that only variation in dissolved oxygen levels afésl tern feeding activity. Since there was no
relationship between tern and minnow abundanceraitithin or among years, these results
suggest that it is the availability of prey (i..eetmovement by prey fishes up into the water
column) and not their abundance that influencestimeeber of predators present and hence the

risk of predation.
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I ntroduction
The dynamic interactions between predators and piney have the ability to structure aquatic
environments (Paine 1966). Predators consumetbusycontrolling populations, altering
relative abundances, and changing the size steuofysrey populations (Crowder and Cooper
1982, Tonn and Magnuson 1982, Werner and GilliaBd418le and Kitchell 1990). Predators
can also exert indirect effects on prey populatitms risk of predation can affect prey
morphology, physiology, life history traits and befour (see Mittelbach and Chesson 1987 for
a review). Prey faced with a risk of predation bane reduced growth rates and survivorship
(Werner and Anholt 1996) because they may tradésofd rich habitats for food poor habitats
that offer cover from predators (Werner et al. 1983

In freshwater ecosystems, the study of predatoy-oteractions, from small scale
experiments to large scale manipulations, has xtpsimarily on piscivorous fish and their
prey (Tonn and Magnuson 1982, Crowder and Coopg2,\Merner et al. 1983, Turner and
Mittelbach 1990, EKI6v and Persson 1996, Wazenlebek. 2006). The study of the effects of
avian predation on prey communities in a completelral setting has been widely overlooked
even though some research has demonstrated thatettence of avian predators can change the
size structure, behaviour and abundance of preylptpns (Milinski and Heller 1978, Harvey
and Stewart 1991, Allouche and Gaudin 2001, Cetligl. 2001, Hodgens et al. 2004, Steinmetz
et al. 2008). More importantly, the effects of ppmpulations on the abundance and/or presence
of avian predators in these freshwater ecosystamsitt been studied as much of the research
has focused on changes in abundance of fishesessilbof avian predation. This research has
been focused primarily in hatcheries or stockeddgar streams (Collis et al. 2001, Hodgens et

al. 2004).
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The purpose of this study is to address whethengdmin the abiotic aspects of the
aguatic environment (i.e. temperature, dissolvegger and turbidity) can influence the avian
predator population through the effect of the emwinent on prey behaviour. It is thought that
changes in the aquatic environment may lead toggmaim the behaviours of prey fishes or, as
with changes in turbidity may lead to direct changethe visibility of the prey to the predators,
which would then mediate the presence of predaboosigh changes in prey conspicuousness
and/or availability. As presence of avian predatmge been used as indicators of available prey
in marine ecosystems (Monaghan et al. 1989, Weknetsl. 2005), it is reasonable to expect
that avian predators will respond in the same maimn& freshwater ecosystem by becoming
more abundant in areas where prey are available.

Experiments examining the role of dissolved oxy@e®) in risk of waterbird predation
to their fish prey has demonstrated that in timfdew oxygen, use of surface waters by fish
increases their risk of capture by green heButgrides striatus (Kramer et al. 1983) and pied
kingfisher,Ceryle rudis (Randle and Chapman 2004). In periods of low D®nttovement of
fish up into the water column to areas close tcstirdace to meet oxygen demands (Kramer
1987) is the probable factor that increases theerability of the fish to predators, both avian
(Randle and Chapman 2004) and piscine (Wolf andni€ral987), as prey are more easily
detected while active (Krause and Godin 1995) aat the surface of the water. While these
small scale experiments provide useful informatisrio possible responses of prey to predators
and how the habitat of the prey can influence predaisk it is important to determine how
these results translate on a large scale wheregpeayot constrained to a small area. It is
predicted that in response to low DO levels theitebg the potential for movement of prey

fishes to positions higher in the water column veh2© levels are higher (Kramer 1987), avian
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predators will react to an increase in prey avditgtby increasing their presence in the area
during that time.

The role that environmental variables other th@@ay in the risk of avian predation to
small bodied fishes is not well studied in eith@iadl or large scale experiments or observational
studies (though see Eriksson 1985, Gwiazda anddwitz 2006 for studies incorporating
turbidity with risk of avian predation). The effeaif temperature and turbidity on fish behaviour
and mortality under piscivorous predation risk stredied to a greater extent (turbidity: Gregory
1993, Abrahams and Kattenfeld 1997, Reid et al9188nner and Wilde 2002, Snickars et al.
2004, temperature: Krause and Godin 1995, Weetmaln 998, Weetman et al. 1999).
Through the results of these studies it is possbfgedict how the changing environment will
directly affect probability of detection of the prby the predators (and therefore presence of
predators), or how the changing environment indiyaafluences the risk of predation through
the behavioural responses of prey fish to the chsuingtemperature and turbidity.

Studies of the influence of turbidity on piscivdrgs suggested that moderate turbidity
levels (11 and 20 NTU) do not affect capture ofydrg predators (Reid et al. 1999, Abrahams
and Kattenfeld 1999), while a study on great coants,Phalacrocorax carbo sinensis, found
that their probability of detecting a prey fish bileed significantly as turbidity increased (Strod
et al. 2008). Observations of grey herArgea cinerea, predation among water bodies that
differed in turbidity levels demonstrated favoushdraging in highly turbid areas (Gwiazda and
Amirowicz 2006). Given that the predators in thisdy are plunge divers and take prey from the
top 30 cm of the water column (Forster’s tei®is;na forsteri, hereafter referred to as terns), it is

predicted that turbidity will be less importantmmoderating availability of prey to predators than
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low dissolved oxygen levels which may result inyplishes moving up into the water column to
exploit waters with higher levels of DO.

The direct role of temperature in studies of aguatedator-prey interactions has
received little attention (Krause and Godin 199%0dk and Townsend 1998, Weetman et al.
1998, Weetman et al. 1999, Anderson et al. 2004s bad Spaak 2003, Taylor and Collie 2003).
In a study on anurans and their invertebrate poesia@nderson et al. (2001) suggest that
increased temperatures may lead to increase capteseand decreased handling times. With
respect to the behavioural responses of fish tagihg temperatures, it is expected that fish will
become more active with increasing temperaturesiridon 1994, Krause and Godin 1995,
Chapter 2). As well, with metabolic rates of fislesreasing with temperature (Clarke and
Johnston 1999) there is an increase in the ratdiah fish consume energy, likely resulting in
an increased willingness to risk exposure to paedab gain access to food (Godin and
Crossman 1994). Increased activity increases thiggpility of being selected for attack by a
piscine predator (Krause and Godin 1995) andlikéty true for avian predators as well.
Therefore increased water temperature should peavidre productive feeding areas for avian
predators.

Four predictions were tested in this study: 1)rthmber of terns observed will increase
as the abundance of their prey increase, 2) apaserin water temperature will result in an
increase in the number of observations of terng, &crease in dissolved oxygen content will
increase observations of terns and 4) a decredsebidity will result in an increase in the
number of terns observed. The last three predist@ise from the interaction between
environmental variables and prey fish behavior @ivhs not measured) and it is the resulting

changes in the behaviours of minnows that the tmsd in fact be responding to. It was
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hypothesized that DO, turbidity and temperature ldinfluence abundance of terns through
either direct effects that alter the ability of fredators to observe their prey (turbidity) or via
indirect effects of the aquatic environment on gdisly behaviour (temperature and DO). DO
was hypothesized to have the greatest affect sipgexic conditions would force minnows to
shallow depths making them available to plungemgj\terns. Since fathead minnows are the
most abundant species in this location, and thekaown to tolerate moderate hypoxia (defined
as oxygen concentrations ranging from 2.35 — 2.gA.Jr(Robb and Abrahams 2003), |
predicted that the effect of DO on tern abundancelevbe most pronounced with extreme

hypoxia (< approximately 2 mg/L DO).

Materialsand Methods

To test the aforementioned predictions the enviremiad variables of interest were measured
and averaged on a daily basis. These measurediveereelated to the presence of terns which
was established via recordings of the study areagithe same time period as the
environmental variable measurements were collected.

The aquatic environment. Measures of DO, temperature and turbidity werertakeBlind

Channel, Delta Marsh, Manitoba, Canada (98°23'W12IN) from May to August of 2006 to
2008. Blind Channel is a shallow (~1.5 m), turbidwsmoving blind ending channel. The marsh
itself is a 21 870 hectare wetland located on tduthern shore of Lake Manitoba with a single
narrow passageway connecting the lake to Blind @élailind Channel is a relatively protected
area, and many piscivorous fishes use the chaanepawning and feeding during the spring
and summer months (Suthers and Gee 1986). WatdslgvBlind Channel are primarily

controlled by seiches as a result of prevailingdsira strong northerly wind rising and a strong
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southerly wind lowering water levels. As the wagatering Blind Channel does so from Lake
Manitoba, temperatures generally decrease withtherdy wind bringing cooler, more
oxygenated lake water into the channel. Over theseoof the ice-free period Blind Channel
experiences a wide range of turbidity, temperat(peaking at around 28-30 °C) and dissolved
oxygen levels (ranging from normoxia to extremedxip) (Robb and Abrahams 2003).

To record DO, temperature and turbidity YSI 692€adandes were placed at the
bottom, middle, and surface of the water columBlind Channel. The sondes collected data
every 30 minutes that was averaged to providelg dalue to correspond with measures of

predator and prey abundances.

Measures of prey abundance. The primary prey for Forster’s terns in Blind Chahis the

fathead minnow, the numerically dominant foragh firsthe Channel. Common across central
North America, the fathead minnow, in Canada, s¢riiuted east to New Brunswick and west
into Alberta and averages 51 mm total length (Smatt Crossman 1998). Prey abundance
(primarily fathead minnowsimephales promelas) was measured using ten minnow traps set
just below the surface of the water. Five of thiegps were deployed on the north side of the
channel while the other five traps were set orstheh side. This arrangement ensured that one
side of the marsh with minnow traps would be re&yi sheltered in high wind events. This was
important as minnows were observed to aggregathetiered areas when winds were high and
sampling only one side of the marsh would haveltegun inaccurate estimates of minnow
abundance. All traps were set at permanent locatthin the area that was surveyed for avian

predators.

144



Minnow traps were checked every morning from MayAtigust in all three study years.
All captured fishes were identified to species arabunt of the number of individuals of the
species present was recorded. The number of figiuiea among all traps at each location was
averaged to provide a single measure of catchmpeetiort (CPUE) that represented the

abundance of fish during that 24 h period.

Measures of risk of avian predation. The most common avian predator in this systemds th
Forster’s terns. Forster’s terns are plunge digasgenerally take fish in the top 30 cm of
water. They capture one fish approximately onceye8do 6 dives (Salt and Willard 1971), and
so must dive often to feed on small fish. At lesistknown locations within Delta Marsh are
used as tern colonies, though not every site id aaeh year (McNicholl 1971). Previous studies
of Forster’s terns in Delta Marsh have suggestatlittte number of nests at a given colony may
vary year to year, though on average, the numbeesits in the marsh is relatively stable
between years (McNicholl 1971). During this studg,colonies were observed within Blind
Channel itself, or Forster’s Bay, the known locatabosest to Blind Channel. Given that
Forster’s terns are known to forage for distaneesaging over 6 km (Bluso-Demers et al.
2008), terns from colonies throughout Delta Mansghlikely to forage within Blind Channel.

To measure presence of these predators, threed?an&CTV WV-CP484 SDIII
cameras with Pentax 3.5-8mm F/1.4 CS auto irisslemgere set up overlooking portions of the
southern end of Blind Channel. | used this portbthe channel as it allowed me to film without
worry of glare from either the setting or risingisu

Cameras recorded to a March Networks mobile digitito recorder (MDVR) during

daylight hours from May to August during all thrggars of the study. For each camera’s
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recording, the daylight hours were broken down frianinute sections. From each 15 minute
block, two minutes were randomly chosen for view(tig same two minutes of each camera
were chosen for each day) and the number of Ftgseens present in each two minute block
was recorded. The number of birds observed in eagtminute block were totaled and then
divided by the number of hours of daylight recorfi@dthat day. The number of terns observed
per hour was then averaged across the three regstdihese daily averages were then used as

measures of predator abundance in further analysis.

Data analysis. For statistical analysis, data averaged to pro&idaily measure (the average of
48 measures of each environmental variable — orzsune every 30 min) were considered
independent observations in 2006, 2007 and 200&db@s Durbin-Watson tests for
autocorrelation. Periodic technical issues, prityani the first year of study, meant that there
were not equal observations of daily averages wf@mmental variables, tern and minnow
abundance across years. In 2006, there were 18fs#aita; in 2007, 55 and in 2008, 33.

| used parametric analyses on transformed data {Boax transformations for
environmental data and lggx +1) for both minnow and tern observations) asttansformed
data met assumptions for normality and homogerméditiariances necessary for parametric
analysis. All analyses were conducted using STATC3Tsoftware. Alpha levels were set at
0.05 for all analysis.

To test the prediction that increases in prey abood would result in increased
observations of terns | used a generalized regnessodel. Due to perceived high interannual
variation in the CPUE of minnows between the thyears | first compared tern and minnow

abundance between years using an ANOVA. If diffeesrbetween years were observed, year
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would be included as a categorical predictor vdeiaithe generalized regression model. The
model itself included tern abundance as the depegn@giable and minnow abundance as the
continuous predictor variable. If there were ndedé#nces in minnow and tern abundance
between years the regression model would be rumwityear as a categorical predictor
variable.

To test the prediction that the environmental ydaa measured would influence tern
observations through changes in prey fish behaviost determined if there were differences in
DO, temperature and turbidity between years usmgMOVA. If differences existed, | would
include year as a categorical predictor modelgereralized regression model using tern
abundance as the dependent variable and dissatygeémm temperature, and turbidity as
continuous predictor variables. If no differencgsied between years, the regression model
would be run without year as a predictor variable.

The final prediction of this study was that it wok during periods of extreme hypoxia
that prey fish will increase their use of surfacevs (that have higher levels of DO than the
underlying water) resulting in an increase in theayvation of terns when conditions are
hypoxic as compared to when conditions are norm@adest this prediction a student’s t-test
using data from periods of extreme hypoxic (< 2d@lghand normoxic (> 4.0 mg/L) values of
DO was conducted. If the previously mentioned ANO¥&ermined that differences existed
between years in tern abundance, this analysisddmeiconducted for each year separately.

Otherwise, data from all three years would be cowdbi
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Results

Prey abundance as a predictor of predator abundance. The abundance of minnows differed
significantly between years (ANOVA3k7=22.13, P < 0.0001). Minnow abundance in 2006
was significantly greater than the abundance meei2007 or 2008 while no differences in
abundances existed between 2007 and 2008 (Tuk&pbst hoc test was significant for the
comparison between 2006 and 2008, 2006 and 20ew).abundance also differed significantly
between years with number of terns observed parihd2006 and 2008 significantly greater
than the number observed in 2007; no differences wieserved between 2006 and 2008
(ANOVA: F, 95= 7.301, P < 0.00001; Tukey's HSD post hoc tegmsiicant for 2006 and 2007,
2007 and 2008; no differences between 2006 and)2@08 the scale of the study period, tern
abundance did not mirror minnow abundance. In 2@0&n minnows were on average the
lowest recorded, tern abundance was at its highest.

Within the generalized regression model, whichudeld year as a categorical predictor
variable and minnow abundance as the continuousiqboe variable, only year was a significant
predictor of tern abundance (Table 6.1). Compateng and minnow abundance on a seasonal
scale, it can be observed that summers that hgbeatiundances of prey fish do not necessarily
have high abundances of terns (Figure 6.1). Onadlenscale, a scatterplot of daily minnow
CPUE and daily averages of the number of ternsrebdeagain indicate that there is no
relationship between the two (Figure 6.2). Predat®ms are therefore not tracking abundance
of prey on either a small (daily) or large (annwsaiale, suggesting that prey abundance is not a

good predictor of tern presence, counter to egpliedictions.
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Conformity at broad scales: Environmental variables across years. Significant differences were
observed in daily average measures of DO when caadfzetween years (ANOVA; DO3 s

= 8.937, P = 0.0003); while no differences werenbwhen temperature and turbidity measures
were compared (ANOVA: temperature; o= 2.726, P = 0.07; turbidity:oko,= 0.1809, P =
0.8). Dissolved oxygen differed between 2006 &d@i72 2007 and 2008; no differences were
found between 2006 and 2008 (Tukey’'s HSD post astcdignificant for comparisons between
2006 and 2007, 2007 and 2008; no difference bet@886 and 2008). DO levels were
significantly lower in 2006 and 2008 when compaie@007 (Figure 6.3). The warmest year
during the three year study period was 2006 folbiwe 2007 and then 2008 which was, on
average, approximately 4°C cooler than 2006 and@tler than 2007 (Figure 6.3). No
significant differences existed in average turlyititvels across years, though 2006 was slightly

more clear than 2007 which was slightly more ctban 2008 (Figure 6.3).

Impacts within years: Dissolved oxygen, temperature and turbidity as predictors of predator
abundance. Results of the generalized multiple regression rhatte year as the categorical
predictor variable, environmental variables (DOnperature and turbidity) as the continuous
predictor variables and lgg(average number of terns + 1) as the dependelatl@isuggest that
only year and dissolved oxygen were significantmt®rs of tern abundance (Table 6.2). As DO
levels decreased an increase in tern abundancehsasved. To further examine the role of DO
in structuring the relationship between predatois arey, given the physiological significance
of extreme hypoxia (versus moderate hypoxia) ferghmary prey species in the system (i.e.
testing prediction 5), student’s t-test using amyng tern abundances associated with extreme

hypoxia (< 2 mg/L DO) and normoxia (> 4 mg/L D@parated by year was conducted.
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Table 6.1: Results of generalized regression mwdhblyear as the categorical predictor
variable, logo(minnow abundance +1) and lggnean number terns observed/hr + 1) as the
dependent variable. Generalized regression redudjssted B = 0.198, Bgg= 8.49, P = 5.2 x

10°. S.E. = standard error. Significant differencesiadicated with bold values.

Predictor variable B S.E.B F-value P-value
Year 12.72 0.00002
Minnow abundance 0.0578 0.102 0.3199 0.5731
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Figure 6.1: Average minnow abundance (CPUE) andsarea of tern abundance across the
three sampling years. Error bars represent meastistandard error. When measures of
minnow CPUE are compared across years 2008 idisgmiy different from both 2006 and
2007. A comparison of number of terns observeditwss years found 2007 to differ from both

2006 and 2008.
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between minnow CPUE and tern abundance.
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Table 6.2: Results of the generalized multiple esgion model with year as the categorical
predictor variable and lgg(tern abundance + 1) as the dependent variablesivied
environmental variables (dissolved oxygen, tempeeaand turbidity) are continuous predictor
variables (generalized regression model: Adjusted 83486, k7= 11.49, P < 0.000001).
S.E. = standard error. Significant differencestexishe tern abundance between years.
Dissolved oxygen is the only significant continuguedictor variable. Significant differences

are indicated with bold values.

Predictor variable B S.E.p F-value P-value
Year 10.28 0.00009
Dissolved oxygen -0.532 0.136 15.38 0.0002
Temperature -0.263 0.106 2.204 0.06
Turbidity 0.0748 0.102 0.5340 0.5
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Figure 6.4: A comparison of tern abundance, in gaeln of the study, on days when the water
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conditions are those days < 2 mg/L DO); 2006 wiasvaDO level year, 2007 a high DO level
year and 2008 a moderate DO level year. Error fegmesent standard error (a). Relationship
between DO and tern abundance across all yearallald@® levels (b); solid horizontal line

represents 2 mg/l DO levels.
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Significant differences existed in tern abundanaend) periods of hypoxia as compared to
periods of normoxia in 2006 and 2008 (t-test; 2AG6:3.74, P = 0.003, df = 12; 2007: t = -
0.161, P = 0.874. df = 52; 2008: t = -3.82, P 0045, df = 31; Figure 6.4) with significantly
more terns observed during periods of extreme higpdXhen DO levels are compared across
years, 2006 and 2008 have the lowest average Délslewvith the average DO level in 2006
falling in the hypoxic range (1.914 + 0.15 mg/Lwiest DO level recorded was 0.23 mg/L); 2006
is also the year in which tern abundance was htghdsnes of low DO. In 2007 there was no
difference in tern abundance in times of hypoxia@sapared to times of normoxia; 2007 was
the year in which the average summer DO levelshegbypoxic conditions for the fewest

number of days and the average summer DO levelshedsighest (6.235 + 0.21mg/L).

Discussion

Changes in the aquatic environment are linked &mghs in the abundance of avian predators in
a predator-prey system where the predators argeldivers and the prey are small minnows.
While DO, temperature and turbidity were thoughpotentially alter the availability of prey
fishes to their avian predators, and in turn infleeethe presence of these avian predators, only
DO was a significant predictor of tern abundance.

Low levels of dissolved oxygen have been linkebddth increases (Pihl et al. 1992) and
decreases (Nestlerode and Diaz 1998) in predastnrr fish — invertebrate predator-prey
interactions; in predator-prey systems that invalaby fish, decreases in dissolved oxygen level
result in an increase in predation in experimemahipulations (Wolf and Kramer 1987). In
small scale experiments, hypoxic conditions reslultegreater consumption of prey by avian

predators (Randle and Chapman 2004). In this sttndre both predators and prey are free to
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move about in the environment, hypoxia increasechtimber of avian predators. As predation
events require detection and encounters of thelpydlie predators, increasing the numbers of
predators will likely increase the predation riskronnows.

Demonstrating that the increased risk of predasandirect result of behavioural
changes in the prey fish as a result of changingd¥®ls and not the absolute number of prey
fish, this study measured CPUE of the minnows thihowt all levels of DO and found no
relationship between CPUE and number of terns pteBearther support for this hypothesis is
evident in data collected in the same channel 652@here the position within the water column
where minnows forage under differing oxygen lewedse analyzed. In that study, at times of
low (hypoxic) DO levels, minnows feed primarilythe extremes of the water column (surface
and near bottom, ANOVA: surface £, = 18.08, p < 0.0014; bottom f=4.735, p < 0.038; p >
0.1 for the two middle depths; (Hedges 2007), witbre foraging occurring near the air water
interface than elsewhere in the water column. phawides a direct link between a change in
fish behaviour as a result of decreased oxygerdewdich in turn made the fish more available
to their avian predators; fish are more easily g avian predators when they inhabit shallow
waters or areas close to the surface (WhitfieldBlather 1978, Kramer et al. 1983).

Temperature, as well as dissolved oxygen, has sleann to influence predation risk in
fish predator-prey interactions (Krause and God®5) as well as invertebrate -anuran tadpole
predator-prey interactions (Anderson et al. 200@ph and Townsend 1998). In these studies,
as temperature increased attack rate by predatdise prey increased (Krause and Godin
1995) and/or mortality rate of the prey increas&aderson et al. 2001, Moore and Townsend
1998). In this study however, no relationship wasasved between temperature and abundance

of predators. It was hypothesized that as temperatereased the activity and foraging levels of
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the minnows would increase in response. This imgr@aactivity would make them more easily
observed by their avian predators, resulting imarease in abundance of these predators.
However, if the response of the minnows in respdosewered DO is taken into consideration
it is understandable why an increase in temperatoes not result in an increased risk of avian
predation; there may be an increase in activitglle¥ the fishes but if they are not active at
surface they are not available to their predaffings same rationale can also be applied to the
lack of response by the avian predators to redustio turbidity levels.

Previous work has demonstrated the variable affeicturbidity on predator-prey
interactions. Gregory and Levings (1998) found erel@se in predation risk in fish predator-prey
interactions while Abrahams and Kattenfeld (199thdnstrated that at moderate turbidities,
there was no difference in risk of predation. Tams variability in risk of predation under
differing turbidities can also been found in litien& pertaining to avian predation; both increases
(Strod et al. 2008) and decreases (Gwiazda andoiwiaz 2006) in predation risk were
observed. In this study, no relationship betweebidity and predator abundance, and hence
predation risk, was observed. Blind Channel isrhitbenvironment throughout the summer,
though variation does arise. Again, unless the preyoccupying areas close to the air water
interface they will not be available to their aviaredators.

The risk of predation by Forster’s terns to minnowy, as determined by the abundance
of terns is not directly related to either abunaaatprey, temperature or turbidity of aquatic
environment. There is a relationship between dé&bbxygen and tern abundance with an
increase in dissolved oxygen resulting in a dee@ashe abundance of terns present. When
only physiologically significant levels of dissoly@xygen are considered the relationship

between DO levels and tern abundance becomes emenapparent. Another interesting trend
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occurs when DO levels over the course of the thamepling years are considered. In 2007,
when Blind Channel became hypoxic for only seveysdhuring the sampling period, tern
abundance was lowest overall and there was noaeship between DO and tern abundance. In
2006 and 2008 when hypoxic conditions occurredBfand 19 days respectively, the
relationship between tern abundance and DO wa®obvThis suggests that it is not only the
daily level of DO that is important in predator-pmelationships but also the trend in DO over
the course of a longer time frame. This observasgdikely a result of availability of prey; if the
prey are available to predators for only a shorigoeof time, energetically it is not feasible for
predators to continually search in areas where greyot available. In times when DO levels
are routinely low, prey are available more oftamd &r a predator the food source becomes
more reliable. Overall tern abundances are highend periods when dissolved oxygen levels
are hypoxic for extended period of time; this oscwgardless of the number of prey present.
The abundance of the prey does not matter if preyat available to the predator.

In larger lakes, use of these shallow littoral zohg forage fish would make them
available to plunge diving predators such as Fossterns. In areas such as Delta Marsh, water
bodies generally do not have gently sloping shoeslithat may be occupied by small bodied
fish. In these instances, there is the potentialife DO content of the water to have important
effects on energy budgets for adult Forster’'s teaaavell the success of their fledglings. This is
a result of the observation in this study: thappears as if it is not the abundance of prey, but
their availability to predators that is importadhder normoxic conditions, if prey are using
deeper waters as a refuge from predation and anehysiologically stressed because DO levels
are high, terns may have to increase their seaszhas these prey are not available in this

location. Increased searching and travel distameertew food patch increases the terns own
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energetic requirement for food. This could lead teduction in the amount of food provisioned
to their fledglings, and a potential reduction urtsessful fledging. Future research examining
the effects of dissolved oxygen levels on foragingcess (not just presence) of terns, as well as
its impact on the amount of food provisioned torygehicks would provide further insight into

the consequences of a variable environment of ¥keatl success of tern colonies.
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Chapter 7: General Discussion

In ecological studies of aquatic systems, our gitsrto understand the role that the abiotic
environment plays in both the composition of tlsh ftommunity present are complicated. While
it is not always possible to disentangle the rb& ach environmental variable exerts on the
structure of the community in isolation, measumagh variable and attempting to find patterns
between the abiotic environment and measures dfsheommunity is one method available.
The laboratory provides a means to determine tleetedf a single variable on species
interactions. While many of the intricacies of theural ecosystem are removed, the direct effect
of that one variable can be determined. Anotherttad ecologists can implement as a means to
determine the influence of the environment on tngaéic community is theoretical modeling. In
a mathematical model, parameters are includedribatporate findings from both the field and
laboratory experiments, essentially allowing a satian of the role these parameters have on
the outcome of interest.

This thesis implements all of the aforementioresshhiques in an attempt to uncover
how the abiotic environment both structures ther@icommunity and influences the
interactions between species, specifically betwwedators and their prey. Within this thesis,
the field research focuses on temperature, disdaxggen and turbidity and the role that these
environmental factors play in community structurgpecifically interactions between predators
and their prey. The laboratory work, as well asttre®retical model, both focus on the role that
temperature plays in aquatic ecosystems. Howewerfotus of the two studies differ: the
laboratory studies allow for the determinationla# tlirect effect of temperature of the activity
and foraging rates of small fish. The laboratorgesxments also allowed me to determine the

effect of temperature, via its effect on metabddites and therefore energy consumption, on risk-
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taking (propensity to forage in the face of prealatisk). The theoretical study is more broad in
that it incorporated the role temperature playsn@tabolic rates, food acquisition and risk of
predation to predict the overall survival probdlas of the fathead minnow over the course of
the entire ice-free period.

Results of the work conducted for this dissertaiemonstrate that the environment does
play a role in both structuring aquatic communiaes in mediating the interactions between
predators and their prey. As demonstrated in thevi@h an increase in temperatures, fathead
minnows increase their distance travelled ovewnargtime period (Chapter 2) and increase their
foraging (Chapter 2, Chapter 3). The fathead mirsralso were more likely to use risky habitats
to increase their foraging returns at warm (23°€pus cooler (5 and 15°C) temperatures
(Chapter 3). Likely as a result of increased oVéoahging and increased use of risky feeders, as
temperatures increased so to did the proportidima the predator spent oriented towards their
prey. The driving force behind these observatisrigkely the relationship between temperature
and metabolic rates and therefore energetic dem@dstton 1990). As temperatures and
energetic demands increase, individuals increasedhtivity, likely as they increase their
search efforts for food. Foraging increases aviddals attempt to meet increases in energetic
demands. Risk taking also increases as the pdtgatiss (food required to offset higher
metabolic rates) are weighed against potentiakdgsbbability of being consumed by a
predator). As predators are more interested in ractige prey (Krause and Godin 1995, Chapter
3) as temperatures increase encounter rates bepweaators and prey are likely to increase.
Therefore under increased temperature conditiaesigbion risk to prey is expected to increase.

Results of field work where | sampled temperatdresolved oxygen and turbidity and

related those variables to the CPUE of fishes plieWirther evidence that temperature plays a
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role in species interactions, this time in a ndtacasystem. Regardless of the thermal guild
classification of fishes, as temperatures incrélase€PUE of fishes also increase. Whether this
is a result of an increase in the abundance oé$igitesent (including predatory fishes) or a
result of increases in the activity and movemetggaf fishes (as was observed in laboratory
studies: Chapter 2), it suggests that encountes tatween predators and prey will increase.
Further support for this was observed in the prepgf prey to forage in risky habitats under
the warmest temperature treatments (Chapter 8)eté are increased encounter rates between
predators and their prey, it should also be expetiat mortality rates of prey will also increase.
This would be similar to what was observed by Asdaret al. (2001) when they studied the
effect of temperature on growth and mortality raitkanuran larvae and their insect predators. In
their study, Anderson et al. (2001) observed aresse in growth rates with temperature, but
also mortality rates of the anuran larvae increa$hd likely was a result of increased foraging,
and therefore activity rates by these larvae, windlrn increased their encounters with their
predator.

Previous laboratory (Abrahams and Kattenfeld 128id) field (Gregory and Levings
1998) studies suggest that turbidity will reducedation risk by piscivorous predators on their
piscine prey. However, my research suggests thaitlity does not affect measures of CPUE of
either visual predators as expected, or thosadhabn chemical cues were influenced. It is
possible that this is a result of confounding éBdbat happen as turbidity levels increase. An
increase in turbidity levels reduces the foragifigiency of fishes (Gregory and Northcote
1993). In a turbid environment, in order to meedrgetic demands, it is expected that
individuals will have to increase their foraginges This should therefore be expected that

CPUE of visual foragers should increase with tutpids CPUE is reflective of both the
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abundance and activity of individuals. Howeveth# increase in activity is coupled by an
emigration into Lake Manitoba where conditions rbaymore favourable, there might not be
any perceivable relationship between turbidity @RUE of visual foragers.

Research has suggested that hypoxic areas mag@mphysiological refuge for small
fish (Randle and Chapman 2004). Large fishes gnéiave a lower tolerance to hypoxic
conditions than smaller fishes (Robb and Abraha@@82Hedges 2007) and as a result, under
hypoxic conditions, spend less time interestedhairtprey when DO levels are low (Robb and
Abrahams 2002). Fishes with physostomous swim lelexddere positively related to DO levels,
while freshwater drum, with a physoclistous swiradaler were negatively related to DO levels.
Periods of low DO may provide prey with a reductiomisk of predation as the two dominant
predators of small fish, northern pike and bullhepécies, have a positive relationship with
measures of DO. Taken with an observed increadeipresence of avian predators with a
decrease in DO levels (Chapter 6) periods of Isgalved oxygen may reduce the piscine
predator pressure, but that may be offset by arase in the avian predator pressure.

An increase in mortality rates as a result ofeased temperature was also the outcome
of the state-dependent optimization model thaeated using Visual Basic (Chapter 5).
Increasing temperature is not always the resuli@tased predation rates, in general risk of
predation also increase with temperature (Chaptdnéreasing metabolic demands results in an
increased requirement for energy. If individualsraa meet this increased demand either
because the food they require is not availableecabse they cannot acquire energy at the pace
necessary to meet demands, individuals succuntlareasion. Regardless of the mode of death,

an increase in temperature appears to be detritergmall prey fishes. This effect may be
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exacerbated further by the fact that prey fisheswaore likely to take risks and forage in the
presence of predators as temperatures increasptéCi3.

It is obvious from the results of the studies cartdd as part of this dissertation that the
abiotic environment influences fishes. In the figlemperature and dissolved oxygen were
related to CPUE measures of fishes present, suggebkat these variables play a role in the
structuring of aquatic environment. The relatiopdhetween temperature, dissolved oxygen and
the CPUE of various fishes suggests that theserfactin influence interactions, including
predator-prey interactions, of species. The re$idta Chapter 6 suggest that these effects
extend past aquatic predator-prey interactionpehiods of hypoxia, aerial predators become
more common. Given that fathead minnows increasie tise of surface waters under periods of
hypoxia, it is likely that the behavioural respansé these small fish put them at increased risk
of predation. The interaction between behavioundividuals and temperature can also play a
role in predator-prey interactions. Temperaturec activity rates and foraging rates of the
fathead minnow. It also affects their propensityatke risks. Taken together, dissolved oxygen
and temperature are likely to play a large rolstincturing predator-prey interactions in aquatic

environments.
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