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ABSTRACT

I determined habitat preferences of lake lrout (Salvelinus namaycush) and investigated the

link between climatic conditions, lake thermal stratification, and lake trout distribution.

Acoustic telemetry was used to continuously (24 h/d) monitor the depth distribution of

lake trout over two climatically different years (2003 and2004). All data were collected

in a small boreal shield lake (Lake 373, Area= 27 .3 ha, Max depth = 20.8 m) at the

Experimental Lakes Area in northwest Ontario, Canada. Lake trout were distributed over

a broad range of temperatures (2 - 18 "C) during thermal stratification, and based on daily

median depths, the "classic" thermal habitat boundary (8 - 12 'C) did not adequately

define the habitat of tagged fìsh. Seasonal and annual variations in fish depth were

primarily associated with temperature-mediated changes in the timing and depth of

thermal stratification. Estimation of theoretical habitat volumes based on combinations

of temperature (< 12 or 75 'C) and dissolved oxygen concentration (> 4 or 6 mglL)

produced the most accurate estimates of habitat occupied by the tagged fish. Annual

differences in habitat use indicated less use of productive shallow water habitats in

climatically warrner conditions. To explain the behaviour of tagged fish and explore its

potential consequences, I developed an individual-based population model that uses lake

trout bioenergetics and life history characteristics to predict depth (and temperature),

growth, and survival of lake trout over changing thermal conditions. Depths and

temperatures occupied by tagged fish closely resembled simulated fish depths and

temperatures, suggesting the model incorporates underlying factors affecting lake trout

behaviour. Model output showed a three-fold reduction in growth and fitness during

climatically warrner conditions. The model was then run with thermal profiles projected

over a series of climate change scenarios by changing observed mean annual air

temperatures by -2, 0, +2, *4, and +9oC. This analysis suggested that persistent increases

in temperature and longer stratification patterns could challenge the fitness of many lake

trout populations.
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1.0

CHAPTER 1.

GENERAL INTRODUCTION

Since the 1980s, modeled estimates of human-induced climate warming (Manabe

and Wetherland 1987) have been consistent with actual changes, strongly inferring that

'dangerous'climate warming in the near future as result of sea level changes and species

extermination is imminent (Hansen et al. 2006). Current global temperatures are within -
1 oC of the maximum global temperature over the past million years, and over the past 30

years global temperatures have increased by - 0.2 "C per decade (Hansen et al. 2006).

Under current 'greenhouse gas' emissions, mean global temperatures are expected to rise

by another L4 - 5.8 "C within the next 100 years (Minns and Moore 1995; IPCC 1990

and 2001). Based on the extreme scenario of doubling greenhouse gas emissions, mean

global air temperatures are estimated to be 3.5 - 4.2 oC warrner in the next 30 - 50 years

(Manabe and Wetherland 1987; Boer et al. 1 992), thereby exceeding any natural variation

in global temperatures observed over the last i0,000 years (Jäger 1988; Hengeveld 1990).

The projected increases in mean global temperature may seem small, but on

regional scales, mean ambient air temperatures are expected to increase by as much as 6 -
8 "C in winter and 4 - 5 oC in summer throughout eastern North America. With respect

to Canada, much larger increases (> 9 'C) in air temperature may be expected in the

provinces of Saskatchewan, Manitoba and westem Ontario (Manabe and Wetherland

1987; Hengeveld 1990; IPCC 2001). Perhaps most importantly, modeling predicts that

future decreases in greenhouse gas emissions will only lower the rate of the temperature

increase, not reverse the upward trend (Minns and Moore 1995; IPCC 1990 and 2001).

Given current population growth and lack of progress in the reduction of greenhouse gas

emissions, it has become almost undeniable that future global temperatures will be much

higher than they are today (Hansen et al. 2006), and that the resulting effects may be

catastrophic (IPCC 2001 ).

The single greatest argument against concern for the current trend in global

warming is that accurate records of environmental temperature exist only for the recent



past (since -1850; Magnuson et al. 2000; Jones and Moberg2003). If compared to

variation in historic temperatures (> 10,000 years before present), current increases in

recorded temperature may simply represent natural short-term variation expected over the

long-term record (See Temperature Comparison; Moberg et al. 2005). However, historic

reconstructions of temperatures from tree-ring and ocean-sediment data indicate a

'hockey stick' trend over the past 2,000 years with exponential increases occurring over

the past 200 years, coinciding with the start of industrialization (IPCC 2001; Moberg et

aI.2005). As a result of thermal radiative forcing from greenhouse gases such as carbon

dioxide (Coz), methane (CHq), nitrous oxide (Nzo), and tropospheric ozone (o3) there

exist strong correlations between global temperatures and atmospheric greenhouse gas

emissions. These atmospheric gases have increased dramatically since the start of the

industrial age (summarized in IPCC 2001). Thus, the recent increases in temperature are

likely anthropogenic in origin and occurring in addition to any nafural variation in

temperature (IPCC 200i). Irrespective of the cause and given the potential large-scale

consequences to ourselves and this planet, it is undoubtedly prudent to investigate the

potential impacts of increasing temperature on our planet's ecosystems.

The predicted changes in air temperature for the near future could have significant

and complex impacts on aquatic ecosystems. Due to the high thermal conductivity and

heat capacity of water (Hammel 1955) increases in air temperature will translate directly

into increases in water temperature. Thermal stratification of lakes is by definition

temperature-dependent, and consequently, changes in air temperature can alter the timing,

intensity, and structure of stratification. Thermal stratification is the culmination of light

attenuation (i.e., transfer of infrared or heat energy) through the water column, the non-

linear decrease in water density with increasing temperature, and wind energy, which

enables the warmer less-dense surface waters to be mixed deeper into the water column.

This results in the formation of a thermocline between the less dense and warmer water

near the surface (epilimnion) and the denser and colder water near the bottom

(hypoliminon). The maximum depth at which water becomes too dense to be mixed by

wind energy at the surface is called the thermocline depth, and above this depth



temperatures are similarly high, but below this depth temperatures begin to decrease

rapidly (> 1'C /m; metalimnion).

It has been debated whether increased environmental temperatures will lead to

deeper thermoclines in lakes, but evidence for such an increase is equivocal (Schindler et

al. 1990; Magnuson et al. 1990; McCormick 1990; De Stasio etal.1996; King er al.

1997; Ktng et al. I999a). Under fast-warming conditions, thermocline depths may

actually become warrner and shallower (DeStasio et al. 1996). This is largely because

other factors such as springtime weather conditions, water clarity, water retention time,

lake size and morphology, and the geographic location of a lake also play an important

role in determining thermocline depth and formation. Unfortunately, future changes in

wind, precipitation, and cloud cover are largely unknown, especially at smaller regional

scales (IPCC 2001). Thus, even though the thermal stratification of lakes is explicitly

climate-driven there is much uncertainty as to how future changes in climate may alter the

distribution of heat in lakes.

It is anticipated that climate warming will increase the duration of thermal

stratification (DeStasio et al. 1996; Jansen and Hesslein 2004). Climate-driven variables

such as air temperature are typically cyclical and follow a sine-wave function over a range

of time scales. For example, temperature may fluctuate between high and low values

over the 24-hdtel cycle, year, decade (e.g., the Pacific Decadal Oscillation see

http://wwwjisao.washington.edu/pdol), or millennia (IPCC 2001, Moberg et al. 2005).

Under climate change predictions, the mean of the annual sine wave is expected to

increase. Therefore, it is not unexpected that summers will become longer because for a

given wave length and amplitude, increases in the mean will increase summer and

decrease winter periods (Manabe and Wetherland 1987; Hengeveld 1990; IPCC 2001).

Because changes in air temperature ultimately translate into changes in water

temperature, differences in the intensity and duration of summer temperatures will

ultimately lead to differences in thermal stratification patterns in lakes. Destasio et al.

(1996) and Jansen and Hesslein (2004) modeled the potential affects of climate change on

the thermal stratification of small (< 100 ha) dimictic lakes, and concluded that greater



epilimnetic temperatures and longer thermal stratif,rcation patterns would result. These

theoretical findings are further supported by empirical observations of increasing ice-free

periods for lakes and rivers throughout the northem hemisphere over the past 150 years

(Magnuson et al. 2000), coinciding with increasing global temperatures, atmospheric COz

concentrations, and the start of industriaTization.

Another way in which climate can impact lake ecosystems is through changes in

precipitation and water availability. Schindler and Donahue (2006) concluded that

climate warming, through its effects on glaciers, snow pack, and evaporation will

combine with drought and increasing human activity to cause a crisis in water quantity

and quality in central Canada (see also Schindler 2001). Increases in air temperature have

been associated with decreased precipitation, which can increase water retention times in

lakes, thereby altering water quantity and quality. For example, over a I9-year period of

increasing mean air temperature (-2 'C), Schindler et al. (1990) demonstrated a decrease

in precipitation and snow depth, and a corresponding increase in the duration of the ice-

free season (- 20 d), thermocline depth (-1.5 m), water clarity (i.e., secchi depth), water

retention time, and the concentration of solutes in a boreal shield lake. Importantly, these

effects also coincided with local forest fìres, and the reduction of tree cover may have

exposed lakes to greater wind, which in turn could have also lead to the greater

thermocline depths. Nonetheless, persistent changes in climate and temperature will

ultimately lead to persistent changes in the thermal structure and habitat of lake

ecosystems. With respect to Canada, the potential effects of climate warming on lakes

may be especially acute within the boreal shield, because this region is typified by d.y

sandy soils with little water storage capacity (Schindler et al. 1990).

Dissolved oxygen (DO) is another important abiotic factor that is expected to

change in lake ecosystems under climate warming scenarios. Like thermal stratification,

DO concentrations are primarily dependent on spring weather conditions, phosphorus

loading, lake productivity, and the strength and duration of spring turnover (DeStasio et

al.1996). The amount of time a lake maintains a uniform temperature and density

throughout the water column determines how well oxygen-depleted deep water can be



mixed and exposed to the air-water interface by wind action. Thus, the turnover and

mixing for many small dimictic lakes in spring enables oxygen diffusion and, in part,

determines hypolimnetic oxygen concentrations throughout the period of thermal

stratification (Wetzel 2001). Oxygen concentrations may be further reduced by warmer

temperatures leading to increased bacterial activity and decay in the hypolimnion

(Blumberg and Di Toro 1990). Ultimately, these findings lead to the conclusion that

faster-warming springs predicted under climate warming may lead to shorter turnover

periods, greater hypolimnetic oxygen depletions, and more frequent occurrences of

hypoxic or anoxic conditions in the hypolimnetic region of lakes.

Factors affecting water clarity and the attenuation of light through the water

column directly affect the transfer of heat and thermal structure of lakes. The primary

determinant of water clarity for most north temperate lakes is the concentration of

dissolved organic carbon (DOC) resulting from the decay of organic matter and its input

from terrestrial and wetland sources. Among-lake differences in DOC can largely be

explained by watershed area and the proportion of wetland areanear the lake, but also

other factors ranging from dry weather conditions, to acid rain, to beaver population size

can also affect water clarity, and in tum, the thermal structure of lakes (Gunn et aI.2001;

Keller et al. 2005). Under dry weather conditions water levels will be lower and retention

times will increase, thereby decreasing wetland area and decreasing the export of DOC

into and out of lakes (Schindler ef al. 1996). Greater retention times will increase

exposure of DOC to UV radiation resulting in 'bleaching' of the lake's colour. Thus, it is

anticipated that decreased export of DOC from watersheds under persistent climate

warming will increase lake transparency (Schindler and Gurur 2004).

Increases in transparency will lead to lesser attenuation of light with depth and

greater distribution of heat throughout the water column. Consequently, for a given lake,

deeper thermocline depths may be expected under increased lake transparency and

climate warming. Increases in lake transparency may be most apparent in small

oligotrophic lakes that have little wetland area, poor soils, and granite substrate such as in

the Canadian boreal shield (Gunn et al. 2001). Gunn et al. (2001) observed vastly



different rates and directions of change in water clarity over 25 years for several ultra-

clear lakes in Ontario. Despite lake recovery from acidification, which is typically

associated with declines in water clarity (Dixit et al. 2001; Keller et aL.2003 and 2005), a

statistically significant increase in water clarity was observed in the clearest lake having

the lowest average (-1 mg/L) DOC concentration. Further, as the average DOC

concentration for a given lake increased, an increase in water clarity with the progression

of each year was less apparent; suggesting that clear lakes with DOC concentrations

below or near I mglL may be more susceptible to changes in climate than lakes having

higher DOC concentrations. The two lakes with the highest DOC concentrations

demonstrated either small decreases or no change in water clarity (Gunn et al. 2001).

Thus, the impact of climate warming on lake transparency and thermal structure will

differ among lakes, and depend largely on the geology, precipitation, and productivity of

the watershed.

The potential effects of climate change on lakes can, in turn, have profound

impacts on aquatic biota, especially fish. Fish occupy arange of preferred temperatures

(Fry 1947; Coutant 1977; Jobling 1981) depending on species, age, and thermal history

(Crawshaw and O'Connor 1996). This preferred temperature optimizes physiological

function and growth, and generally limits activity provided that suff,rcient food is

available (Ferguson 1958; Brett 1971; Hokanson1977; McCauly and Casselman 1981).

As a result, temperature is an important niche dimension and ecological resource for fish

(Magnuson et al. 1979), enabling the broad categorization of freshwater fishes into three

'thermal guilds' (Hokanson L977;Magnuson et aL.1979): warrn water eurytherms

(centered around 28 "C, e.g., most centrachids), cool water mesotherms (centered around

24 "C, e.g., most percids), and cold water stenotherms (centered around 15 oC, e.g., most

salmonids). Currently, all temperate freshwater fishes are thought to be heterothermic

ectotherms, whose body temperatures are similar to their environment and must use

behaviour to maintain a thermal optimum (Neill and Magnuson 1974; Coutant 1985;

Berman and Quin 1991; Snucins and Gunn 1995). The ability to maintain a thermal

optimum depends on the range of temperatures available to the fish. As a result,



temperature imposes both small and large scale constraints on fish populations. For

example, at small scales cold-water stenotherms move into deeper and cooler water as

surface temperatures increase with the progression of spring (e.g., Kennedy 1940;

Vemard and Scarnecchia 2005). At larger scales, the effect of temperature on fish is

demonstrated by the geographic distribution of a given species (Legrendre and Legrendre

1 984; Shuter and Post 1990; Mandrak and Crossm an 1992). Thus, at both small and

large scales, persistent increases in water temperature resulting from climate change can

alter the amount of favorable thermal habitat available to fish. However, the impact of

climate warming on the thermal habitat of fish may also depend on geographic location.

In southern areas (e.g., Ontario), climate warming is predicted to increase thermal habitat

for warm and cool water fishes, but diminish the amount of thermal habitat for cold water

fishes. Conversely, in more northern areas (e.g., Yukon and Northwest Territories,

Canada) climate warming may result in greater thermal habitat for cold-water f,rshes

(Shuter and Post 1990; Magnuson and DeStasio 1997; Chu et al. 2005).

Cold-water stenotherms such as lake trout (Salvelinus namacush) maybe

particularly vulnerable to increased environmental temperatures, especially in small

boreal lakes within the Canadian boreal shield (Schindler et al. 1990). Increases in

temperature can impact lake trout at nearly every stage of their life cycle. For example,

lake trout typically spawn at temperatures below 13 oC (Rawson 1961). Temperature was

a key variable explaining most of the variation in the time of spawning between two lake

trout populations (Maclean et al. 1981). Therefore, climate-induced changes in intensity

and duration of thermal stratification could limit the time when f,rsh may spawn.

Increases in water temperature have been associated with reduced survival of lake trout

eggs, thereby affecting year class strength (Casselman 2002). Relatively little is known

about juvenile lake trout (but see Elrod and Schneider 1987), but it is well established

that adult lake trout prefer cold, highly oxygenated water (i.e., 8 - 72 "C with 02 > 6

mg/L), and as a result move into deeper water at the onset of thermal stratification

(Martin 1952; Rawson 1961; Martin and Oliver 1980; Maclean et al 1990). Years with

long slow-warming springs have been associated with greater lake trout growth (King et



al. 1999b), which may be a consequence of cooler surface temperatures allowing greater

access to littoral and pelagic habitat and prey (Martin 1954). Other factors such as prey

type and abundance (Martin 1966; Vander Zanden and Rasmussen 1996; Marshall1996)

and dissolved oxygen (Sellers et al. 1998) have also been identified to be important to

lake trout, but temperature is undoubtedly a major factor affecting lake trout reproduction,

growth, and behaviour. Because of the importance of temperature to lake trout, climate

change may be directly linked with future trends in lake trout populations.

Knowledge of the in situ behaviour of lake trout relative to their environment is

paramount for understanding how climate change may affect lake trout populations.

Results from early laboratory and field studies indicated preferred temperatures between 8

and 12 oC (Ferguson 1958; Coutant 1977; Olson et al. 1988; Christie and Regier 1988),

and it has been anticipated that climate warming may reduce the volume of habitat within

this temperature range. Lake trout yield has been positively correlated with the volume of

habitat between 8 and 12 "C in large lakes (Christie and Regier 1988), and recent habitat

suitability models suggest a reduction in lake trout habitat in smaller isothermal lakes

under climate warming scenarios (Dillon et al. 2003; Jansen and Hesslein2004;

Mackenzie-Grieve and Post 2006a). While it is generally accepted that temperature plays

a key role in determining the distribution of lake trout, the effect of temperature and other

factors on the distribution of lake trout has yet to be quantified, giving rise to uncertainty

in our understanding of lake trout habitat requirements, especially with respect to

changing environmental conditions. More recent observations suggest that the

temperature tolerance of lake trout may be much broader (i.e., 5 - 15 'C; Snucins and

Gunn 1995; Sellers et al. 1998). Consequently, current habitat suitability models used to

estimate the amount of lake trout habitat have not yet been validated against actual habitat

use, limiting our confidence and ability to predict the impacts of climate change on lake

trout populations.



1.1 OBJECTIVES

The primary objective of this research is to determine the extent to which climate-

mediated changes in lakes affect lake trout habitat, distribution, and behaviour. Over the

past several decades the Experimental Lakes Area (ELA), located in northwestern

Ontario, has been collecting meteorological and limnologic al data on a number of lakes in

the Canadian boreal shield. Over the past several years, a bio-telemetry project has

monitored the depth and location of acoustically-tagged lake trout in a lake at the ELA.

Fish telemetry datawere collected during years of contrasting climatic conditions. I

determined the change in vertical distribution of fish in relation to temperature both

seasonally and inter-annually, providing the first estimates of lake trout behaviour over

differing climatic conditions. This research is focused on the period of thermal

stratification when the limitations of increased temperature on lake trout will be at its

greatest (Dillon et al. 2003). Specifically, the objectives of this study are: 1) to define the

depth distribution and thermal-oxygen preferences of lake trout during summer

stratification; 2) to identi$r key abiotic factors that explain variation in lake trout

distribution and habitat use; 3) to develop and validate a model that can estimate lake

trout distribution and habitat use; and 4) to evaluate the potential impacts to lakes and

lake trout populations under climate change scenarios. Ultimately, this information may

aid fisheries managers in planning for climate change by increasing our understanding of

how climate-mediated changes in lakes may affect lake trout populations.

I.2 ORGANIZATION

This thesis is presented in five chapters. The rest of this chapter (Chapter 1)

introduces the study area, telemetry systems, and fish tagging protocols, representing

methods common among all chapters. Chapter 1 also contrasts climate and lake

conditions during the two years of this study (2003 and2004) to long-term variation in

climate and lake conditions. The first chapter also documents the differences in the onset,

duration, and intensity of thermal stratification between two study years and provides the



framework in which to examine subsequent changes in fish habitat and behaviour. The

next three chapters are written as self-contained papers in the style of Transactions of the

American Fisheríes Society. In Chapter 2, I seek to defîne the depth, temperature, and

oxygen concentrations occupied by acoustically-tagged lake trout and identify potential

factors that may explain differences in behaviour between years of differing stratification

patterns. I then investigate the utility and accuracy of using theoretical habitat boundaries

to estimate lake trout habitat over varying environmental conditions (Chapter 3).

Specifically, annual and daily theoretical habitat volumes for lake trout are compared to

empirical data based on volumes of the lake occupied by the tagged fish. In Chapter 4, I

develop an individual-based population model to test hypotheses about lake trout

distribution during different stratification patterns. Using life history theory and the cost-

benefit trade-offs between predation risk, food availability, and the metabolic costs of
temperature, the model provides estimates of depth, growth, and survival of fish during

thermal stratification. I then compare model-derived fîsh depths to observed depths of

tagged fish during the two climatically different years. Finally, I run the model with a

series of climate change scenarios to estimate the potential effects of future climate

changes and stratification patterns on the depth, growth, and survival of lake trout. The

final chapter (Chapter 5) is a brief synthesis of the main findings of this research.

STUDY AREA

Field investigations of lake trout were conducted in a remote lake at the ELA

research station located southeast of Kenora, Ontario (Cleugh and Hauser 1971 ; Figure

1.1). Lakes at the ELA have been set aside for the purpose ofconducting research on

aquatic systems since the late 1960s and have experienced minimal human disturbances.

The lake of this investigation, Lake 373 (L373; Figure 1.2), is a single-basin lake with a

surface areaof 27.3 ha,ameandepthof 10.7m,amaximumdepthof20.8m,and atotal

volume of about 2,991,783 m3. Lake 313 has mean annual water retention time of about

i5 yrs (Ken Beaty, DFO, Freshwater Institute, Winnipeg, personal communication). The

1.3
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lake is surrounded by boreal forest, is dimictic and oligotrophic, and in addition to lake

trout supports a fish fauna consisting of white sucker, Catostomus commersoni, fathead

minnow, Pimephales promelas, pearl dace, Margariscus margarita, ftnescale dace,

Phoxinus neogaeus, northern redbelly dace, Phoxinus eos, and slimy sculpin, Cotttts

cognatus. The lake also contains the freshwater shrimp, Mysß relicta, which is an

important prey species for many lake trout populations (Vander Zanden and Rasmussen

1996).

GENERAL METHODS

Telemetry System

Four data-logging receivers (VR2, Vemco LTD., Shad Bay, Nova Scotia) were

deployed to continuously monitor the depths of acoustically-tagged fish inL3l3 (Figure

1.2). These receivers were strategically positioned throughout the lake to increase

coverage and the probability of detection. Each VR2 receiver was attached to a floating

buoy and suspended below the surface. The VR2 receivers recorded acoustic signals

from tagged lake trout through an omni-directional hydrophone. Datawere collected

continuously throughout the study, and because the VR2 receivers were powered by an

internal battery, data were manually downloaded periodically throughout the spring,

surruner, and fall to minimize data loss and maintain the receivers.

Fish, Taggíng, and Transmitters

Adult lake trout were captured (by angling) and surgically implanted with coded,

acoustic, pressure-sensing transmitters (Model Vl6P-4 L, Vemco Ltd., Shad Bay, Nova

Scotia). Transmitters were 80 mm in length, weighed 12.6 gin water, and were

individually calibrated at 1-m depth intervals in the lake before implantation (accuracy *
0.1 m). The weight of the transmitter in water accounted for 0.9 to l.5o/o of the fish's

body weight in air (see Blanchfield et al. 2005). The transmitters emìtted a signal

randomly every 15 - 64 s.
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After capture, lake trout were brought to shore in 60 L holding containers and

placed into a 60 mglL anesthetic solution of MS-222 (tricaine methanesulphonate). We

then measured fork length (mm), wet weight (g), and implanted acoustic transmitters into

the abdominal cavity following procedures outlined by Wagner and Stevens (2000).

After tagging, fish were held in a holding pen in the study lake for about 24 h prior to

release. In the spring of 2002, we caught, tagged, and released a total of 10 f,rsh inL373

(Table 1.1).

Tagged lake trout were, on average,445 mm (SE = 15.6) in length and weighed

989.6 g (SE = 151.8; Table 1.1 and Figure 1.3). Acoustically-tagged fish were27 mm

longer and206 g heavier than the average sized lake trout in this population. Comparison

of the cumulative distributions for the weight of lake trout caught in fall trap nets to

acoustically-tagged lake trout, indicated that acoustically-tagged fish were representative

of the larger fish (> 50'h percentile) in L373 (Figure 1.4). Based on the weight at age for

fish caught in fall trap nets inL3l3, the acoustically-tagged fish in our study were likely 6

- 30 years of age (Figure 1.5).

The death (or battery failure) of tagged lake trout occurred throughout the course

of this study and by the end of winter 2004, half of the 10 f,rsh originally tagged and

released in2002 were alive inL373 (Figure 1.6). The actual fates of these five tagged

fish are unknown because either the fish or the battery of the transmitter could have died.

Of the tagged fish that 'died' prior to the end of this study only I tag disappeared from the

study area (i.e., tag failure or predation) and the remaining 4 tags were functional but did

not move from the bottom of the lake throughout the remainder of the study (one of these

tags was subsequently recovered in a dead f,rsh). Thus, 4 of the 5 tagged fish that died

prior to the end of this study were likely real deaths, not the result of battery failure of the

tag. The mortality of tagged fish appeared to be associated with fîsh size such that larger

fish tended to live longer than smaller fish (Figure 1.7). Based on the date of death, many

of these mortalities occurred in late suûrmer, suggesting that conditions at this time of

year were particularly stressful (Table 1.1; Figure 1.6). Overall, a mortality rate of about
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20Yo per year was observed, which was within the natural mortality rate expected for this

population (survival = 0.85, 95% CI = 0.16; Mills et al. 2002).

1.5 CLIMATIC AND LIMNOLOGICAL CONDITIONS

Since 1986, year-to-year variation in mean annual air temperatures at the ELA

from June through September (hereafter referred to as the summer months) varied by as

much as 5.9'C (13.8 to 19.7 oC). Mean summer air temperatures were 16.9'C (SE =

3.0) in 2003 and 15.4 "C (SE - 2.9) in 2004; a range in mean air temperature of about I .5

"C. Mean epilimnetic temperatures for L373 during the summer months ranged over 6

'C (i5.9 to 21.9'C) in the historic record. Mean epilimnetic temperatures were 20.6 "C

(SE = 1.9) in 2003 and 16.8'C (SE = 2.I) in2004; a difference of 3.9 oC, which is two-

thirds of the variation observed since 1986. There was a positive and signific ant (r2 =

0.67, df = 18, P < 0.0001) relation between mean annual epilimnetic and air temperatures

during the summer months (Figure 1.8). The slope of this relationship (0.89, SE = 0.15)

was not significantly different from one (l-test, df = 18, P = 0.48), and the intercept (4.07,

SE = 2.50) was not significantly different from zero (P = 0.12), indicating a similar

increase between mean annual epilimnetic temperature and mean annual air temperature.

The importance of considering within-year variation becomes apparent when

comparing the historic air and epilimnetic temperatures to those observed during this

study (Figure I .8). During the two years of this study, an increase in mean air

temperature of 1.5 oC was associated with a 3.9 "C increase in epilimnetic temperature,

such that the increase in epilimnetic temperature was disproportionately large for a

relatively small increase in air temperature compared to historic observations.

Furthermore, the cool (2004) and warm (2003) study years were the largest residuals

about the regression line (Figure 1.8). This indicates that other factors, such as

springtime conditions, duration of the ice-free season, fetch, frequency and velocity of

wind, cloud cover, and the concentration of dissolved organic carbon, were likely

important in determining the thermal profìle of the lake during these years. The main
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point of the finding is that the two years of this study encompass a relatively wide range

in epilimnetic temperatures (3.9 oC) over a relatively small increase in mean air

temperature (1.5 'C). As such, estimates of fish distribution and behaviour represent

what may be expected during a modest increase in summer air temperature compared to

what is expected (4 - 5'C) for central Canada in the near future under climate projection

scenarios (Hengeveld 1990).

Year-to-year variation in the ice-free season for Lake 239 (a long-term reference

lake at the ELA), suggests greater variation in the day of ice-off than the day of ice-on.

Since 7969,the mean ice-off date for Lake 239 was April 30'h (day 120; SE = 8.5) and the

mean ice-on date was November l8th (day 322; SE = 6.2). In 2003, one of the longest

ice-free seasons (2I2 d;83'd percentile) was recorded. However, even though the

summer of 2004 was cool, the ice-free season was relatively long (209 d;78th percentile;

Figure 1.9). Yarration in the ice-free season can largely be determined by the day of ice-

off and the rate of warming during spring. A regression of the number of ice-free days

and day of ice-off, explained llYo of the variation (f =0.71, df = 35, P < 0.0001),

demonstrating the importance of springtime conditions on the number of ice-free days

(Figure 1.10).

The observed differences in air temperature between years resulted in different

durations and formations of thermal stratif,rcation during this study. Air temperatures in

2003 were above 0 oC earlier (-5 d) in the year, increased more rapidly, and achieved

a greater maximum air temperature (-3 "C) than in 2004 (Figure 1 . 1 1). Likewise, the

minimum depth of the hypolimnion \À/as achieved almost two weeks earlier (5 May 2003

or day 128 compared to i 9 May 2004 or day 140) and extended deeper into the water

column for a given day of the year in 2003 compared to 2004 (Figure l.I2). The duration

of the stratified period was almost one month longer (26 d) in 2003 06a d;8 May - 19

October) than in 2004 (138 d; l9 May - 4 October; Figure 1.12). Mean daily epilimnetic

temperatures peaked in late-summer in 2003, but were greatest in mid-summer during

200a (Figure 1 .13). Moreover, differences in epilimnetic temperature between the two

years were most prominent in the spring and fall, with temperatures about 4 - 7 "C lower
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in2004 than in 2003. Thus, the characteristics of annual air temperatures translated into

different annual water temperatures and lake stratification patterns. Plots of monthly

thermal profiles during each year of this study also demonstrate the within and among-

year differences in thermocline formation (Figure 1.14). In 2003, stratification began

earlier and persisted longer than during 2004. In August of 2004, temperatures within the

epilimnion were cooler compared to July of the same year, whereas in 2003 August

temperatures were higher than during July. In addition, temperatures for each month

were generally higher for a given depth in 2003 than in 2004. The differences in climate

and stratification pattems during this study provide a broad range of thermal conditions to

compare to fish behaviour.

Calculation of daily heat (total calories, cal) incomes for L373 was done by

multiplying the water volume 1m3; within each 0.1 m depth strata (Figure 4.1) by the

density (gl" t at the given temperature), temperature (oC), and specific heat (cal.g-r.o6-t

assumed = 1) of the water. Total daily heat incomes for the lake were then obtained by

summing the calories across all depth strata. During the two years of this study the daily

heat income for L3l3 was more intense and increased more rapidly during 2003 than

during 2004. From days 80 to 3i0 (i.e., 19-20 March to 4-5 November), the average

difference between the daily caloric incomes of the two years 12003 cal - 2004 cal] was

3.9 x 10r1 calld. The maximum daily heat to surface area ratio during 2003 was 17,424

callcm2,whereas the maximum daily heat to surface arearatio during 2004 was 14,579

callcm2. A statistical test conf,rrmed (paired l-test, df = 305, t = 1.97,P < 0.0001) greater

heat in L373 during2003 compared to 2004. The income of heat during each year and

the greater heat accrued in 2003 compared to 2004 is perhaps best illustrated by plotting

the daily heat to surface area ratios on the day of each year (Figure 1 .15). The similarity

of the trends in air temperature (Figure I .1 1), epilimnetic temperature (Figure I . 13) and

whole-lake caloric heat incomes (Figure I .15) between years clearly illustrates the

translation of heat from the air into the lake.

A plot of the daily depths at which calories were below 1.0 x 10rl and 3.0 x l0r1

during each year demonstrated that heat penetrated more deeply into the water column in
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2003 than in2004 (Figure Ll6). For example, the average difference 12003-20041

among daily depths where the heat content of the water was below 1.0 x 10Ìl was 1.4 m

(SD = 1.07) between the years, providing yet another example of heat penetrating deeper

into the water column in 2003 compared to 2004. Similarly, the average difference in

daily depths where the heat content of the water was below 3.0 x 1 0r 
I was 1 .2 m (SD =

1.19) between years, indicating that the same amount of heat extended about I .2 m deeper

into the water column in 2003 compared to 2004. This finding is important because

changes in the amount of calories in the environment can alter the metabolic costs for

heterothermic organisms such as lake trout.

Because temperature affects the solubility of oxygen in water, the differences in

temperature between the two years resulted in slight differences in annual oxygen

concentrations. Dissolved oxygen-depth profiles demonstrated a positive heterograde

oxygen curve, likely a result of increased oxygen production by phytoplankton in the

metalimnion (Figure 1.14). Despite the higher temperatures in 2003, oxygen

concentrations within the metalimnion were similar between the years. However, in the

hypolimnion, oxygen concentrations were markedly lower for a given depth in 2003

compared to 2004. For example, on day 180 (28-29 June) the depth at which DO was

below 6 mglL was I 5.2 m in 2003, but was 19.3 m in2004. Throughout the stratified

period DO concentrations were > 2 mglL lower for a given depth in 2003 compared to

2004. The arurual difference and lower DO concentrations in the hypolimnion during

2003 likely resulted from the fast-warming and earlier onset of stratification causing

decreased turnover duration and deep-water mixing, thereby preventing higher DO

concentrations in the hypolimnion. Evans et al. (1991) summarized results of five

laboratory studies on DO avoidance thresholds for lake trout and found that DO

concentrations of 4 - 6 m/L elicited an avoidance response. Based on this information,

the annual differences in DO concentrations observed during this study suggest that more

habitat was available to lake trout during the climatically cooler year of 2004 than during

the warmer year of 2003.
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1.6 GENERAL SUMMARY

Lake 313 was a simple and ideal lake system in which to investigate fish

behaviour with respect to changing environmental conditions. Perhaps first and foremost,

L373 is a small boreal shield lake with a tendency to warm quickly and stratiff strongly

(Ray Hesslein, DFO, Winnipeg, Canada, personal communication). Also, the native lake

trout population is largely undisturbed, and lacking competitor species, providing simple,

natural, and ideal conditions in which to investigate lake trout behaviour with respect to

changes in climate and stratification patterns. Lake 373's relatively small size and simple

shape facilitated monitoring of tagged fish, thereby resulting in high fish-detection

probabilities with deployment ofjust four fixed-site acoustic receivers. Observing fish in

a multiple-basin lake of differing depths and conditions would confound temperature and

DO occupancy derived from fish depth information alone. A lake of more complex shape

or with greater ground water or tributary inflows thanL373 is likely to have greater

spatial diversity in habitat quality (e.g., temperature and DO), ultimately making

information on the thermal structure and DO concentrations of the lake harder to obtain,

quantifu, and relate to the depths of tagged fish. The single-basin, simple shape, and lack

of groundwater and tributary inflows enabled estimation of the temperatures and DO

concentrations occupied by fish from depth information. Overall, L373 provided a model

system in which to investigate lake trout behaviour and habitat occupancy with respect to

changing environmental conditions.

Using the depths of tagged fish and the measured temperature and DO profiles to

estimate the quality of the habitat used by the fish differs from the methods employed by

other telemetry studies having the same objective (e.g., Snucins and Gunn 1995;

MacKenzie-Grieve and Post 2006b). These studies used temperature-sensing transmitters

that were tracked manually. The advantage of temperature-sensing transmitters is that

they provide estimates of intemal body temperatures which are known to be important for

physiological function. However, using depth-sensing transmitters to estimate habitat

occupancy, as in this study, provided a broad estimate of lake trout habitat use that was
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set within the context of the environment. This is because transmitters that detect

changes in depth respond much more quickly (within seconds, personal experience)

compared to those that detect temperature within the body of the fish (- I h; Woods et al.

2005). Linking temperature and fish depth data can provide useful insight into the

potential factors influencing lake trout habitat use; therefore, I felt it prudent to take this

approach to further our understanding of lake trout behaviour with respect to changing

environmental conditions. Intensive temporal determination of the lake's thermal

structure (l-2 readings'þ-r'¿-t for two years) and DO concentration profiles (biweekly for

two summers) were collected concurrently with fish depth information (> 2 fish

detections/min for two years), enabling fine-scale temporal sampling of fish behaviour in

relation to climatically-induced stratif,rcation patterns. Thus, this study provides detailed

information on lake trout behaviour over a relatively broad range of environmental

conditions at much finer time scales than previously examined (e.g., Snucins and Gunn

1995; Sellers et al. 1998, Mackenzie-Grieve and Post 2006b), and consequently, will

further our understanding of lake trout habitat use, as well as provide insight into how

changes in climate and stratification patterns may alter lake trout populations.

Ultimately, the quality of any animal-tagging study depends on the tagging

procedure and presence of the tag having minimal impact on the health and behaviour of

the animal. Surgical implantation of transmitters appears to have minimal effect on

survival, growth, and behaviour ofjuvenile salmonids (Adams et al. 1998). A recent

review (Bridger and Booth 2003) provides support for limited transmitter-induced effects

on buoyancy, orientation, swimming, feeding, hematological response, predation, gonad

development or gamete production of rainbow trout, Oncorhyncus mykiss, Atlantic

salmon, Salmo salar, Atlantic cod, Gadus morhua, or largemouth bass, Micropterus

salmoídes. Minimal effects of transmitter attachment may be expected for larger fish

sizes because current technology provides transmitters that are relatively small compared

to most adult fish species. There are no published accounts of the effects of transmitter

attachment on adult lake trout performance and behaviour. In this study, the time lake

trout were alive in the study area appeared to be correlated with fish size. A general
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guideline of < 2Yo of transmitter to fish weight has been recommended by V/inter (1996).

Rapid advances in transmitter design in conjunction with more recent research suggests

that transmitters may be much larger (. 5%) in relation to fish size (Adams et al. 1998;

Brown et al. 1999). This may be true for relatively short term studies (Plumb et al. 2006),

but perhaps for longer term studies such as this one it may be prudent to heed the advice

of Winter (1996). Transmitters can also affect fish behaviour in unanticipated ways. For

example, Perry et al. (2001) found that incomplete compensation in buoyancy could result

from excess mass (i.e., the weight in water) of the transmitter. These authors further

cautioned that fish may expend greater energy to either maintain a preferred depth or

maintain a shallower depth to reduce additional energy expenditure required for buoyancy

compensation of the excess mass, thereby potentially leading to differences in behaviour

between tagged and untagged fish. Even though there is still much to learn about the

potential impacts of transmitter attachment on fish physiology and behaviour, the

available data suggest that for transmitters within weight guidelines, such as those used in

this study, the impacts on f,rsh behaviour and depth are likely minimal.

Past observations on lake trout at the ELA also support the conclusion that the

effects of surgically implanted transmitters on lake trout behaviour are small.

Acoustically-tagged lake trout inL373 are often caught with untagged lake trout while

trap-net sampling in the fall (Sandra M. Chalanchuk, DFO, Winnipeg, Canada, personal

communication), and while hook-and-line sampling during the spring (John M. Plumb,

University of Manitoba, Winnipeg, Canada, personal experience), suggesting that the

behaviour and habitat of tagged lake trout is similar to that of untagged lake trout. In

most instances, especially for individuals tagged for > 1 yr, the incision sites of

recaptured fish have appeared well healed with the sutures largely absent. Moreover,

mortality of tagged lake trout in this study was very similar to population-level estimates

of mortality inL373 over a long-term record (Mills et aL.2002), suggesting similar

survival rates between tagged and untagged lake trout during this study. Based on this

information, and the fact that the fish were tagged > 7 months prior to data collection, the
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tagged fish in this sfudy likely provided a good estimate of nafural fish behaviour during

years of contrasting thermal stratification.

The annual differences in climate and air temperature during this study translated

into annual differences in thermal stratification patterns and DO concentrations. The

differences in temperature and DO between cool (2004) and warm (2003) years closely

matched the direction of theoretical expectations under climate warming scenarios. The

climatically warrner year was associated with a longer period of thermal stratification

(-26 d), and on aveÍage, the minimum depth of the hypolimnion was deeper for a given

day of the year. There was greater day-to-day fluctuation in thermocline depth during the

climatically cooler year of 2004. Likewise, thermocline depths were more consistent in

2003, and on many days thermocline depth was shallower during the climatically warmer

year. Nonetheless, according to the definition of stratification used in this study,

thermocline depth reached a much deeper maximum depth (l 1.6 m) during the

climatically warner year than during the climatically cooler year (8.7 m; Figure 1.12). As

predicted by DeStasio et al. (1996), hypolimnetic waters were actually slightly cooler

(-0.2"C) during the climatically warmet year and rapid stratification of this study,

indicating that rapid warming in 2003 likely led to incomplete spring turnover during this

year. Under fast-warming conditions and incomplete turnover, the deeper cool layers are

insufficiently mixed throughout the lake. As a result, deeper water becomes 'capped off
and remains unmixed throughout the stratified period by the large temperature-density

differential at the thermocline. Thus, the slightly cooler temperatures in the hypolimnion

in 2003 are symptomatic of faster-warming springtime conditions and suggest a less

complete turnover for L373 during the climatically warmer year of this study.

Another potential consequence of incomplete tumover in dimictic lakes is

hypolimnetic oxygen depletion. Essentially, both brevity in and incompletion of mixing

prevents the deep cold water from exposure to the air-water interface; thus, even though

the solubility of oxygen is relatively high at low water temperafures (-3 - 5'C) the water

is unable to absorb more oxygen due to both the temporal and physical reduction of

mixing. Consequently, the low hypolimnetic oxygen concentrations that typically
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accumulate over the winter persist throughout the summer. Low levels of hypolimnetic

oxygen can become further reduced by the processes of decomposition, eventually

resulting in lowest DO concentrations in the hypolimnion by late-suÍtmer (Wetzel2001).

Modeling studies investigating the effect of climate change on DO concentrations in Lake

Erie suggest much lower hypolimnetic DO concentrations and greater areas of anoxia as a

consequence of higher temperatures increasing bacterial activity in hypolimnetic waters

and sediment (Blumberg and Di Toro 1990). Modeling studies on DO concentrations

also indicate greater periods of anoxia under climate warming scenarios for much smaller

lakes (Stefan et al. 1993; Stefan and Fang 1994) and in estuaries (Coutanr i990). The

differences in hypolimnetic DO concentrations observed in this sturdy support the

conclusion that tumover was less complete inL3l3 during the climatically warmer yeat,

and also supports the conclusion that persistent faster-warming springtime conditions

could lead to greater hypolimnetic oxygen depletions for small boreal lakes.

The climatically-induced differences in stratification patterns and DO could lead

to differences in metabolic costs and habitat selection for aquatic organisms that depend

on productive shallow water habitats, cold highly-oxygenated water, or both. If higher

metabolic costs are incurred by lake trout in the shallow more productive and prey-rich

habitats at higher temperatures, and food availability did not differ greatly between years,

then one would expect fish to occupy deeper water at an earlier date in the climatically

waÍner year while avoiding hypolimnetic DO concentrations of < 4 mglL (Evans et al.

1991). Because temperature has been identified as an important ecological niche

dimension for fish (Magnuson et al. 1979), the differences in thermal structure between

these two climatically different years provided a relatively wide range of environmental

conditions in which to compare and model lake trout behaviour.
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Table 1.1. Fish reference number, fork length (mm), weight (g), tagging date (m/d/y),
date of death (n/dly), time (d) spent in the study lake, and the number of detections for
acoustically-tagged lake trout in Lake 373 aT the Experimental Lakes Area, Ontario,
Canada. Fish with reference numbers lived throughout the 2003 and2004 study period
with functional transmitters and their time spent in the study area was calculated up to the
date specified in the date of death column.

Reference Fork
number length

Weight Date
Tagged

Date of
death

Time in Number of
study area detections

1

2

J

4

5

429

439

440

440

443

427

444

446

462

480

884 512212002

916 5114t2002

970 s12U2002

883 s12U2002

894 st22t2002

82s 5/16t2002

1000 s/14/2002

1056 s122t2002

ll37 5122/2002

1331 5t16t2002

6/20t2002

8t23/2004

6/14/2004

712412003

711812003

t/ll200s

7111200s

7lU200s

7lU200s

7lU200s

29

832

755

429

422

1142

1144

I 136

1136

t142

5,523

233,525

740,707

101,260

99,330

509,799

825,9r3

225,013

107,856

316,984

Overalltotal detections 3,219,370
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Figure 1.2. Bathymetric map of Lake 373 atthe Experimental Lakes Area, Ontario,
Canada. Closed circles represent the locations of four fixed-site hydrophones used to
monitor acoustically-tagged lake trout. The range of detection for each receiver (dashed
circles) was omni-directional encompassing a distance of about 150 m.
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Figure 1.3. A log¡s-log16 regression of weight versus fork length for acoustically-tagged
lake trout in Lake 373 at the Experimental Lakes Area, Ontario, Canada. The log-to-log
relation was power transformed to portray the data on the observed scale.
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Figure 1.4. Cumulative distributions for the weight of lake trout caught in fall trap nets
and those tagged with acoustic transmitters in Lake 373 at the Experimental Lakes Ãrea,
Ontario, Canada during 2003 and2004. Trap net data were provided by Dr. Ken Mills
(DFO, Winnipeg, Canada).
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Figure 1.5. A brocken-stick regression of weight on age for lake trout caught in fall trap
nets during 2003 and 2004 inLake 373 at the Experimental Lakes Area, Ontario, Canada.
The solid lines represent the regression lines and the dashed reference line represents the
weight of the smallest fish used in the acoustic telemetry study on lake trout. Data were
provided by Dr. Ken Mills (DFO, Winnipeg, Canada). Broken-stick regression was
obtained by minimizing the sum of squares about two linear regression lines.
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Figure 1.6. The number of tagged lake trout alive and with functional transmitters in
Lake 373 over the duration of an acoustic telemetry study at the Experimental Lakes
Area, Ontario, Canada. Vertical dashed lines appoximate January 1 in each successive
year.
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Figure l.l . A comparison of fish weight to the number of days that acoustically-tagged
lake trout were alive with functional transmitters in Lake 373 at the Experimental Lakes
Area, Ontario, Canada.
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Figure 1.8. A linear least-squares regression of mean epilimnetic temperature and mean
air temperature during the summer (June, July, August, and September) for Lake 373 at
the Experimental Lakes Area, Ontario, Canada. The years 2003 and 2004 are designated
by open symbols and represent the conditions during the bio-telemetry study on lake
trout.
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Figure 1.9. The cumulative distribution of ice-free days (from 1969 to 2004) for Lake
239 at the Experimental Lakes Area, Ontario, Canada. The dashed line denotes the
median and the open slnnbols represent2003 (square) and2004 (circle) during the bio-
telemetry study on lake trout.
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Figure 1.10. A linear least-squares regression of the day of ice-off versus the number of
ice-free days (from 1969 to 2004) for Lake 239 at the Experimental Lakes Area, Ontario,
Canada. The open symbols represent 2003 (square) and 2004 (circte) during the bio-
telemetry study on lake trout.
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Figure 1.1 1. The mean daily a) and annual trends b) in air temperatures (above 0'C)
during 2003 (solid lines) and 2004 (dashed lines) at the Experimental Lakes Area,
Ontario, Canada. The annual trends were determined by minimizing the total sum of
squares about a sinusoidal equation.
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Figure 1.12. The maximum depth of the epilimnion and minimum depth of hypolimnion
for Lake 373 during 2003 and 2004 at the Experimental Lakes Area, Ontario, Canada.
Thermal strata were defined as the depth at which temperatures no longer decreased by 1

oC within a depth of 1 m. Dashed arrows depict the start and end of the stratified period.
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Figure I . 1 3. Mean epilimnetic temperatures by day of year during 2003 and 2004 for
Lake 373 at the Experimental Lakes Area, Ontario, Canada. Thermal strata were defined
as the depth at which temperatures no longer decreased by 1 oC within a depth of 1 m.
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Figure 1.14. Mean monthly thermal- and oxygen-depth profiles observed during the
acoustic-telemetry study on lake trout in Lake 373 at the Experimental Lakes Area,
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Figure 1.15. The daily ratio between the total number of calories and the surface area of
Lake 373 during 2003 and 2004 at the Experimental Lakes Area, Ontario, Canada.
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Figure 1.16. The depths at which calories were below 1.0 x 10rr and 3.0 x 10rr during
2003 and2004 inLake 313 at the Experimental Lakes Area, ontario, Canada.
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CHAPTER 2.

The Effect of Thermal Stratification on Lake Trout (Salvelinus namøycush)
Habitat Use during Two Climatically Different Years

Understanding the potential impact of climate-warming on the cold-water habitat of lake

trout (Salvelinus namaycush), first requires a determination of habitat preferences. I

investigated the link between thermal stratification of a lake and lake trout habitat use.

Acoustic telemetry was used to continuously (24 h/d) monitor the depth distribution of
lake trout over two climatically different years (2003 and2004). Large differences in

water temperatures between years (- 3.8'C) allowed for testing of individual responses to

thermal stratification patterns. All data were collected in a small boreal shield lake (Lake

373, Area= 27.3 ha, Max depth = 20.8 m) at the Experimental Lakes Area in northwest

Ontario, Canada. Based on daily medians, lake trout were distributed over a broad range

of temperatures (2 - l8 'C) during the period of thermal stratification, suggesting that the

"classic" thermal habitat boundary (8 - 12 oC) does not adequately define the vertical

distribution of lake trout. Seasonal and annual variation in the median daily depths of

fish was primarily associated with temperature-mediated changes in the timing and depth

of thermal stratification. This analysis controls for individual differences with respect to

environmental conditions, and presents the first empirical estimates of lake trout

behaviour and habitat occupation over a relatively broad range of climate and thermal

stratification pattems.
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2.0 INTRODUCTION

Lake trout, Salvelinus namaycttsh (also know as lake charr), are considered a

sentinal species for the effects of climate change on temperate freshwater systems. Lake

trout may be particularly wlnerable to the affects of climate warming and a suite of other

modern threats because the fish require cold, highly-oxygenated water and its life history

strategy is one that invests in few, long-lived, late maturing, large-bodied individuals

(Gunn and Pitblado 2004). Lake trout habitat is also typified by oligotrophic lakes (i.e.,

low productivity) that are situated within dry sandy soils that have little water storage

capacity (Hengeveld 1990; Schindler et al. 1990 and 1996). In addition, the fish's range

encompasses the arctic and boreal regions of North America - a region experiencing the

greatest increases in global temperature (IPCC 2001), with some of the highest future

increases in temperature expected within central Canada and the boreal shield region

(Hengeveld 1990; Shuter and Lester 2004). Thus, the fish's biological requirements,

habitat characteristics, and location strongly imply vulnerability to the persistent increases

in temperature and water use expected under climate warming within the not-so-distant

future (Schindler and Donahue 2006). Furthermore, especially in the southem parts of

the species range, many lake trout populations are already subjected to high exploitation

rates that are near or exceed sustainable levels, and thus, negative impacts from climate

change may require more strict levels of protection or extirpation of local populations

may be expected (Evans et al. 1 99 1 ; Shuter and Lester 2004). Consequently, the

persistent increases in temperature likely to occur in the near future may combine with

other existing impacts (e.g., over fishing, acid rain, and human freshwater needs) thereby

exacerbating the potential for negative effects on lake trout populations.

Knowledge of lake trout behaviour and habitat preference over varying thermal

conditions is an integral part of understanding how future changes in climate may affect

lake trout populations. It is currently accepted that water temperature and dissolved

oxygen are the two primary determinants of lake trout habitat quantity and quality (Clark

et aL.2004). Early laboratory and field studies suggested a temperature preference for
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lake trout of 8 - l2 "C (Ferguson 1958; McCauley and Tait 1970; Coutant 1977; Olson et

al. 1988), but recent field studies suggest a much broader temperature tolerance (i.e., -15

"C; Snucins and Gunn 1995; Sellers et al. 1998), and a much cooler temperature

preference (i.e., 6 - 8 'C; Bergstedt et aL.2003; Mackenzie-Grieve and Post 2006b). in

addition, Sellers et al. (1998) observed an absence of lake trout detections at depths

having < 5 mglL dissolved oxygen, supporting the avoidance thresholds of 4 - 6 mg/L

summarized by Evans et al. (1991). The Ontario provincial goverrìment (Ministry of

Natural Resources) recently updated their policy on lake trout habitat protection by

setting a7 mglL limit on the mean weighted hypolimnetic dissolved oxygen

concentration in lakes (Dunlap 2006). Although there is little doubt that temperature and

dissolved oxygen are primary factors determining habitat quality and use, there is a lack

of in situ information, especially at finer temporal scales, on the habitat acfually occupied

by lake trout. Fish-specific information at finer temporal scales over varying climatic

conditions will enable a better understanding of habitat use and provide insight into the

potential effects of climate warming on lake stratification and lake trout populations.

The primary objective of this research is to determine if annual differences in

thermal stratif,ication patterns can explain annual differences in lake trout habitat use and

behaviour. I do this by contrasting the depths, temperatures, and dissolved oxygen

concentrations occupied by acoustically-tagged fish during two years of contrasting

conditions. Next, I assess the degree to which annual differences in thermal stratification

pattern (i.e., timing and depth) may explain arurual differences in individual fish depths.

This approach controls for individual differences to disclose the effect of thermal

stratification pattems on fish behaviour.

2.I METHODS

Temperature and Dissolved Oxygen Data

To define the water temperatures occupied by acoustically-tagged lake trout, a

string of data-logging thermistors (Onset HOBO Water Temp Pro, Model H2O-001) was
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deployed over the deepest area ofLake373 (L373) at depths I - 8, 10, 15, and l9 m

below the surface. These thermistors recorded water temperatures every 30 min,

providing a nearly continuous record of the thermal profile of L373. During the spring

ice-out in 2003 the thermistor string became dislodged and tangled, rendering these data

useless from29 April to 20 June 2003 (i.e., from day 119 to day 17r; Dr. cheryl

Podemski, DFO, Freshwater Institute, Winnipeg, personal communication). As a result

water temperatures during this period were recreated from weekly and bi-weekly thermal

depth profiles recorded as part of the long-term monitoring program that occurs atL373.

To recreate daily temperature data, I used linear interpolation between these weekly and

biweekly samples to estimate the temperatures at a given depth between the measured

dates. Consequently, estimates of temperature occupancy are less certain during the

spring of 2003 than at other times during this study. From these temperature data, I then

calculated a daily mean temperature at each measured depth, and used linear interpolation

to obtain a mean temperature at each 0.1 m in depth between the measured depths. I used

these interpolated mean daily water temperatures to estimate the temperatures occupied

by tagged fish. Using this approach to estimate water temperatures occupied by fish

assumes that temperatures were relatively constant over the 24-h diel cycle. On

preliminary inspection of the data, the greatest range in temperature (- 2 oc) was

observed within the upper 2 m of the lake. Thus, averaging temperature over the 24-h

diel cycle provided reasonably good estimates of the temperatures occupied by the tagged

fish.

Because the primary focus of this study is on lake trout distribution and behaviour

during the stratified period, I defined and quantified, on a daily basis, the characteristics

of L373's thermal strata. The epilimnion was defined as the shallow zone of the lake in

which water temperatures did not change by more than I oC for a decrease of 1 m in

depth. The metalimnion was defined as the central zone in which temperatures decreased

by more than 1"C for a decrease of I m in depth, thereby representing the zone of greatest

thermal change within the lake. The hypolimnion was def,ined as the deeper zone in

which water temperatures did not change by more than loC within a change of I m in
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depth. Based on these deflnitions, the duration of lake stratification was also defined by

the presence of a metalimnion. Essentially, if there was no zone in which temperatures

decreased by 1'C for a decrease of 1 m in depth, the lake was considered isothermal and

not stratif,red (see Figure l.l2).

To estimate daily dissolved oxygen (DO) concentrations, I used bi-weekly

oxygen-depth profiles collected over L373' s deepest depth at I -m intervals from the

surface to a depth of 20 m using a portable DO meter (YSI incorporated, model 6562,

Yellow Springs, Ohio, USA). Bi-weekly oxygen-depth profiles were collected from 28

May (day 148) to 15 September (day 258) 2003 and from 2l }l4ay (day 142) to 24

September (day 268) 2004. I used linear interpolation to estimate the DO concentrations

at each depth between the dates of the bi-weekly samples. For each of these dates, linear

interpolation was then used to estimate the DO concentrations for each 0.1 m in depth.

These interpolated DO concentrations were then used to estimate the daily DO

concentrations occupied by the tagged fish.

Data Analyses

Telemetry and environmental data were imported into SAS version 8.1 (SAS

Institute, Cary, North Carolina, USA), which was used in conjunction with Excel

(Microsoft 2002, Seattle, Washington, USA) software for all data processing and

subsequent analyses. This study focuses on the period from 1 May (day 121) to 30

September (day 273) during both years. To estimate the habitat conditions occupied by

tagged lake trout, I merged, by day of year, fish depth detections with mean daily

temperature and oxygen-depth profile data. I then calculated daily minimum, maximum,

and2.5,50 (median), and 97.5 percentiles of the depths, temperatures, and oxygen

concentrations occupied by the tagged fish.

Another objective of this work was to quantify individual differences in habitat

use and fish behaviour. For this analysis, I included only five of the ten fish that were

tagged because these fish were alive with functional transmitters throughout the stratified

period in both years, providing the most complete representation of observed fish
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behaviour between the years. These fish are referenced by number and ordered by body

weight from smallest (lake trout l) to largest (lake trout 5; Table 1.1). Median daily

depths for each fìsh were compared from day 128 (i.e., 8 May; the first day of

stratification during 2003) to day 259 (16 September) in each year. Median daily depths

provided a better estimate of the central tendency of the lake trout distribution because

daily depth detections were largely non-nonnally distributed. I did not include data after

day 259 in this analysis because doing so would likely introduce variation from behaviour

associated with the initiation of spawning (see Figure 2.3), rather than the timing and

depth of fish during thermal stratification. Nonetheless, this analysis investigates the

peak of thermal stratification during conditions believed to be most critical and stressful

to the fish (Lee and Bergersen 1996; Dillon et al. 2003).

Fish-specific comparisons between years were made under the a priori

assumptions that 1) the timing of lake stratification affects the timing of vertical

migration, and2) differences in thermocline depth will have an additional effect on fish

depth. If these assumptions are true then one would expect annual differences in fish

depth to be accounted for by annual differences in thermal stratification timing and depth.

To test this assumption, I paired the median daily f,rsh depths by day of thermal

stratification (8 May 2003 and 19 May 2004), and then calculated the annual difference in

depth 12003 depths * 2004 depthsl for each f,rsh and day of stratification. To account for

differences in thermocline depth, I estimated a daily difference in the minimum depth of

the hypolimnion (hereafter referred to as hypolimnetic depth; see Figure 1 .12) between

the years and then subtracted these daily differences from the median daily depths of each

fish during 2003. I adjusted fish depths according to the depth of the hypolimnion

because there is a large body of scientific literature associating the presence of lake trout

with this thermal stratum (see review by Evans et al. 1991). In this study, hypolimnetic

depth was always deeper for a given day of the year in 2003 than in2004 (Figure l.l2).
Even though distributions of median daily depths were non-normally distributed,

distributions of differences did not markedly depart from a normal distribution; therefore,

I compared the mean annual difference among the daily depths of each fish to a

44



hypothesized mean annual difference of zero using a l-test (Sokal and Rohlf 1995).

2.2 RESULTS

Annual Dffirences in Fish Depth with Respect to Thermal Stratification

During thermal stratification, fÏsh were predominant between 9 and 15 m (60% of

all median daily depths; Table 2.1 and Figure 2.1). Common among all fish was the

periodic occurrence of large differences between the daily minimum and2.5 percentile

depths of the fish (Figures Ã.2 - 4.6), indicating that lake trout made brief excursions

into shallow (- 3 m) and warmer water (> 15 'C) throughout the stratified period. A

higher frequency of median daily depths of < 3 m were observed during 2004 (5 - l2%)

compared to 2003 (0 - 7%). Thus, given that these distributions were estimated over the

same period of time in each of the two years, lake trout occupied shallower areas of the

lake more frequently during the climatically cooler year (2004) than during the

climatically warrner year (2003). The period of time spent at depths < 3 m during the

spring was also greatest in the cooler year; the last date that lake trout occupied a median

daily depth < 3 m was on day 146 in2003, but day 178 in 2004 (Figures2.2 and2.3).

This indicates that lake trout were in shallow water for about 1 month longer during the

climatically cooler year compared to the climatically warmer year. Thus, lake trout made

an earlier and deeper descent into the water column during 2003 compared to 2004, and

annual differences in shallow water habitat use were associated with annual differences in

thermal stratification pattern.

As expected, fish moved into deeper water with the progression of summer and

the thermal stratification of the lake. Distributions of median daily depths for individual

lake trout were generally deeper during the climatically warmer year of 2003 than during

the climatically cooler year of 2004 (Table 2.1). Based on paired differences between

median daily depths, fish were on average 2.3 m (range: 7.2to 4.3 m) deeper in 2003 than

in2004 (Table 2.2). Statistical tests for each fish confirmed that these annual differences

were unlikely to occur by chance (l-test, df > 126, t > 4.17, P < 0.0001). Thus, over the

45



same time period, lake trout occupied deeper depths earlier in the year during 2003

(Figure 2.3a-e); the year with an earlier and deeper stratification pattern (Figure 1.12).

Pairing observations by day of stratification reduced the mean annual difference in

depth for all fish. Overall, fish were 1.9 m deeper in 2003 with individual differences in

depth ranging from 0.7 to 3.6 m (Table 2.2). Statistical tests indicated that these mean

annual differences in depth were significantly different from zero (l-test, df > 14, t > 3.3,

P < 0.001) for all fish. Nonetheless, the lower mean annual differences after accounting

for differences in the day of stratifïcation indicated a much closer agreement in the

vertical migration timing between the two years (Table2.2 and Figure 2.3f-j)

Annual difference in fish depth can further be explained by annual differences in

hypolimnetic depth. Annual differences in daily hypolimnetic depths and the median

daily depths of fish were greatest towards the onset of stratification and most similar

towards the peak of stratification (Figure l.l2). Consequently, when annual differences

in daily hypolimnetic depths were subtracted from the median daily depths of fish (i.e.,

during 2003), the mean annual differences in fish depth were further reduced over pairing

observations by day of stratification (Table 2.2 and Figure 2.3k-o). After accounting for

differences in both stratification timing and hypolimnetic depth, the overall annual

difference in fish depth was 0.6 m (range: -0.59 to 2.36 m). Even though non-significant

annual differences were found in only one (i.e., lake trout l) of the five lake trout, the

annual differences for the remaining four lake trout were small with significance owing

largely to high sample size and precision (Table 2.2).

Individual Dffirences in Físh Depth and Habitat Quality

Among-individual variation in fish depth, temperature, and DO concentration was

apparent from the onset of this analysis (Al1 tables and figures in this Chapter). Based on

the weight of the fish at the time of tagging (see Table 1.1), there was no distinct trend in

the depth, temperature, and DO concentration occupied by the fish with respect to size.

Observationally, there was a tendency for the larger fish (lake trout 4 and 5) to be

shallowe and exhibit higher day-to-day variability, but also demonstrated lower



'amplitude' in their seasonal depth pattem compared to the smaller lake trout (lake trout

l, 2, and 3). Nonetheless, among-individual differences could not be explained by fish

size alone. Variation among individuals appeared to be constrained by the annual thermal

stratification pattern. Interestingly, some lake trout (lake trout I and 3 in 2003 and lake

trout 1 and 2 in 2004) remained relatively deep (< 10 m) after fall turnover (i.e., > day

260 see Figure 1.12; Figure2.2), whereas the other larger lake trout moved to shallow

watet, possibly to spawn, at this time. The smaller tagged fish (lake trout I - 3) were the

only fish that did not move to shallow water during the typical spawning period (- l5
October), and the smallest of the tagged fish (lake trout l) was the only fîsh that did not

go to shallow water in the fall of both years.

Temperature and Oxygen Concentrations Occupied by Lake Trout

The water temperatures and DO concentrations occupied by lake trout were a

reflection of the depths that fish occupied (Figure 2.1). For example, fish characterized

by shallower annual depth distributions were also characterizedby warmer annual

temperature distributions and slightly higher annual DO distributions. Conversely, fish

characterized by deeper annual depth distributions were also characterizedby cooler

annual temperature distributions and lower annual DO distributions. Overall, fish were

predominantly found below 8 "C (53%) with 43%o of all median daily temperatures

between 6 - 7 "C, a few degrees cooler than what has been considered to be the species

'f,inal thermal preferendum' (Fry 1947). The frequency of all median daily temperatures

within 8 - 12 oC was 37%o, and the overall frequency of fish having median daily

temperatures >12 "C was l0% with just2o/o of all median depths > 15 oC. Four of the

tagged fish had median daily temperatures >72 "C, implying these fish spent much time

in relatively wann habitats - on some days. The paucity of median daily temperatures >

12 "C, however, suggests that large reductions in habitat occupation by lake trout may be

expected above this temperature. Overall, median daily water temperatures occupied by

fish were slightly cooler than 8 oC during the stratified period.

The seasonal trend in median daily temperatures indicated that lake trout occupied
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the highest (- 17 'C) and widest range (5 - 22'C) in water temperatures during the

spring and fall of each year (Figure 2.3). More typically, however, lake trout occupied

water temperatures below 10 'C in mid-summer. Median daily temperatures occupied by

lake trout were generally higher during 2004 tban in 2003, with warmer water

temperatures occupied during later and shallower stratification in the cooler year. Thus,

12 "C may represent a general threshold for the use of habitat by lake trout, but other

factors associated thermal stratification pattems likely also influence fish distribution

patterns.

Median daily DO concentrations occupied by lake trout were primarily between 8

and 13 mglL with very few observations occurring below 6 mg/L (Figures 2.1 and2.2).

On a daily basis, lake trout generally occupied a much lower and broader range in DO

concentrations during 2003 compared to 2004. This was largely the result of fish

generally occupying deeper depths in conjunction with the generally lower and greater

change in DO concentrations throughout the water column during 2003. Shortly after the

onset of stratification in 2003, one of the lake trout (i.e., lake trout 3) consistently

occupied DO concentrations of 4 - 6 mglL for an extended period. Fish did occupy

depths with low Do concentrations (2 - 4 mg/L) for brief periods (Figures 4.2 - 4.6),

but no fish was observed with a median daily DO concentration of less than 4 mglL.

2.3 DISCUSSION

This study provides the first empirical estimates on how seasonal and annual

differences in climate and thermal stratification patterns can effectively alter the depth

and habitat quality that lake trout occupy. The potential impacts of climate change on the

habitat use by lake trout has been typically assessed theoretically by simulating changes in

habitat under climate change scenarios (Magnuson et al. 1990; Hill and Magnuson 1990;

MacKenzie-Grieve and Post 2006a). Here I provide empirical measures of in siru

changes in habitat use and behaviour during observed environmental extremes. This

study demonstrates that annual differences in thermal stratif,ication timing and depth can
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explain much of the annual differences in the vertical migration timing and depth of

individual lake trout. Among-individual differences in fish depth were apparent, but

these fish-specific differences appeared to be constrained by annual thermal stratification

patterns. In turn, the temperatures and DO concentrations occupied by the fish were a

reflection of both fish-specific differences and annual differences in environmental

conditions.

The idea that thermal stratification patterns can alter lake trout habitat use is

certainly not new (Ferguson 1958), yet it has never been measured. The conclusions for

many theoretical and empirical studies on lake trout largely depend on the effect of

thermal stratification on the species. Spring is thought to be an important feeding period

for lake trout (Martin 1970), and because lake trout are fall spawners, the longer the fish

can feed in productive shallow-water habitats before spawning, the greater the potential

for growth, gamete production, and higher fitness. A shift in diet has been associated

with decreased littoral feeding (Vander Zanden et al. 1999), and greater lake trout growth

has been measured during years with cooler and slower-warming springtime conditions

(King et al. 1999b). Furthermore, Jansen and Hesslein (2004) modeled potential changes

in theoretical lake trout habitat in a small boreal lake and concluded that littoral feeding

opportunities were reduced under all warming scenarios. A reduction of about 1 month

in shallow water use was observed during the climatically warmer year. Likewise, this

study supports the observations and conclusions of other studies by showing that

stratification timing and depth largely explained the use of shallow water habitat in

spring, and that faster-warming springtime conditions can lead to less use of shallow and

more productive habitats

This study uses an objective estimate of stratification timing and depth, enabling

the association of fish depth to thermal stratification pattems, but the mechanism by

which annual differences in thermal stratification pattems lead to the annual differences

in fish depth and migration timing cannot be identified. However, the physiology and

bioenergetics of lake trout are known functions of temperature (Stewart et al. 1983).

Thus, it is strongly inferred that differences in the timing and distribution of heat in the
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lake in relation to the bioenergetics of the fish was the causal mechanism behind the

observed pattems in habitat use.

A temperature range of 8 - 12'C has been used to def,rne 'optimum' lake trout

habitat representing the midpoint of the species thermal niche (Christie and Regier i988;

Mclean et al. 1990). Past studies have observed lake trout in waûner shallow water

(Martin 1951; Dahlberg 1981; Olson et al. 1988), but these observations were attributed

to brief feeding excursions into the more productive littoral zone (Martin l95l ; Galligan

1962;McLean et al. 1990). Recent evidence suggests that 8 - 12'C may be too

restrictive and likely misrepresents the temperatures actually occupied by f,rsh. For

example, Sellers et al. (1998) concluded that lake trout spent extended periods at 19 - 27

oC and Snucins and Gunn (1995) measured lake trout body temperatures of 16 - 18 "C

for periods exceeding 5 h. In addition, Bergstedt et al. (2003) and MacKenzie-Grieve and

Post (2006b) found that temperatures occupied by lake trout were, on average, lower (- i

- 2 "C) than 8 "C. Median annual temperatures of the tagged fish in this study averaged

between 6 and 8 'C, agreeing with other estimates cooler than 8 oC. In addition, 4 of 5

tagged fish had median daily temperatures > 12 "C. Thus, in situ temperatures occupied

by lake trout appear to be much broader, but on aveÍage, slightly cooler than what has

been previously designated as the 'preferred' thermal range for the species.

Continuous estimates of the temperatures occupied by lake trout indicated that

fish did not 'track' a specif,rc temperature, but rather exhibited individual, seasonal, and

annual variability. Thus, temperature preferences of lake trout were not constant, and

studies which assume a constant (or average) temperature preference of 8 - 12 "C should

be interpreted cautiously. For example, a constant thermal preference of 8 - 12'C was

assumed by Stewart et al. (1983) to estimate fish growth and prey consumption,Pazzia et

al. (2002) to determine the influence of prey type on growth and consumption rates, while

a number of other studies (Magnuson et al. 1990; Hill and Magnuson 1990; DeStasio et

aI.1996; Magnuson and DeStasio 1997; Jansen and Hesslein2004; MacKenzie-Grieve

and Post 2006a) also used this thermal preference to project the potential impacts of

climate change on lake trout populations. Consequently, the core assumption in a
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relatively large body of the literature on the species may not hold.

In contrast, this study upholds the conclusion that lake trout generally avoid DO

concentrations less than 4 mglL (Evans et al. 1991 ; Sellers et al. 1998), and therefore

supports the Ontario Ministry of Natural Resource's recent policy to protect lake trout

habitat having DO > 7 mglL (Dunlap 2006). Dissolved oxygen concentrations were

generally lower throughout the water column in the climatically warrner year of this

study, which in tum, resulted in lake trout generally occupying lower DO concentrations

than occupied by the same fish in the climatically cooler year. Lower DO concentrations

in the hypolimnion of lakes are expected under climate warming (Blumberg and Di Toro

1990; Stefan et al. 1993; Stefan and Fang1994). Low DO has been shown to reduce the

biological performance of rainbow trout (Oncoryhncus mykiss; Evans 1990), and a review

of five studies indicated an avoidance threshold of about 4 - 6 mglL DO for lake trout

(Evans et al. 1991). Thus, in addition to reducing habitat and feeding opportunities in

productive littoral areas, suff,rciently low DO concentrations in warrn years may also

reduce the amount of cold-water habitat available in the hypoliminion of lakes, thereby

limiting thermal refugia and decreasing biological performance.

It is commonly accepted that all temperate freshwater fishes are heterothermic

ectotherms, and thus, maintain homeostasis through finely-tuned behavioural responses to

both temperature and food (Magnuson et al. 1979; Crowder and Magnuson 1983). Fish

generally choose a thermal regime (or depth) which maximizes net energy gain or growth

(Crowder and Magnuson 1983). Growth and fitness are also closely linked to the water

temperatures that fish occupy (Magnuson et aL. 1979). Optimum foraging theory @yke et

al. 1977) dictates that fish should seek locations which maximize food intake per unit

energy or time spent obtaining the food, but under the assumption of behavioural

thermoregulation, lake trout should seek depths of 8 - 12"C because optimum growth is

attained at these temperatures (Stewart et al. 1983; Christie and Regier 1988). However,

Crowder and Magnuson (1983) demonstrated that in heterothermal environments, fish

may not just simply seek habitats according to a single niche axis (such as temperature

alone or food alone), but obtain greater growth and net energy gain when fish distribute to
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optimize bioenergetics with respect to both temperature and food resources. This finding

may explain why field observations of temperature occupancy often do not agree with

laboratory-derived optimum temperatures for growth for both lake trout (Bergstedt et al.

2003; MacKenzie-Grieve and Post 2006b) and other temperate freshwater fishes

(Magnuson et al. 1979). Thus, fish can either distribute themselves with respect to food

alone, temperature alone, or optimize to both temperature and food resources. Because

food and especially temperature resources are heterogeneous in most lake trout lakes,

bioenergetic optimization with respect to both temperature and food seems the most

plausible explanation for the occupation of slightly cooler, but also much broader

temperatures by the lake trout in this and other studies. Consequently, the strong link

between fish physiology and temperature strongly implies that longer stratification

patterns and warmer temperatures in shallow water habitats will limit the use of
productive habitat by lake trout; therefore, decreased growth and fitness of many lake

trout populations may be expected under future climate warming.
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Table 2.1. Annual summary statistics for distributions of median daily depths for five
acoustically-tagged lake trout monitored continuously from day 128 to day 259 during
2003 and2004 inLake 373 at the Experimental Lakes Area, ontario, canada.

Fish

Number Year

Percentiles

Min 2.5 25 50 75 97.s Max

3 2003

2004

2003 132

2004 t32

2003 132

2004 t32

t32

r32

2003 r32

2004 132

2003

2004

1.8

1.0

2.2

1.2

t1.1

9.4

13.6

8.7

0.8

0.1

4.6

0.3

6.9

6.0

I 1.0

5.2

t2.l

6.5

8.4

4.8

r1.2

1 1.3

11.6

1 1.8

t2.9

tt.7

t2.3

12.5

t4.2

14.2

16.5

15.I

12.5

t4.l

14.8

14.8

r 6.8

15.6

4

1.1

1.1

1.6

1.8

3.6

1.3

ts.2

9.9

l0.l

9.4

12.0

r0.7

1.5

0.8

3. t

2.3

9.1

8.5

tt.2

t2.2

t3.9

r 3.9

1 1.5

13.8

130

129

4.9

3.0

8.8

5.2

I 1.0

7.3

t6.7

t 6.s
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Table 2.2. Statistical results for t-tests comparing annual differences 12003 - 20041
between median daily depths when paired by day of year, by day of stratification, and by
day of stratification adjusting for annual differences in the minimum depth of the
hypolimnion. Statistical tests were conducted individually for five acoustically-tagged
lake trout in Lake 373 at the Experimental Lakes Area, Ontario, Canada.

Paired by day ofyear

Fish
number df
1 131

2 131

3 131

4 131

5 126

Mean
difference
1.18

2.54

4.29

1.16

2.51

Std. error

0.284

0.29

0.286

0.203

0.3

Lower CL

0.62

1.97

3.73

0.76

1.91

Upper CL

t.74

3.12

4.86

1.57

3.1 1

l-value

4.11

8.77

15.01

s.76

8.2s

P-value

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Paired by day of stratification

1

2

a
J

4

5

119

119

119

119

114

0.94

r.96

3.61

0.66

2.11

0.255

0.208

0.294

0.1 99

0.3

0.43

1.s6

3.03

0.26

1.51

1.44

2.38

4.19

1.0s

2.7r

3.68

9.48

12.3

J.J

7.01

0.0004

<0.0001

<0.0001

0.001

<0.0001

Paired by day of stratification and adjusted for differences in hypolimnetic depth

1

2

J

4

5

1 19 -0.3 I

I 19 0.72

119 2.36

119 -0.s9

114 0.84

0.255

0.1 83

0.282

0.1 83

0.319

-0.82

0.36

1.8

-0.96

0.21

0.19

1.08

2.92

-0.23

1.47

-r.22

3.93

8.3 8

-3.24

2.63

0.22

0.0001

<0.0001

0.002

0.01
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Figure 2.1. Median daily depths, temperatures, and dissolved oxygen concentrations for
five acoustically-tagged lake trout monitored continuously from day i28 to 259 during
2003 (solid lines with closed symbols) and2004 (dashed lines with open symbols) in
Lake 313 at the Experimental Lakes Area, Ontario, Canada. Vertical dashed lines denote
theoretical thermal preferences (8 - 12 oC) and dissolved oxygen avoidance thresholds (4
or 6 mglL) for lake trout.
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CHAPTER 3.

A Comparison of Observed to Theoretical Habitat Volumes for Lake Trout
(Salvelinus namaycush) during Two Climatically Different Years

Much research is predicated on the assumption that lake trout prefer habitat within

various temperafure and oxygen criteria (e.g., < 12 "C or > 6 mglL dissolved oxygen).

Conclusions from research investigating the effects of climate change on lake trout

habitat are particularly dependent on how well chosen habitat criteria describe actual fish

distributions. This study uses continuously monitored depths of acoustically-tagged lake

trout to determine the habitat occupied by fish, and then compares these empirical

estimates to various combinations of theoretical habitat volumes for the species. All data

were collected in a small boreal shield lake (Lake 373, Area= 27 .3 ha, Max depth = 20.8

m) at the Experimental Lakes Area in northwest Ontario, Canada, during two years (2003

and2004) of considerable year-to-year variation in air and water temperatures (-3.8 'C).

Results indicated that daily habitat volumes based on the widely accepted 'classic'

thermal preference of 8 - 12 "C were markedly inaccurate (under estimated by 72 - S5%)

and failed to capture the seasonal trend in the daily volumes occupied by lake trout in

Lake 313. In contrast, daily theoretical habitat volumes based on combinations of both

temperature (e.9., < 12 or 15 'C) and dissolved oxygen (> 4 or 6 mg/L) produced the

most accurate estimates, and demonstrated a similar seasonal trend as the volumes

occupied by the tagged fish. Annual estimates of mean daily habitat volumes for both

theoretical and observed habitat volumes were similar. Annual differences in habitat

volumes support the conclusion lake trout will be provided with less usable habitat during

climatically warrner years.
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3.0 INTRODUCTION

Temperature has been identified as an important ecological niche dimension for

heterothermic organisms, which, in part, may explain habitat occupancy and distribution

for animals such as reptiles and fish (Magnuson et al. 1979). The effect of temperature

on habitat quality and use by fish is perhaps best demonstrated by the geographic

distribution among fish species (Legrendre and Legrendre 1984; Shuter and Post 1990;

Mandrak and Crossman 1992), enabling temperate fishes to be generalized into three

thermal 'guilds' (Hokanson 1977;Magnuson etal.1979). Both temperature and

dissolved oxygen have been identified as important factors affecting habitat quality and

use by lake trout, Salvelinus namctycush (Clark et al. 2004), and striped bass, Marone

saxatilis (Coutant 1985), and it is believed that increased temperatures and deeper

thermoclines, in conjunction with greater hypolimnetic oxygen depletions could limit the

amount of habitat available to these fish.

Various combinations of temperature and dissolved oxygen concentrations have

been used as criteria to estimate the amount of suitable habitat available to lake trout. In

particular, a temperature range of 8 - 72 "C has defined the optimum thermal range for

lake trout activity, metabolism, and growth, with l0 'C representing the mid-point of the

species'thermal niche (Stewart et al. 1983; Magnuson et al. 1990). Dissolved oxygen

(DO) has also been used to define the lower boundary of suitable habitat for lake trout.

For instance, Schindler et al. (1996) estimated annual habitat loss over changing

environmental conditions by defining optimum habitat of lake trout as those depths with

water temperatures < 12 oC and DO concentrations > 4 mglL. This DO concentration

was based on a suÍtmary of five studies which indicated a median avoidance threshold

for lake trout at about 4.2 mglL (Evans et al. 1991). Additionally, Sellers et al. (1998)

corroborated these findings, but suggested that perhaps DO concentrations > 6 mglL

would better define lake trout habitat.

Temperature and DO criteria have been used extensively to investigate a host of

ecological questions about lake trout populations and their habitat. Stewart et al. (1983)
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estimated growth from thermally-dependent bioenergetics equations, Schindler et al.

(1996) and Dillon et al. (2003) quantified habitat loss, and Pazzia et al. (2002) estimated

the effect of food web structure on lake trout growth. More frequently, combinations of

temperature and DO have also been used to project the potential impacts of climate

change on lake trout populations (Magnuson et al. 1990; DeStasio et al. 1996; Magnuson

and DeStasio 1997; Jansen and Hesslien2004; MacKenzie-Grieve and Post 2006a). The

crux of all these studies, however, is that the credibility of their conclusions depends on

how well temperature and DO criteria actually match lake trout distribution and habitat

use.

Various combinations of thermal criteria have been used to define lake trout

habitat, yet only one study has compared theoretical to observed habitat preferences.

MacKenzie-Grieve and Post (2006b) manually tracked lake trout equipped with

temperature-sensing radio transmitters in two Yukon lakes to monitor and compare lake

trout distributions to the 'classic' theoretical thermal habitat preference of 8 - 12 oC. The

authors concluded that thermal habitats occupied by the fish were not consistent with

published values. This result is not surprising given that recent studies have also

suggested that the temperature tolerance of lake trout may be much broader (i.e., 5 - 15

"C; Snucins and Gunn 1995; Sellers et al. 1998), and on average, a bit cooler (Bergstedt

et al.2003) than 8 - 12 "C. Consequently, there still exists great uncertainty in which

criteria best define the habitat for this species.

MacKenzie-Grieve and Post (2006b) suggested that among-lake differences in

temperature occupancy by lake trout may depend more on lake characteristics and food

availability than on a particular thermal regime. Given that animals are well adapted to

their environment (Mayr 1983), lake trout are likely well adapted to their particular lake-

specific conditions. For example, lake-specific factors under which fish populations

evolve such as predation risk (Chapter 4; Biro et aL.2006), food distribution and

availability (Chapter 4; Olson et al. 1988; Vander Zanden and Rasmussen 1995), and

thermal regime (e.g., monomictic vs. dimictic) may account for among-population

differences in depth and temperature occupancy. Likewise, one might expect differences
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in fish depth and temperature occupancy as a result of thermal regime and stratification to

be most apparent within a given lake rather than among lakes.

Accurate estimates of habitat loss and the potential impacts of climate change on

lake trout populations depend directly on how well theoretical habitat criteria match

actual fish distributions over a given change in thermal conditions. It is often assumed

that lake trout remain at 10 +2 "C throughout thermal stratification. Using this

assumption the amount of lake trout habitat (i.e., volume) that is 'suitable,' 'preferred,'

'used,' 'available', or'eliminated' can be estimated from volume-, thermal-, and oxygen-

depth lake profiles. Thus, detailed seasonal information on the depth distribution of lake

trout in the wild is critical to assess actual temperature and DO occupancy. If the depths

actually occupied by fish depart markedly from the depths of the theoretical habitat

criteria, then conclusions of theoretical studies may be misleading. In particular,

information on how changing environmental conditions may alter the use of habitat by

lake trout is paramount for increasing our certainty about the potential impacts of climate

change on lake trout populations.

The primary emphasis of this research is to contrast lake volumes within various

theoretical criteria to those volumes actually occupied by fish. Because data were

collected within a single lake during two climatically different years, information on how

changes in thermal stratification may alter the use of habitatby lake trout is also

described. Empirical and theoretical habitat volumes used by fish were determined on a

daily, seasonal, and inter-annual basis, providing the first estimates of the influence of

climate on lake trout over a range in time scales. This research is focused on the period

of thermal stratification when the theoretical limits of temperature and dissolved oxygen

on lake trout will be most pronounced (Lee and Bergersen 1996; Dillon et al. 2003). The

objectives of this study are: 1) to determine seasonal theoretical habitat volumes of lake

trout based on actual observation,2) to compare theoretical habitat volumes to the

volumes occupied by the tagged fish, and 3) to contrast occupied and theoretical habitat

volumes between years with relatively large differences in climate and thermal

stratifi cation patterns.

61



3.1 METHODS

Estimation of Theoretical and Occupied Habitat Volumes

Theoretical habitat volumes of lake trout were estimated from thermal-, DO-, and

volume-depth profiles of L373, which were estimated from measured and interpolated

daily water temperatures and DO concentrations (see Chapter 2 methods). The volume-

depth profile for L373 was obtained by side-scan acoustic mapping of the lake, which

provided estimates of lake volume for each l-m depth contour. Water volumes for L3l3

were interpolated to a 0.1 m resolution over the 1-m depth contours. The cumulative

increase in volume was estimated from the bottom to the surface of the lake (Figure A.l).

This volume-depth profile was used to estimate theoretical habitat volumes, as the

difference in cumulative volumes fupper-lower] between a given set of criteria. Six

combinations of temperature and DO criteria were used to estimate the theoretical habitat

volumes for lake trout in L373 (Table 3.1). These combinations of theoretical habitat

volumes were derived from past studies, which supported, used, or discussed their use for

estimating habitat volumes for the species.

Theoretical habitat volumes were estimated for the period that lake surface

temperatures exceeded the upper (shallow) theoretical habitat criterion of l2 or 15 'C.

Before and after this period virrually the entire volume of the lake was within the

theoretical limits for lake trout. Habitat volumes using 72"C as the upper habitat criterion

were estimated from day 132 (12May) to day 273 (30 September) during 2003 and day

149 (28 May) to day 278 (4 October) during 2004. Similarly, theoretical habitat volumes

using 15 'C as the upper habitat criterion were estimated from day 140 (20 May) to day

261 (24 September) during 2003 and from day 155 (3 June) to 271 (27 September) during

2004. Using daily estimates of the temperatures and interpolated estimates of DO

concentrations for L373 (see Chapter 2) that were collected concurrently with the depths

of fish, I calculated daily theoretical habitat volumes for lake trout and compared them to

the daily habitat volumes occupied by the tagged fish.
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Habitat volumes occupied by tagged fish were estimated from their daily ranges in

depths and the volume-depth lake profile. To define and estimate habitat 'occupied' by

the tagged fish, I used the depth detections of all nine acoustically-tagged fish in L373.

From I May to 30 September, the number of depth detections totaled 599,997 in 2003

and 525,479 in2004. Transmitter failure or death occurred in 4 of the 9 fish before the

end of 2004, but a preliminary comparison of the depth distributions for the 5 f,rsh

monitored throughout the study to the depths of all fish did not indicate a marked change

in estimate or conclusion. Additionally, using the depths of all fish provided a more

robust estimate of occupied habitat; therefore, I choose to include all fish detections in the

analysis. Taking this approach assumed that 5 - 9 fish are an adequate representation of

the population. This appears justif,red given that multiple years of abundance estimates

show a population size of about 250 adult lake trout in L373 (Mills et al. 2002),

indicating that acoustically-tagged fîsh represented about 2 - 4% of the population. For

example, tagging studies with much larger sample sizes (n > 7,200 fish), such as those in

the Columbia River Basin in the Pacific Northwest of the United States (Muir et al. 2001;

Plumb et al. 2006) have not sampled similar proportions (< 0.001%) of the population.

Nonetheless, because this study employs a small sample size, estimates of occupied

habitat volumes may only cautiously represent the extent of habitat occupied by the adult

population of lake trout in L373.

The 2.5 and 97 .5 percentile depths were also chosen to produce a broad estimate

of habitat occupied by lake trout. Plots of the daily percentile depths for all fish (Figure

3.1 and Figures 
^.2 

- 4.6) showed relatively large differences between the daily

minimum and maximum depths and the daily 2.5 and 9l .5 percentile depths, respectively,

indicating that fish were making brief excursions, primarily into shallow water, from a

'core' habitat. Therefore, I considered all depths contained within the 2.5 and97.5

percentiles of all fish depths to represent the habitat occupied by lake trout. I first

estimated the daily range in depths occupied by all tagged fish as the difference between

their 9l .5 and2.5 percentile depths 197.5 - 2.51. Next, I calculated daily estimates of
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occupied habitat volumes from lake volume data at the 2.5 and 97 .5 percentile depths of

the tagged f,rsh.

To demonstrate uncertainty in the ranges in depth and habitat volumes occupied

by lake trout, I calculated bootstrappe d 95% confidence intervals (Efron and Tibshirani

7993;Davison 1997). I reconstructed bootstrapped data sets by randomly sampling from

the observed data set, with replacement, the same number of data points as the observed

data sets. I then calculated a median of the daily depth ranges or occupied volumes from

the randomly sampled data set. This procedure was repeated 10,000 times to make a

distribution of all possible median depth ranges or occupied volumes. Next, I calculated

the 2.5 and 97 .5 percentiles of these distributions, representing the lower and upper limit

of the 95o/o conftdence interval about the observed median depth range or occupied

volume.

Statistical Analyses

To statistically compare theoretical to occupied habitat volumes, I paired the

estimates by day of year, and then calculated the difference loccupied by tagged fish -
theoretical] for each day of year. Distributions of daily differences in occupied and

theoretical habitat volumes did not markedly depart from a normal distribution, therefore,

for each study year I compared the mean differences to a hypothesized mean difference of

zero using a /-test. Because the probability of obtaining a type I error increases with the

number of family-wise tests, o was Bonferroni-corrected and set equal to 0.004 (i.e.,

0.05112 = 0.004) over the 12 comparisons of theoretical to observed habitat volumes.

To statistically test the median of daily depth ranges and occupied volumes

between the two climatically different years I could not use parametric tests because the

distributions did not fit the assumptions of normality or independence (Figure 4.7).

Therefore, I used a non-parametric randomization test, analogous to the parametric l-test,

to compare median daily depth ranges and occupied volumes between years (Manly 1991;

Edgington 1995). To conduct a randomization test, I calculated the difference in medians

between years. This provided the test statistic to compare to a null distribution under the
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hypothesis of no difference in the median depth range or occupied volume between years.

To create the null distribution, I randomly assigned, with replacement, the daily depth

ranges or occupied volumes from the original data set to each day in that data set (i.e.,

randomly shuffling the daily ranges or volumes with respect to each day). I then re-

calculated the difference in median depth ranges or occupied volumes between the years.

I repeated this procedure 10,000 times to obtain the null distribution of differences in

median between the two years. Thep-value of the test was calculated as the proportion of

observations in the null distribution that were greater than or less than (i.e., a two-tailed

test) the observed difference in the median depth range or occupied volume. Thisp-value

estimates the probability that the observed difference in medians could have arisen by

chance alone.

3.2 RESULTS

Overall Físh Depths in Relation to Theoretical Habitat Criteria

The depths of tagged fish in relation to the depths of the theoretical limits for

temperature and DO, suggested that lake trout were predominantly distributed within the

upper temperature (12 - 15 'C) and lower DO (4 - 6 mglL) theoretical boundaries (Figure

3.1). Based on the dally 2.5 percentiles, lake trout occupied temperatures > 15 oC on a

daily basis during the spring of 2003 (3.3 % of all fish detections) and during both the

spring and fall of 2004 (35% of all fish detections). Minimum depths indicated that lake

trout were occupying relatively shallow (. 3 m) and warm (> l5 "C) depths throughout

the thermally stratified period during both study years. Also, in the climatically warm

year of 2003 the 97.5 percentile depths of tagged fish commonly exceeded DO

concentrations < 6 mglL (5.6% of all fish detections), but the depths of fish more rarely

exceeded this DO concentration in 2004 (1.1% of all fish detections). Likewise, the

theoretical habitat criterion of 4 mglL DO was also rarely occupied by the tagged fish

with0.3%o of all fish detections occurring below this lower limit in 2003, and just 0.03%

of all fish detections occurring below this limit in2004. The tagged fish did not appear to
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occupy all depths just because theoretical habitat was available. This inoccupation of

'suitable' habitat was apparent near the bottom of the lake throughout much of the

stratified period in the climatically cooler year. Perhaps most importantly, however, a

majority (83 - 88%) of all fish detections occurred below the theoretical lower limit of 8

"C. Thus, only the upper portion of daily fish distributions were encompassed by the

most widely used thermal habitat criteria, suggesting that the 'classic' theoretical thermal

criteria of 8 - 72 "C grossly underestimates the habitat volumes actually used by the lake

trout in L373.

Comparison of Occupied and Theoretical Habitat Volumes

Median daily habitat volumes occupied by tagged fish were most closely matched

to theoretical habitat volumes between 15 'C and 6 mglL DO. Theoretical volumes

between 12 "C and 4 mglL DO also produced fairly close estimates to occupied habitat

volumes. The poorest estimate of occupied habitat volumes was produced by the thermal

criteria of 8 - 12 "C. Importantly, however, occupied and theoretical volumes were much

more similar when DO was used to estimate habitat volume (Figure 3.2). Using the

depths at which DO was less than 4 or 6 mg/L to estimate habitat volumes accounted for

the volume of water near the bottom of the lake (see Figure 3.1) greatly improving the

estimate of theoretical habitat volumes over just using thermal criteria to define the lower

habitat boundary. Using 4 versus 6 mglL to estimate theoretical habitat volume was

equivocal because the difference in volumes at the depths of these DO isopleths was

relatively small causing estimates of theoretical habitat volumes from using either of the

two DO criterions to be similar for a given upper thermal habitat criterion (Table 3.2).

Statistical tests confirmed that, on average, theoretical volumes between 6 mglL

DO and l5 'C produced the best estimate of the volumes occupied by the tagged lake

trout (l-test, df > 115, P > 0.136; Table 3.3). The mean difference between occupied and

theoretical volumes between 6 mglLDo and 15 oc was 0.05 m3 x 106 (SE = 0.039) in

2003, an under-estimation of the observed median lake trout volume in 2003 by 4%. In

2004, the mean difference between occupied and theoretical volume between 6 mg/L DO
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and l5 oC was -0.09 m3 x t06 (SE = 0.061) an over-estimation of the observed median

lake trout volume by 6%. The other set of theoretical criteria producing a non-significant

difference from occupied habitat volumes were 4 mg/L DO and 12 "C or 15 oC.

Theoretical volumes between 4 mglL and 12'C differed from occupied volumes by about

0.06 m3 x t0ó lSE = 0.04) in 2003 and 0.10 m3 x 106 (SE = 0.06) in2004,a slight over-

estimation of occupied habitat by 4 - 7%o. Theoretical volumes between 4 mglL and l5

'C differed from occupied volumes by about 0.07 m3 x 1061SE = 0.037) in 2003 and 0.15

m3 x 106 (SE = 0.059) in2004, a slight over-estimation of occupied habitat by just 5 -
10%.

For other estimates of theoretical habitat volumes the mean differences were

significantly different from zero [l-test, df > 175, P < 0.004], especially the daily

theoretical volumes between 8 and 12 "C, which grossly under-predicted the water

volumes occupied by the tagged lake trout. Depending on the year, mean differences

between occupied and the theoretical volumes of 8 - 12 "C ranged from 0.96 - 1.26 m3 x

l0ó, an under-estimation of occupied habitat by 72 - 85%. In comparison, theoretical

habitat volumes that included a DO criterion in the estimate more closely matched the

upper and lower extent of the depth distributions of tagged fish, and produced more

accurate estimates of the habitat volumes occupied by fish.

Even though the habitat boundaries of 6 mglL and l5 oC produced fairly good

estimates of habitat volumes on a seasonal and annual basis, the ability of these

theoretical boundaries to estimate the volume of occupied habitat by lake trout on any

given day during summer stratification was relatively poor (Figure 3.3). In both years,

theoretical habitat volumes between 4 mg/L and 12 "C and 6 mglL DO and l5 'C
tended to under estimate occupied volumes when occupied volumes were high, and

slightly over estimate occupied volumes when occupied estimates were small. When

occupied habitat volumes were small these theoretical habitat criteria produced

reasonably good estimates of the habitat volumes occupied by the tagged fish, especially

when environmental conditions were most limiting during peak periods of thermal

stratification, and under the conditions of a climatically warrner year.
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Annual Comparisons of Habitat Occttpation

From day 121to 288, tagged fish occupied about 44 - 49% of the total lake

volume, occupying about 5%o more of the lake's volume during the climatically cooler

year (Table 3.2 and Figure 4.8). In addition, the median daily range in depths occupied

by the fish were similar between years (median depth range = 9.4 m in 2003 and 9.0 m in

2004), but occupied habitat volumes were slightly greater as a result of fish being slightly

shallower during the climatically cooler year (Figures 4.7 and 4.8). Irrespective of this,

however, the 95%o confidence limits and statistical tests confirmed that both the median

depth range and habitat volumes occupied by the fish did not differ between years (P >

0. 1 9 by randomization).

3.3 DISCUSSION

Lake trout generally require large volumes of cold, well oxygenated water; thus

changes in optimum habitat volumes can provide an indication of the potential success

or failure of a lake trout population. Moreover, optimum habitat boundaries can be

easily measured with portable field equipment, providing a very simple method to

assess lake trout habitat. In this study I calculated suitable habitat volumes for lake trout

using commonly accepted or proposed habitat criteria from the literature, and then

evaluated their performance at estimating habitat volumes actually occupied by a tagged

and continuously monitored population. A major finding of this study is that the

'classic' and most commonly used criterion of 8 - 12 oC failed, in al1 cases, to estimate

the water volumes occupied by fish inL373. Of all the criteria examined, 8 - 12 oC was

the poorest fit to the observed data and did not capture the seasonal and annual trends in

habitat volumes occupied by fish. Using DO criteria (i.e.,4 or 6 mg/L DO) to define the

lower habitat boundary of lake trout produced much better estimates of the habitat

volumes occupied by fish compared to using only thermal criteria (i.e., 5 or 8 'C) to

define the lower habitat boundary. This supports the conclusion that dissolved oxygen

is an important determinant of lake trout habitat, especially during periods of peak
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thermal stratification in climatically warrn years. Habitat boundaries of 6 mglL DO and

l5 oC produced the most accurate and statistically similar estimate of habitat volumes

occupied by tagged lake trout. Differences between observed and other theoretical

habitat criteria were also small (4 - I0%). However, given the small number of fish and

the limited potential for the expression of phenotypic differences among individuals in

this study, it may be prudent to use the more liberal habitat criteria to estimate the

amount of 'useable' lake trout habitat.

The optimum temperatures (and habitat criteria) of 8 - 12 oC for lake trout were

determined from laboratory derived averages of final thermal preferenda (McCauley and

Tait 1970: Peterson et a. 1979) and values of optimum temperature for growth (Gibson

and Fry 1954; o'connor et al. 1981). The use of these optimum temperatures to

estimate the thermal habitat volume of lake trout stems largely from a study conducted

in large lakes by Christie and Regier (1988), which demonstrated a strong positive

correlation between the volume of a lake within 8 - 12 oC and the harvestable yield of
the fish. Consequently, 8 - 12 "C has become the accepted habitat criteria used widely

in simulation studies investigating such various topics as prey consumption and growth

(Stewart et al. 1983), the effect of prey type on consumption and growth (Pazzia et al.

2002), and the potential impacts of climate warming on lake trout growth and prey

consumption within the Great Lakes (Hill and Magnuson 1990). Several other studies

have also used these thermal criteria to estimate changes in lake trout habitat under

climate warming scenarios in the Laurentian Great Lakes (Magnuson et al. 1990;

Magnuson and DeStasio 1997), smaller inland lakes of Ontario (DeStasio 1996; Jansen

and Hesslein2}}4), and in several northem lakes in the Yukon (MacKenzie-Grieve and

Post 2006a). The results of this investigation and those of Mackenzie-Grieve and Post

(2006b) strongly suggest that the assumption of an I - 12 "C habitat preference does not

often hold, and therefore, may produce inaccurate estimates of habitat for many lake

trout populations.

Estimates of occupied habitat for lake trout were much better approximated by

DO criteria to define the lower habitat boundary. Statistically, the best set of criteria
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was 6 mglL and 15 oC, which was based on the upper extent of in sitn temperatures of

lake trout reported by Snucins and Gunn (1995) and Sellers et al. (1998), and the lower

extent ofoxygen concentrations occupied by lake trout proposed by Sellers et al. (1998).

Given that these criteria were largely based on observations of fish from within small

boreal lakes, including some from the ELA, it is not surprising that this set of habitat

criterion best estimated the habitat volumes occupied by the tagged fish in L313.

The next best estimator of occupied habitat was the criteria of 4 mg/L and 12 "C,

which was used by Schindler et al. (1996) to estimate the percent of lake trout habitat

eliminated over a long-term record (1910 - 1990) for two lakes (L239 andL240) at the

ELA. These criteria are a combination of a laboratory-derived upper limit for optimum

temperature and oxygen avoidance th¡esholds summarizedby Evans et al. (1991).

Schindler et al. (1996) proposed that one or both of these criteria may be too liberal.

However, this combination of criteria produced estimates of lake trout habitat that did

not significantly differ from the tagged population. Given the slight under estimation of

habitat volumes occupied by tagged fish, and the limited expression of among

individual variation in this study, contrary to Schindler et al. (1996), these criteria may

not be liberal enough.

The most liberal habitat criteria Ø mg/L and 15 oC) encompassed the greatest

volume of the lake. Although these criteria produced estimates that significantly

differed (in 200a) and slightly overestimated the volumes occupied by tagged fish, the

differences were relatively small (- 5 - I0%). Moreover, lake trout were observed

occupying temperatures > 15 oC and DO < 6 mglL for at least short durations on a day-

to-day basis. Based on temperatures occupied by lake trout in Chapter 2 of this thesis

and by others (Snucins and Gunn 1995; Sellers et al. 1998; Bergstedt et a1.2003;

Mackenzie-Grieve and Post 2006b), it appears likely that the habitat criteria of 4 mglL

and l5 oC may represent the best estimate of the potential habitat occupied by a lake

trout population.

The finding that combinations of theoretical habitat criteria may not, on average,

differ from a tagged population strongly supports their use in estimating suitable habitat
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for the species. However, this appears justified only when estimating occupied habitat

volumes on an annual basis. The day-to-day variation in the volumes of water occupied

by tagged fish in relation to theoretical habitat volumes demonstrates the inability of

these criteria to estimate or compare within-year differences in occupied habitat

volumes. This may be especially true during climatically cooler years typically

associated with 'favourable' conditions for the hsh. For example, during peak

stratification lake trout occupied a very similar volume of water as estimated by

theoretical criteria. Conversely, during the exceptionally cool conditions of 2004 the

tagged fish occupied greater volumes of water at shallower and warmer depths than 72

or l5 oC, demonstrating greater flexibility in habitat use than expected from these

theoretical criteria. Nonetheless, in peak stratification and in the climatically wanner

year, theoretical habitat volumes were very similar to the volumes of water occupied by

the tagged fish. This suggests that when conditions are limiting the theoretical habitat

criteria may accurately estimate suitable habitat. This lends a degree of confidence in

using theoretical criteria to investigate changes in lake trout habitat volume under

climate change scenarios, because these studies would estimate lake trout habitat

volume over and above current extremes.

Although theoretical and occupied habitat volumes were slightly greater during

the cooler year, occupied habitat volumes did not statistically differ between years.

Theoretical studies that used 'broad' habitat criteria (e.g., 5 -15 "C) to investigate the

impacts of climate change on lake trout habitat volumes suggest relatively small losses

of habitat volume for even the most extreme increases in air temperature (- 9 "C)

expected under climate change scenarios (DeStasio et al. 1996; Jansen and Hesslein

2004). Thus, the direction and small decrease in occupied habitat volumes observed

during the extremes of this study were not outside expectations, and likewise,

corroborate the findings of theoretical studies using 'broad' criteria to define lake trout

habitat. In contrast, the annual difference in the 'narrow' criteria of 8 - 12 oC implied

more lake trout habitat during the climatically warmer year. This observation matches

the results from theoretical studies that have used this narrow set of criteria to estimate
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the impacts of climate change on lake trout populations (Magnuson et al. 1990; Hill and

Magnuson 1990; DeStasio et al.1996; Magnuson and DeStasio 1997). The inability of

these criteria to estimate the vertical distribution, habitat volumes, and observed

direction of habitat loss over a range of current environmental extremes suggests the

results from these studies may be misleading.

The small decreases in lake trout habitat estimated under climate change

scenarios using broad habitat criteria may not necessarily translate into small impacts on

lake trout populations. For example, given that earlier and deeper thermal stratification

patterns may lead to earlier and deeper vertical migration patterns for lake trout

(Chapter 2), and the range in depths and volumes occupied by the hsh may change little

under warrner conditions, fish are likely to be exposed to higher temperatures and

metabolic costs (Stewar| et al. 1983) while feeding in the shallow and more productive

areas of a lake. Should lake productivity and food availability to the f,rsh stay constant

or decline then reduced growth, and ultimately fitness may result (Hill and Magnuson

1990). Less lake trout growth has been documented during faster-warming springtime

conditions (King et al. 1999b). Thus, small reductions in lake trout habitat may not

necessarily equate to small impacts on lake trout populations.

The loss of theoretical habitat volume from a lake may equate to a large impact

on lake trout populations. Both temperature and DO were better able to estimate

occupied habitat volumes when conditions were limiting during a climatically warm

year and at peak periods of thermal stratification. Consequently, theoretical criteria may

be most useful in estimating lake trout habitat loss under extreme high temperatures and

low DO concentrations. Temperature and DO may be particularly useful in identifying

lakes that have lost or are near the borderline of losing mid-summer refuge for the fish.

For example, the absence of lake trout in L240 at the ELA could be attributed to the

extended period ( 15 years) of no habitat < 12 oC and > 4 mglL DO (Schindler et al.

1996). Thus, it may be difficult to determine the ecologic relevance of changes in

theoretical habitat and its impact on lake trout populations (e.g., distribution, growth,

survival), but observation of little to no theoretical habitat in a lake may indicate a
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population that is in jeopardy of habitat loss and extirpation. Because temperature and

DO produced the best estimates of lake trout habitat during limiting conditions, these

theoretical habitat criteria may be used to determine the potential loss of summer refugia

for the fish under climate warming scenarios. This may be especially true for lake trout

populations in small lakes where small declines in theoretical habitat could result in

total loss of suitable habitat for the fish.

13



Table 3.1. Theoretical habitat boundaries for lake trout and
supported, used, or discussed their use in estimating habitat
Lower and upper
theoretical boundary
8-12"C Gibson and Fry ( 1954)

McCauley and Tait (1970)

Coutanr (1917)

Peterson etal. (1979)

O'Connor et al. (1981)

Srewarr et al. (1983)

Christie and Regier (1988)

Hill and Magnuson (1 990)

Magnuson et al. (1990)

DeStasio et al. ( 1996)

Magnuson and DeStasio (1997)

Pazzia et al. (2002)

Jansen and Hesslein (2004)

MacKenzie-Grieve and Post (2006a)

5 - 15 "C DeStasio et al. ( 1996)

Jansen and Hesslein (2004)

Snucins and Gunn (1995)

4 mg/L DO * l2 "C Schindler et al. (1996)

4 mglL DO - l5 "C Sellers et al. (1998)

Evans et al. (1991)

Chapter 2 of this thesis

6mglLDO- 12'C Sellers et al. (1998)

6mglL DO- l5 "C Sellers et al. ( I 998)

Clark et al. (2004)

the literature that has
boundaries for the species.

Literature
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Table 3.2. Summary statistics for estimates of theoretical and observed habitat volumes
(*' * 106) and the depth ranges (m) occupied by lake trout during 2003 and 2004 inLake
373 at the Experimental Lakes Area, Ontario, Canada. The occupied volumes were
determined from the 2.5 and 97.5 percentiles of the daily depths of acoustically-tagged
fish. The total volume of the lake was 2.99 x 106 m3. Upper and lower confidence limits
about the median annual depth range and occupied habitat volumes were obtained by
bootstrapping.

Occupied or theoretical
volume Year Median

Upper
95%CL

Lower
95% CL Minimum Maximum

Occupied depth range 2003 168

2004 168

2003 168

2004 168

2003 144

2004 129

2003 144

2004 129

2003 t44

2004 129

2003 123

2004 r 16

2003 123

2004 I 16

2003 123

2004 I 16

9.40

9.00

1.34

1.48

0.35

0.29

1.21

1.44

1.09

1.36

1.14

1.61

1.32

1.59

Lr9

1.52

1.54

1.75

1.19

r.38

0.47

0.36

0.21

0.20

0.74

1.00

0.62

0.87

0.9 r

r.l6

0.87

1.22

0.75

1.09

17.20

15.40

2.80

2.61

2.38

1.13

2.99

2.88

2.99

2.88

2.29

2.74

2.99

2.80

2.99

2.80

9.90 8.20 3.s0

9.80 8.20 2.60

Occupied volume

8-12"c

4mglL DO- l2'C

6 mglL DO - 12 "C

5-15"C

4mglL DO- l5 "C

6mglL DO- l5'C
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Table 3.3. Statistical results (r+ests) for testing that the mean difference loccupied -
theoretical] in occupied and combinations of theoretical habitat boundaries are equal to
zero during 2003 and 2004 inLake 373 at the Experimental Lakes Area, Ontario, Canada.
The percent difference was calculated by dividing the mean differences by the median
occupied volume of the tagged fish for the given year.

Year Mean
difference Percent

difference
Lower and upper

theoretical
8-12"C 2003

2004

4 mglLDO - 12"C 2003 144

2004 129

2003 144

2004 129

2003 123

2004 116

2003 123

2004 116

6 mg/L DO - 12"C

5-15'C

4 mglL DO -'15'C

6 mg/L DO - 15 'C 2003 123

2004 116

n

44

29

1

1

m3 x 106
Standard

error f-value
0.05 18.03

0.06 22.80

0.04

0.06

0.05

0.06

0.04

0.06

1.71

1.82

-1.89

-2.59

P
< 0.0001

< 0.0001

0.09.

0.07.

0.06*

0.01"

0.96

1.26

0.06

0.10

0.16

0.16

0.19

-0.17

-0.07

-0.15

0.05

-0.09

72

85

4

7

12

11

14

12

5

10

0.04

0.06

4.13 < 0.0001

2.78 0.006.

3.70 0.0003

-2.99 0.003

4 0.04 1.16 0.248.

6 0.06 -1 .56 0.136.
*Non-significant P-values represent no statistical difference between occupied and theoreticul habitat
volumes. Note that s was Bonferroni corrected to equal 0.004 over the l2 tests.
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percentile depths (solid lines) of acoustically-tagged adult lake trout used to estimate the
habitat of tagged f,rsh in Lake 373 at the at the Experimental Lakes Area, Ontario,
Canada. Fish depths are plotted by the day of year during the thermally stratified period
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isopleths for dissolved oxygen (solid grey lines).
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Figure 3.2. The daily water volumes for theoretical habitat boundaries of lake trout (8 -
72 "c,5 - 15 "c, 6 mglL dissolved oxygen - 12 oc, and 6 mglL dissolved oxygen - l5
'C) and the daily water volumes occupied by acoustically-tagged lake trout plotted by the
day of year during 2003 and 2004 lnLake 373 at the Experimental Lakes Area, Ontario,
Canada.

t8



3.0

1.5

1.0

0.5

0.0

)4

2.0

(o
Or
X

E
o

cÐEof
OO
N

õ
.o
o
L
oo
-cF

(o
O
X

(.)

E
q)

.clir 
=OJOO

N
oo
(¡)
L
o
0)
-cF

2.5

. B- 12'C

" 4mglL-12"C
.5-15'C
"6mg/L-15"C

o

o

t 
,t'

.1

rfu
o-.8,.o o

.:öË

¡¡ rÊ
oo fu

I

9o 9^rl

" 
t"#'u;H#*-E

oo "g .

äååË"Eþ"
'"g.pi" oo "*

¡rrtl,ítt?... -q:..'åå:

I
sE

9-
o it'

2'y'9E 
"c

,9,:i'.Ë

1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 3.02.52.0

Observed volume (m3 x 106)

Figure 3.3. Theoretical habitat volumes compared to volumes of water occupied by
acoustically-tagged lake trout during 2003 and 2004 inLake 373 at the Experimental
Lakes Area, Ontario, Canada. The dashed reference line represents where theoretical
habitat volumes equal to the volumes of water occupied by the tagged lake trout.

79



CHAPTER 4.

A Dynamic Optimization Model to Evaluate Habitat Selection, Growth, and
Survival of Lake Trout (Salvelinus namaycush) Over Changing Thermal Conditions

It has long been assumed that lake trout seek depths having temperatures of 8 - 12 "C

because optimum physiological function and maximum growth is provided. Recent

observations of in silar depths and temperatures occupied by lake trout do not support this

assumption. I constructed a state-dependent individual-based population model that is

predicated on the assumption that lake trout will seek depths based on predation risk,

food availability, and temperature to maximize net energy gain (i.e., growth and fitness)

by fall spawning. Growth and fitness are closely linked to the water temperatures that

fish occupy; therefore, the model employs daily thermal-depth profiles recorded in a

small boreal shield lake (Lake 373 atthe Experimental Lakes Area, northwestern Ontario)

during two years of contrasting thermal stratification patterns. The in sitzl depths of

acoustically-tagged lake trout were recorded concurrently with thermal-depth profiles,

enabling a qualitative assessment of model performance. The depths and temperatures

occupied by simulated fish closely resembled empirical observations, indicating the

model may incorporate the underlying mechanisms behind individual, seasonal, and

annual patterns in lake trout behaviour. I determined the potential impacts of climate

change on fish depth, growth, survival and ultimately fitness using thermal profiles

projected over a series of climate change scenarios (i.e., changing mean annual air

temperatureby -2,+2,+4, and +9 "C). Climate change scenarios were projected from

observed weather ('warm' and 'cool') and stratification pattems ('long' and 'short')

during two climatically extreme base years. Annual differences showed a three-fold

reduction in growth (15.6 g) and fîtness during climatically wanner conditions, and

climate change scenarios suggested persistent increases in temperature and longer

stratification patterns could alter habitat selection and reduce the fitness of many lake

trout populations.
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4.0 INTRODUCTION

In both small and large lakes, lake trout are known to migrate into cooler and

deeper water at the onset of thermal stratification (Martin and Oliver 1980; Gunn et al.

2004). This behaviour is often explained by fish seeking temperatures which are

optimum for physiological processes and growth. The assumption of behavioural

thermoregulation is central to many theoretical studies on this species (Stewart et al.

1983;Pazzia et aL.2002), especially with respect to investigating the potential impacts of

climate change on lake trout populations (Hill and Magnuson 1990; Magnuson et al.

1990; Destasio et al. 1996, Magnuson and Destasio 7997, Jansen and Hesslein 2004, and

MacKenzie-Grieve and Post 2006a). Some lake trout populations have been observed

occupying habitats primarily within this 'preferred' thermal range (i.e., 8 - 12 "C;

MacKenzie-Grieve and Post 2006b; Gunn and Pitblado 2004), but many other studies

have demonstrated a much broader, and on avetage, cooler temperature occupancy in the

wild (Snucins and Gunn 1995; Sellers et al. 1998; Bergstedt et al.2003: MacKenzie-

Grieve and Post 2006b; and Chapters 2 and 3 of this thesis). Further, field estimates of
preferred temperatures for other temperate freshwater fishes are generally lower (-l - 2

'C) than laboratory estimates for the same species (Magnuson et al. 1979). Thus, the

assumption that lake trout generally seek depths based on thermal preferences alone does

not often hold.

Optimum foraging theory suggests animals will seek habitats which maximize

food benefits in relation to energetic costs (or time spent) of obtaining food, thereby

leading to greater fitness (Pyke et aI.1977). Alternatively, behavioural thermoregulation

dictates that heterothermic animals should seek habitats with temperatures providing

optimum growth to maximize fitness (Magnuson et al 1979). However, in heterothermal

environments, fish generally choose habitats which maximize net energy gain (i.e.,

growth and fitness) by optimizing bioenergetics with respect to both temperature and

food (Crowder and Magnuson 1983). Given that lake trout are heterothermal and

behavioural thermoregulation does not often explain lake trout behaviour, optimizing
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bioenergetics with respect to multiple niche axes may better explain lake trout habitat

selection (Crowder and Magnuson 1983).

The idea that changes in energy allocation determines the growth trajectory of an

organism forms a comerstone of life history theory (Fisher 1930). Allocation of energy is

likely determined by information the individual has about itself (i.e., state) in relation to

its environment. It is commonly accepted that a fish's condition plays a key role in

determining behaviour, growth, reproduction, and survival (McDonald and Robinson

7993;Lambert and Dutil 2000; Forsberg et al. 2001; Ostrand et aL.2004). Factors such as

health, age, sex, and size of an individual may be considered as states (i.e., information

the fish has about itself). With respect to the environment these states help to determine

the fish's allocation of energy resources, which ultimately are physically manifest in the

behavioural decisions and overall growth trajectories of the fish. Energy allocation,

behaviour, growth, and fitness of adult lake trout may be largely determined by the

amount of energy obtained (i.e., growth) from spring until spawning in the fall. Growth

trajectories oflake trout are greatly reduced after reaching reproductive age (> 5 years;

Stewart et al. 1983), suggesting that much of the energy and growth assimilated by adult

lake trout is allocated towards reproduction (e.g., gametes or lipids). Therefore,

maximizing net energy gain and growth by fall spawning may represent the underlying

factor determining lake trout behaviour and fitness at both the individual and population

level.

In this study, I develop an individually-based, state-dependent, population model

to evaluate how climate-mediated changes in lakes may affect vertical distribution,

growth, and fitness of lake trout. The main assumption of the model is that adult lake

trout will seek depths that maximize net energy gain or growth by fall spawning. Based

on general assumptions regarding predation risk and food availability, the model uses

bioenergetics equations in conjunction with daily thermal-depth profiles to estimate daily

depths of lake trout. Daily depth choices of fish are dependent on an individual fish's

state or condition (i.e., accumulated mass for a given fork length), and the extent to which

predation risk, temperature (i.e., metabolic cost), and food differ throughout the water
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column over time. To assess model performance, I compared model-determined depths to

those occupied by a tagged and continuously monitored population of adult lake trout.

Because both lake temperatures and depths of tagged fish were simultaneously and

continuously monitored, the vertical distribution of fish in relation to changes in water

temperature can be compared to model estimates. Perhaps most importantly, these data

were collected during 2003 - a climatically 'warm' year, and2004 - a climatically 'cool'

year. Thus, this study should provide insight into how current extremes in climate may

affect fish behaviour, growth, survival and ultimately fitness.

Longer sum.mers and persistent increases in temperature expected under climate

warming (Hengeveld 1990; Schindler et al.1996; Magnuson et al. 2000) will ultimately

increase the total heat content of lakes (Chapter 1). If the vertical distribution of lake

trout is the result of optimization of bioenergetics with respect to food and temperature

resources, then increases in the duration and amount of heat in lakes could alter fish

distribution, growth, and ultimately fitness. The model is further applied to

environmental conditions which lie outside historic climatic extremes, by running the

model with thermal stratification pattems generated over a series of climate change

scenarios (i.e., changes in mean annual air temperafure of -2, 0, + 2,-l 4, and + 9 'C).

Ultimately, this information can assist fishery managers by increasing our understanding

of the underlying mechanisms that determine fish behaviour and how climate-mediated

changes in lakes may affect lake trout habitat selection and fitness.

4.1 METHODS

Data and Model Input

The following model uses water temperatures gathered in a small dimictic boreal

shield lake, Lake 373 (L373) located at the Experimental Lakes Area in western Ontario,

Canada (Figures 1.1 and 1.2). In addition, five acoustically-tagged f,rsh were monitored

(Chapter 1 ; Table 1 .1). Data were collected during two climatically extreme years with

differentheatdistributions (Chapter 1; Figures 1.15 and 1.16). The studyarea, lake, and

tagged fish are discussed in greater detail in Chapter 1 of this thesis, and the methods
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used to obtain the mean daily water temperafures for model input can be found in the

methods section of Chapter 2. To generate the climate change scenarios empirical data

on climatic variables such as solar energy, wind speed, water clarity, and air temperature

were also used. These meteorological data were collected on-site at the Experimental

Lakes Area and were part of the long-term monitoring program at the ELA (see Jansen

and Hesslein2004).

Model Rationale, Structure, and Simulations

Growth rates of lake trout are typically non-linear and reach an asyrnptote after

reproductive age (Stewart et aL. 1983). For example, the intersection between two

regression lines for weight and age of adult lake trout inL373 indicated the fish reach

reproductive age at about 9 - l0 yrs, and after which they grow at arate of 6 - 7 glyï

(slope = 6.7, SE -2.7; Figure 1.5). Eschmeyer (1955) and Stewart et al. (1983) estimated

that approximately 6.8%o of an adult lake trout's body weight (sexes combined) is

allocated towards reproduction. Thus, a 1000 g lake trout in L373 must accumulate about

68 g of mass (e.g., gametes and lipids) by fall spawning. Because the amount of energy

allocated towards reproduction is large in relation to overall somatic growth of the fish

(Stewart et al. 1983), maximizing growth prior to fall spawning may be the primary

determinant of lake trout behaviour, growth, reproductive success, and in turn, fitness.

The following model assumes growth is directly related to lake trout f,rtness, and the

model's Terminal Fitness Function Q(T) relates lake trout fitness to the amount of
growth at fall spawning X(T) in the following manner:

aQ) = x(T)

The energy assimilated by a fish is represented by growth or increased mass in the

form of muscle, gametes, or lipids. Therefore, I used the state-variable, X(t), measured in

grams of growth, to characterize the energetic state of lake trout at a given time f. The

state-variable X(t) represents the amount of growth at time t, and it is assume d that X(t)

(l)
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can either increase or decrease over time. All growth is assumed to be allocated towards

reproduction, not somatic growth. This assumption appears justified given that a majority

of the annual growth for an adult lake trout is allocated towards reproduction (Stewart et

al. i983). Growth is estimated by subtracting metabolic costs and adding the energy from

food if obtained. I estimated growth in discrete daily time steps, considered over a 168 d

period from April I to October 15 during 2003 and 2004. Thus, the model is a discrete-

time model encompassing the period from just after ice-off through spawning, which is

assumed to occur on October 15 during both years, and is believed to be the typical onset

of spawnin g for L373 (Sandra Chalanchuck, DFO, Experimental Lakes Area, Ontario,

personal communication). To relate the quantity of stored mass X(r + 1) at time ¡ + I to
the value of stored mass X(r) at time ¡, the habitat choice i was characterized using the

following parameters:

B¡= Probability of predation if depth i is chosen;

l"¡= Probability of frnding food if depth i is chosen;

o¡= The metabolic cost if depth i is chosen;

I¡= Amount of food available if depth i chosen.

Each habitat choice i represents a 1-m depth stratum of L373 from the surface to the

maximum depth (Z^u^= 20.8 m), resulting in 21 vertical habitat choices. For example, 26

represents the habitat choice between the surface and 1 m and Z2srepresents the habitat

choice between 20 and 20.8 m (i.e., max depth). Two steps are needed to implement the

model. The hrst step creates a 'decision matrix' of depths (or habitats) providing the

maximum probability of growth (i.e., state), or accumulated mass at a given time step

(Figure 4.1). To create the decision matrix, the probability of growth and survival must

be calculated at each time step for each depth stratum by weighting the probability of

surviving predation (1-p) with potential growth when food is found (À) or not found (1 -
l"¡). Although these probabilities may be calculated using forward iteration (i.e., from the

initial time step I to the final time step Z), the number of iterations and calculations is
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greatly reduced by calculating the probabilities from the final time step Zto the initial

time step I using backwards iteration (Mangel and Clark 1988). It is assumed that growth

is assessed at the start of each time step, therefore, growth X(t - 1) = x during backwards

iteration to create the decision matrix will equate to X(t) = x during forward iteration of

model simulations.

First, the potential growth in each depth strata and time step was calculated in the

following manner:

(2)

Next, l.¡was weighted by x" (in grams of growth) if food is found in depth i, and also I -
)"¡ was weighted by x", (in grams of growth) if food is not found in depth i. Because the

units for ï¡and o¡ are in grams per gram of body weight per day (g . g-' . d-l; Stewart et al.

1983), these values were multiplied by the body weight of the frsh, W¡, to obtain the

potential growth in each depth and daily time step. The depth having the maximum value

of these weighted probabilities represents the depth providing the maximum probability

of surviving and growing from period t to T, given that at time / the lake trout is alive and

feeding, and the value of growthX(l) is x. This follows R. A. Fisher's (1930) definition

of reproductive value, and is termed the lifetime fitness function F(x, t, 7) by Mangel and

Clark (1988). When integrated over time relative to habitat choice and the spawning

period at time Z, reproductive value is expressed as:

(3) F(x,t,Ð=-,1*(1- P). [À¡.F(x'¡, t+ 1,7)+(1-],) - F(x"¡,t+ I,T)l

The use of this equation and the algorithm to create the decision matrix is illustrated in

Figure 4.1, and programming of the algorithm was done in Visual Basic using Excel

software.

The predation parameter, 9¡, was assumed to be constant over time, but vary

among depths (i.e., habitat choices). Because no information exists on the predation of

x'i=x+((f -o,,).LD
x"i=x-(g,¡.ln

with probability Ài

with probability (1 -).)



(4)

lake trout, model estimates were obtained under scenarios with and without predation to

assess the sensitivity of the model to this parameter and judge the potential impacts of
predation on lake trout depth, growth, survival, and fitness. Known predators on lake

trout within the study area are bald eagle (Haliaeetus leucocephelzs), osprey (Pandion

halíaetus), otter (Lutra Canadensis), and the common loon (Gavia immer), although the

latter is an unlikely predator for the size of adult lake trout in L373.

For simulations including predation, it was assumed to decrease linearly from the

surface to a depth of 4 m, with no predation occurring below a depth of 4 m. The trend

and extent of predation risk in the lake was chosen because the potential predators on lake

trout feed near (within 5 m) or at the surface. Specifically, in the upper 4 m of the water

column, B¡, was set according to the following equation:

F¡ = 0.01 - (0.0025 'Z)

where Z¡ is the depth in meters of habitat choice i. Thus, F¡ = 0.01 at 0 m and

0.0025 at 4 m, and all depths > 4 mwere set equal to 0. Thus, lake trout were most likely

to die from predation near the surface, but at depths > 4 m there was no chance of
predation. Thus, predation was modeled as a function of depth, but predation could also

be modeled as a function of light. However, laboratory tests have shown that lake trout

fail to react to prey at distances > 1 m over a relatively wide range in turbidity and prey

sizes (Vogel and Beauchamp 1999). If lake trout fail to react to prey at distances > 1 m

then it seems reasonable to assume that lake trout may be incapable of reacting to

predators within this same distance. Given this short reaction distance, and that many

lake trout predators have greater visual ability than fish, it seems reasonable that

predation risk may be largely associated with shallow habitat, and therefore, can be

sufficiently modeled as a function of depth. Moreover, changes in light will likely have

their greatest impact on a fish's perceived risk of predation between day and night

periods, and because I model lake trout behaviour in l-d time steps this approach

attempts to average any effects of light on predation risk over the 24-h diel cycle.
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The probability of finding food, I¡, wâs also assumed to be constant over time and

decrease from the surface to the bottom of the lake (Figure 4.2). The premise of this

scenario is greater productivity and 'food rich' habitats near the surface of the lake and

the lowest productivity and 'food poor' habitats near the bottom of the lake. This

scenario was based on dividing the lake into three 'zones' of food availability, with each

zone having less probability of obtaining food with increasing depth. Thus, the greatest

probabilities of obtaining food were near the surface and the smallest probabilities of

obtaining food were near the bottom of the lake. Undoubtedly, differences in Ii will

affect fish growth, but differences in Ii ma! also affect fish distribution because the depth

choices of simulated fish depend on both the distribution of food and temperature.

Unfortunately, there is no information on the diet or the probability of obtaining food for

lake trout tnL3l3. Nonetheless, the zones and trends for l"¡were based on logical

assumptions about lake productivity as it relates to lake trout diet - greater food

availability towards the lake's surface (see class one lake trout in Vander Zanden and

Rasmussen 1996). Thus, the model seeks to explain how lake trout choose food

resources in the face of changing thermal conditions.

Growth X(t) at time / was estimated using the lake trout bioenergetics model

presented by Stewart et al. (1983). This bioenergetics model was specifically designed to

estimate the growth of lake trout, has been shown to perform extremely well in laboratory

evaluations (Madenjian and O'Coruror 1999), and is in common use throughout North

America as a component of the 'Wisconsin' bioenergetics model (Hanson et al. 1997).

The bioenergetics model uses a series of linear equations to estimate lake trout growth as

a function of body weight, temperature, and swimming speed (Table 4.1). To facilitate

comparison of model results to tagged lake trout, I chose to model fish weights similar to

the weights of the tagged fish (mean = 989.6 g, SE = 151.8). Consequently, a lake trout

having 1 g or 0.i% of growth (i.e., growth or stored mass for a given fork length) was

modeled with a body weight of 932 g, and a lake trout havin g 69 g or 6.9Yo of growth was

modeled with a body weight of 1000 g. To avoid artificial boundary effects the decision

matrix was solved for fish weights of up to 1100 g or 169 g of growth, which far
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exceeded the maximum obtainable growth for the given food ration and time period.

The amount of daily food available, Y¡, was a fixed proportion during all model

simulations representing0.T5% of the fish's body weight at time ¡. This value was used

by Stewart et al. (1983) to estimate the growth of lake trout in Lake Michigan and

represents a central value between the maintenance (0.25o/o) and ad libitum rations (1.4%)

reported by Madenjian and O'Connor (1999). The value of I¡was constant and set equal

to the parameter C in the bioenergetics equations. This enabled the dynamic optimization

model (Mangel and Clark 1988) to be linked with the bioenergetics model (Stewart et al.

1983). The amount of food consumed by fîsh between the initial and fìnal time steps of

the model was, therefore, a function of both Ài and C. The model does not account for

mixed diets (i.e., fish or invertebrates), or differences in energy density between predator

and prey in growth calculations. It does, however, take into account differences in energy

density with fish size and its effect on daily specific metabolism (see Stewart et al. 1983).

Consequently, model estimates of growth may not represent actual growth of lake trout in

L373, and therefore, are of little interest and value. Nonetheless, because water

temperature was the only factor to change over time and among habitat choices (i.e.,

depths) inferences may be drawn about the relative effect of temperature and thermal

stratification patterns on the vertical distribution and growth of lake trout. Likewise, it is

the trends and differences in growth estimates that are of interest and value, not the

absolute values.

To account for the effect of temperature on the bioenergetics of lake trout and

estimate the potential for growth at each depth, daily thermal-depth profiles for L373

were introduced at each corresponding time step. Water temperature data were collected

using thermistors (Onset HOBO Water Temp Pro, Model H2O-001) deployed at I - 8,

10, 15, and 19 m below the surface of L373. Thermistors recorded the water temperature

every 30 min, providing a nearly continuous record of the lake's thermal prof,rle. To

estimate daily thermal-depth profiles, a daily mean was calculated for each measured

depth. Linear interpolation was then used to estimate the mean daily temperature

between the measured depths (see Chapter 2 methods for details). These thermal-depth
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(6)

profiles are the only empirical data required for the model. Because the objective of this

study was to provide insight into the effect of climate on fish behaviour, I ran the model

using daily thermal-depth profiles for L373 in a climactically 'warm' and 'cool' year (see

Chapter I of this thesis).

The metabolic cost of choosing ahabitat, o¡, wâs dependent on the effect of

temperature on metabolism and the probability of finding food (i.e., À). Accordingly, if a

fish found food based on the probability of À¡in depth i then o,¡ wâs estimated using the

following equation:

ct¡= Ropt¡+ SDA¡+ Fi+ Ei

where, Ropt¡ is fish metabolism, SDA¡ is the specific dynamic action or heat increment, F¡

is egestion, and E¡is excretion as estimated by Stewart et al. (i983; Table 4.1). If a fish

did not find food based on the probability of 1- À¡ in depth i then ü,¡ wâS simply set equal

to Ropt¡, representing the daily metabolic cost without obtaining food in habitat choice i.

The second step of the model simulated fish growth based on habitat choices

provided within the decision matrix (Figure 4.3). Thus, the decision matrix supplies the

'decision rules' for simulated fish to follow. Model simulations were conducted for 100

individuals iterated at 7 g intervals of stored mass or growth. Initial weights of fish were

from932 - 1000 g, representing a stored mass of | - 69 g. Thus, the distribution of

initial state or growth prior to model simulations was rectangular. Energetic states may

be most comparable to condition factor (i.e., standardizedratio of weight to fork length

see Bagenal 1978). Based on the coefficients for a regression of fork length on weight

(Figure 1.3) condition factors of simulated fish ranged from 1 .1 to 1.2. Based on fall trap

net catches on adult lake trout (> age 6) inL373, mean condition factor was 1.1 (SE =

0.1; data source Dr. Ken Mills, Freshwater Institute, Winnipeg, Canada), and condition

factor for the five tagged fish also ranged from I .1 to I .2. Thus, energetic state for fish in

model simulations was similar to the state or condition factor of fish in the wild.

I simulated two types of habitat choices: 1) optimum habitat choices providing the
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maximum probability of surviving and growing from time t to T, given that the growth of

lake trout X(t¡ =;r (i.e., the habitat choices provided within the decision matrix); and2)

random habitat choices that do not take into account differences in predation, food

availability, or temperature. Post-simulation differences in growth and survival between

optimum and random habitat choices enable the assessment of optimum habitat choices

relative to chance. To facilitate comparison between model simulations, I used a

pseudorandom number generator that generated the same series of random numbers

between simulations. This was important because many behavioural outcomes are

probabilistic and this model is individually based with population-level effects arising

from individual decisions. In using a pseudorandom number generator comparisons

between model runs may be made directly over the various environmental conditions.

Comparison of Observed and Simulated Fish Behaviour

To evaluate the model, the depths of optimum habitat choices by simulated fish

were compared to those of acoustically-tagged lake trout. Because the growth of tagged

fish was unknown and unobtainable, only a qualitative assessment of model performance

was possible. Comparison of model results to empirical data provides an assessment of

the model's ability to explain variation in observed fish behaviour. Because lake trout

could easily move across all depths within a day, optimum habitat choices of simulated

fish may only represent the central tendency of daily lake trout depths. For comparison, I

calculated bootstrapped 95% confidence intervals about the daily median depths for five

acoustically-tagged lake trout (i.e., lake trout 1 - 5; Table 1.1 and Figures A.2 - 4.6) and

plotted them with the daily minimum and maximum optimum depths chosen by

simulated fish. I constructed bootstrapped data sets (Efron and Tibshirani 1993; Davison

1991) by randomly sampling from the observed data set (i.e., median daily depths of the

five acoustically-tagged fish during this study see Table 1.1), with replacement, the same

number of data points as the observed data sets. I then calculated a median of these daily

median fish depths from the randomly sampled data set. This procedure was repeated

10,000 times to build a distribution of all possible median daily depths. The 2.5 and97.5

91



percentiles of the daily distributions represent the lower and upper limit of the 95%

confidence interval about the observed median daily fish depths.

I examined the ability of the model to capture relative impacts of thermal

stratification pattems on seasonal depths of lake trout. I conducted a series of analyses on

both modeled minimum and maximum daily depths and observed shallow and deep 95o/o

confidence limits of tagged fish. For each of these daily depth estimates I used the same

methods as in Chapter 2;I compared daily depth estimates between years by day of year,

by day of stratification, and by day of stratification with depths adjusted based on annual

differences in daily minimum hypolimnetic depths. By accounting for relative differences

in timing and depth of thermal stratification in both modeled and tagged fish, the model's

ability to capture relative differences in fish depth as a result of differences in thermal

stratification pattems can be discerned.

Application of Dynamic Optimization Model to Climate Change Scenarios

Jansen and Hesslein (200a) developed and validated a physical model to estimate

seasonal thermal stratification patterns for small dimictic lakes (i.e., Lake 239 at the

Experimental Lakes Area, Ontario, Canada) given natural variation in climate variables

such as wind speed, relative humidity, light attenuation, solar energy, and air temperature.

Because this model was specifically developed for ELA lakes, I used it to estimate

thermal profiles for a given set of potential and expected climate change scenarios for

L373. To ensure that this climate - stratification model could be applied toL373,I

compared observed and modeled surface temperatures (i.e., the depth having the greatest

variation in water temperature) during the warmest (1987) and coolest (1992) years

observed over a 36-yr period (i.e., 1969 - 2004). These years were determined to be the

most extreme based on estimates of total heat content inL239, an ELA reference lake

(Jansen and Hesslein 2004). The mean annual air temperature was 5.2'C (SE = 11.8) in

1987 and 2.2'C (SE = 1 1.9) in 1992. Perhaps more importantly however, the length of

the ice-free season was 218 d (95'h percentile) in 1987, but was just 190 d (25'h percentile)

in 1992. Jansen and Hessleins's (2004) model has been shown to estimate thermal
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profiles for a small lake at the ELA very well. Verifying the model on historic extremes

in climate should provide the best indication whether it can adequately estimate future

thermal stratification pattems that may lie beyond historic extremes for L313.

Current global climate models cannot reliably predict local changes in cloud

cover, wind speed, or precipitation, all of which may differ quantitatively depending on

the model used (Hengeveld 2000). There is also insufficient evidence to assume that

climate change will result in marked changes in these variables. Thus, I did not change

wind speed, relative humidity, light attenuation, and solar energy when modeling thermal

stratification patterns for L373. To estimate daily thermal profiles for L373 under climate

change scenarios, I used the same air temperature scenarios as Jansen and Hesslein (200a)

by changing mean annual air temperatureby -2"C, + 2oC, + 4 oC, and + 9 oC in two

'base' years - 1987 and 1992 - the warmest and coolest years on record, respectively.

The - 2 oC and + 2 "C scenarios represent the low and high range in mean arurual air

temperatures observed over the historic record at the ELA (Schindler et al. 1990; Jansen

and Hesslein 2004). The + 4 oC scenario was based on future predictions of mean

suÍìmer air temperatures after a doubling of atmospheric CO2 concentrations compared to

1980 levels in the boreal shield region (Magnuson et al. 1997). The + 9 oC scenario was

based on the assumption that COz emissions do not stabllize at double current levels, but

continue to increase with respect to energy consumption (Hengeveld 2000; IPCC 2001).

Even though these values may appear somewhat arbitrary, they represent the upper range

in air temperature increases predicted by the most current global climate models for the

period 2080 - 2100 (Hengeveld 2000). Finally, I ran the dynamic optimization model

using daily thermal-depth profiles (1 m resolution) generated from the climate change

scenarios under the Jansen and Hesslein (2004) model. This enabled estimation and

evaluation of potential impacts of climate change on depth, growth, survival, and fitness

of lake t¡out for a given risk of predation and food availability. For purposes of

simplification, all climate change scenarios were nÌn with predation in the model. This

seemed the more prudent choice, because virtually all animals are prey and the potential

predators on lake trout are ubiquitous and co-occur throughout the fish's range,

93



suggesting that including predation in the model would be the more realistic scenario.

One of the greatest unknowns with respect to the impacts of climate change on fish is

how lake productivity and food availability may change with persistent increases in future

temperature. Therefore, I conducted a series of growth simulations by changing the value

for daily consumption, C, in each base year, which provided an estimate of the effect of C

on growth for a given stratification pattem and increase in mean annual air temperature.

Based on the change in growth for a given C in each base year, I estimated the amount of

food needed to obtain the same growth as in the base year for each of the climate change

scenarios.

4.2 RESULTS

All studies of animal function and behaviour are founded on evolution by natural

selection, and likewise the results of this model must be interpreted within this context.

Modeled optimum depths represent habitat choices providing optimum fitness. Habitat

decisions by some states are likely to provide greater fitness benefits than others, which

will depend on current environmental conditions and lake-specific conditions under

which the population evolved. Consequently, state-dependent habitat choices represent

the range of habitat choices that may be selected for and exhibited within a population

given the environmental conditions and fitness benefits they provide.

Depth and Habitat Selection by Simulated and Tagged Lake Trout

I developed a model to test the hypothesis that lake trout make habitat choices

with respect to temperature and food resources to maximize net energy gain by fall

spawning, and thus, fitness. The depth distribution of simulated fish closely matched that

of tagged lake trout inL373 (Figure 4.4). Minimum and maximum depths of simulated

lake trout demonstrated a seasonal shift towards deeper depths as air and water

temperatures increased (Figure 4.4). Simulated fish depths showed less day-to-day

variability than tagged fish. This is to be expected because fish depths were modeled
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using discrete 1-m depths, I -d intervals, 1-g states, and a set value for daily food

consumption, which reduces the potential for variation in modeled habitat choices.

Overall, the model was able to simulate the seasonal changes in depth and

temperature occupancy by tagged fish within each year. This was especially true when

predation was included in the model. During both years, minimum and maximum

optimum depths for model runs that included near-surface predation were most similar to

observed pattems of lake trout distribution than when predation was excluded (Figure

4.4). In the absence of predation, the minimum depths providing the maximum

probability of growth were near or at the lake's surface throughout much of the stratified

period. The greater similarity between simulated and tagged fish in the presence of

predation provides support for including near-surface predation in model. The more

apparent impact of predation during the climatically cooler conditions demonstrates the

potential effects of both temperature and predation on fish depth, and suggests that fitness

benefits for lake trout may be obtained in shallower and warmer water under climatically

cooler conditions.

Under the predation scenario, the range in model-selected optimum depths for

simulated f,rsh most closely reflected the annual differences in thermal stratification

patterns and depth ranges of tagged fish (Figure 4.4). The climatically warrner year of

2003 resulted in simulated fish generally occupying deeper depths, descending to deeper

water earlier in spring and returning to shallower water later in fall compared to fish in

the climatically cooler year of 2004. In2004, simulated fish generally occupied

shallower depths, and descended into deeper water later in spring and returned to shallow

water earlier in fall. Fish depths estimated by the model were slightly shallower than

observed for lake trout; however, optimum depths were similar in trend, and therefore,

conveyed similar relative differences in depth as the tagged fish did between years.

Further, simulated fish depths in 2003 tended to be more constrained, whereas simulated

depths in2004 were more random, which match observed pattems in behaviour by tagged

fish (see Figure 2.2). Thus, for a given risk of predation and food obtained, the dynamic
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optimization model adequately estimated the relative effect of different thermal

stratification patterns on lake trout depth.

The relative effect of thermal stratif,rcation pattern on the depth distribution of fish

is perhaps best demonstrated by the increasing similarity in both modeled and tagged fish

depths once differences in stratification patterns were accounted for (Figure 4.5). When

paired by day of year, mean annual differences in minimum and maximum depths of

simulated fish and shallow and deep bootstrapped 95% confidence limits of tagged fish

were much larger (1.3 - 2.1m) than when paired by day of stratification and adjusted for

the difference in hypolimnetic depth (-1.5 to 0.5 m; Table 4.2). Annual differences in

maximum daily depths of simulated fish differed significantly (P < 0.02) from zero

between years. Annual differences in minimum depths of simulated fish did not differ

significantly from zero (P > 0.31). This result might be expected given that temperature

and thermal stratification pattern will ultimately have a greater impact on lake trout

habitat selection in shallower rather than deeper water. The smaller annual differences in

depths for both modeled and tagged fish demonstrate the model's ability to capture the

underlying effect of temperature on lake trout distribution. These data support

conclusions from Chapter 2 (Table 2.2) that annual differences in stratification patterns

translate into annual differences in the daily depths of individual fish, and that

climatically waffner conditions will result in less occupation of shallow water habitats.

One assumption of this model is that habitat choices are, in part, dependent on the

fish's state at a given time before fall spawning, and therefore, habitat choices will

depend on the initial state (i.e., growth or stored mass for a given fork length) of the

individual before the onset of thermal stratification at time r = 1. Initial energetic state of

simulated lake trout influenced habitat decisions (Figures 4.6 and 4.7). Perhaps the most

striking difference in depth was observed between'low' (i.e., 1 - 30 g) and'high' (i.e., 31

- 69 Ð initial states of growth. Simulated fish with low and high initial states occupied

depths between 9 - 13 m in mid-suûrner, but habitat choices by low-state fish were

typified by shallower depths in spring and deeper depths shortly before spawning in the

fall. Conversely, habitat choices by high-state fish were typified by deeper depths in



spring and generally shallower depths before fall spawning. Greater variation in observed

compared to modeled fish behaviour might be expected because other state-dependent

factors such as age, sex, and health of an individual would also influence fish behaviour

(and growth) in the wild. Nonetheless, the differences in habitat selection among fish

with varying initial energetic states in the model suggest that stored mass at a given time

may, in part, account for among-individual depth differences within a population.

Bioenergetic optimization to maximize net energetic gain by fall spawning

resulted in simulated lake trout occupying temperatures outside the laboratory-derived

preferred temperatures (i.e., 8 - 12 "C) for the species. In the presence of near-surface

predation daily temperatures occupied by simulated lake trout were, on average, slightly

cooler (median = 7 .5 'C) and much broader (minimum = 4.2 oC and maximum = 20.1 oC)

than the preferred scenario (Figure 4.8). Of all daily simulated fish temperatures, 70o/o

were ( 8'C,23yo were between 8 and 12 "C, 12Yo were > 72 "C and 4%o were ) 15 oC.

Thus, daily depths and temperatures of simulated fish inL373 closely matched depths and

temperatures of tagged lake trout inL373 (Figure 2.1).

Simulations of Lake Trout Growth, Survival, and Habitat Selection

To adequately estimate habitat selection by adult lake trout and provide a viable

explanation for lake trout behaviour, model simulations of habitat choices must provide

positive growth. For all model mns, mass (i.e., growth) obtained by fall spawning was

much higher for fish simulated under optimum (i.e., dlmamic optimization) compared to

random habitat selection (Table 4.3). Depending on the year and predation scenario,

median growth of simulated fish at fall spawning under optimum habitat selection ranged

from 7.8 to 3l.3 g, but under random habitat selection median growth was much lower

ranging ftom -29.9 to -32.0 g. The poor performance of random habitat selection is

perhaps best demonstrated by a linear regression of median final growth on the initial

state of simulated fish (Figure 4.9). When depths were chosen randomly, simulated fish

showed a I g decrease in growth for every 1 g increase in initial state (slope = -0.99).

Thus, regardless of the amount of growth before the onset of thermal stratification (i.e.,
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initial state), random habitat selection resulted in an average loss of all stored mass by fall

spawning in both years. In contrast, the generally positive growth and fitness obtained

under optimum habitat selection (Figure 4.9) and the similarity in modeled and tagged

fish depths (Figure 4.4) and temperafures (Figure 4.8) suggests that the seasonal pattern in

lake trout depth may be explained by fish maximizing net energy gain by fall spawning.

Regardless of the predation scenario, annual differences in growth at fall

spawning under optimum habitat selection indicated much lower growth during the

climatically warrner year (2003) compared to the climatically cooler year (2004; Table

4.3). Depending on the predation scenario, median growth of simulated fish making

optimum habitat decisions ranged from7.6 to 7.8 g in 2003, and23.4 to 31.3 gin2004.

Thus, simulated fish obtained at least three times greater growth during the climatically

cooler year. This finding was in spite of whether or not near-surface predation was

included in the model. Therefore, for a given quantity and probability of obtaining food,

the climatically cooler year enabled the simulated lake trout to obtain greater average

growth. This result was largely because temperature and metabolic costs were, on

aveÍage,lower in the shallow and more productive habitats throughout the stratified

period during the cooler year. Simulated lake trout occupied productive shallow (< 3 m)

water habitats for a longer period of time in spring (17 d) during the cooler year (Figure

4.4), resulting in greater growth (68 - 7 5%) compared to the warrner year. Thus,

temperature distributions of simulated fish were similar between the climatically different

years (Figure 4.8), but arurual depth choices (Figure 4.7) and growth (Figure 4.9) were

different between years.

The effect of predation on fish growth was apparent only during climatically

cooler conditions. In the warrn year, the added effect of predation on growth was

insignificant and median growth varied little (7.6 - 7.8 g). In contrast, simulated lake

trout in the cooler year (2004) achieved a 34o/o increase in growth in the absence of

predation (Table 4.3). This was largely because minimum depths of simulated f,rsh were

within shallow waters throughout the stratified period during the cooler year when the

risk of predation was removed (Figure 4.4). Metabolic costs were fewer in the productive



shallow water habitats during 2004, which in turn, enabled the difference between

predation scenarios within this year to become more apparent than during the climatically

warrner year of 2003. Metabolic costs in shallow water often mathematically exceeded

the risk of predation in shallow water in the wafiner year, causing the impact of near-

surface predation on the growth (and depth) of lake trout to be much smaller and less

apparent in the warrner conditions.

Growth achieved by fall spawning over the range of initial states illustrates the

relative fitness benefits obatianed among the state-dependent habitat choices given the

þerceived) risk of predation and thermal stratification pattern (Figure 4.9). In the

presence of predation, median growth at fall spawning peaked near the lowest initial

states (l - 4 g) during the cool year, but peaked at slightly higher initial states (5 - 15 g)

during the warme¡ year. Peak growth at slightly higher initial states in the wann

compared to the cool year indicates that growth and fitness benefits from low-state

behaviours were much greater in the climatically cooler year. Higher metabolic costs in

shallow water during the warm year limited the obtainable growth from habitat choices by

the lowest initial states. In contrast, greater growth and fitness benefits may be obtained

from habitat choices by the lowest initial states during favourable conditons. Metabolic

costs were lower in the climatically cooler year, enabling greater growth and fitness to be

obtained by these low-state habitat choices (Figure 4.6 and 4.7). Median growth at fall

spawning for initial states higher than those resulting in peak growth at lall spawning

demonstrated a consistent decrease of I g in growth by fall spawning for every 1 g

increase in initial state. Thus, habitat choices for higher initial states were generally able

to maintain but not gain mass (or state). Consequently, individuals having a high initial

state reached a maximum obtainable growth. This is realistic in that there are limits to

growth for a given set of habitat choices and conditions, and demonstrates that not all

state-dependent habitat choices will provide fitness benefits for a given set of conditions.

In the absence of predation, median growth at fall spawning peaked at much

higher initial states than in scenarios that included predation (Figure 4.9). Median growth

at fall spawning was obtained by higher initial states (25 - 50 g) during the cool year, but
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peaked at slightly lower initial states (15 - 30 g) during the warmer year in the absence of
predation. Peak growth at fall spawning for higher initial states in the cooler conditions

without predation demonstrates that higher fitness benefits may be obtained by making

higher-state habitat choices under these conditions. Greater fitness benefits may be

obtained because occupying shallow and warmer water more often poses fewer

consequences under lower metabolic costs and predation risk (high-state behavior;

Figures 4.6 and 4.7). Thus, different conditions may favor different behaviours because

of the fitness benefits they provided.

Survival was solely a function of near-surface predation (0 - 4 m) in the model.

Thus, when predation was excluded,l00o/o of the simulated fish survived from spring to

fall spawning. Under scenarios with predation, however, mean lake trout survival at fall

spawning was 92%o (range = 84 - 97%) in 2003, and 85%o in 2004 (range - 72 - 92o/o;

Figure 4.10). Lower average survival during 2004 compared to 2003 was the

mathematical result of simulated fish using productive, but risky habitats more often in

the climatically cooler conditions (Figure 4.5). There was little trend in survival over the

range of initial states. Because survival was directly a function of predation in the upper

4 m of the lake, the similarity in survival over the range of initial states indicates that

simulated fish took similar risks in shallow water regardless of state. Thus, even though

the use of shallow water at a given time was dependent on initial state (Figure 4.7),

predation risk and the use of shallow water was generally integrated equally over the

states.

Dynamic Optimization and Climate Change Scenarios

Application of Jansen and Hesslein's (2004) climate - stratification model to

L373 verified its use on other small dimictic lakes. Similar to the authors' results for

L239, modeled surface temperatures for L373 closely matched the seasonal trend and

temperatures for both the warmest (1987) and coolest (1992) years on record (Figure

4.11). Discrepancies between modeled and measured water temperatures are expected

because water temperatures were modeled for the entire day, but compared to a single
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daily measurement. In the warmest year, modeled temperatures were, on average, lower

(mean = 15.8 oC, SE = 7 .0) than measured water temperatures (mean = 17 .0 oC, SE =

5.2). Modeled temperatures in the coolest year were, on average, higher (mean = 16.6 oC,

SE = 4.2) than measured water temperatures (mean = 14.2 oC, SE = 4.2). Modeled and

observed water temperatures were more closely matched during the warmest (Measured -

Modeled = I.2 "C) compared to the coolest year (Measured - Modeled = - 2.4 "C),

indicating the model works best at estimating thermal stratification patterns under 'warm'

conditions. This finding seems reasonable given that warm weather pattems are

associated with high pressure weather systems, which tend to be more stable, and thus,

subsequent effects can be more accurately modeled than cooler, less stable, low pressure

weather systems. This finding also demonstrates the importance of modeling effects

using different base conditions, because the range in potential impacts on thermal

stratification and lake trout populations can be better assessed. Overall, the climate -
stratification model simulated the seasonal trend and temperatures of the measured data

very well, providing confidence in using the model to estimate seasonal thermal

stratification pattems and water temperatures for a given set of climate scenarios.

Daily depths of simulated fish varied under modeled climate scenarios, but most

apparent was the difference in simulated depths between cool and warrn base year

scenarios (Figure 4.12). Comparison of depth ranges for simulated fish during the 1987

'warmest' and 1992'coolest' base years demonstrates the importance of stratification

pattern on fish depth. Contrasting the 1987 and 1992 base years, 17 and 4l% (a

difference of 24%) of simulated fish depths were < 4 m, 50 and 23%o (a differenc e of 7o/o)

were between 9 - 12 m, and 15 and l% (a difference of 14%) were ) 12 m, respectively.

The difference in simulated depths were more apparent between base year conditions than

between the -2 oC and+ 9 oC scenarios in eitherbase year. Comparing the -2 oC to + 9
oC scenario during the warmest base conditions (1987), 25 and ll% (a difference of I4%)

of simulated fish depths were ( 4 m, 48 and 57%o (a differenc e of 2o/o) were between 9

and 12 m, and I 1 and 19% (a difference of 8%) were ) 12 m, respectively. During the

coolest base year conditions (1992), the - 2 oC to + 9 oC scenario resulted in 47 and 24o/o
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(a differenc e of 23%o) of simulated fish depths 1 4 m, 2I and 27% (a difference of 6%)

between 9 and 12 m, and2 and 1% (a difference of l%) > 12 m, respectively. Therefore,

increasing mean air and lake temperatures within a given year did limit the use of shallow

water habitat, but additionally changing year-specific weather conditions also had alarge

if not larger impact on the use of shallow water habitats by simulated fish. This finding

illustrates the importance of year-specific weather pattern on thermal stratification pattem

and lake trout habitat choices. Thus, accounting for climatic differences within the two

base years provided a wide representation of the potential impacts of climatic differences

on lake thermal stratification and lake trout populations.

The differences in habitat choices observed among base years and climate

scenarios translated into differences in growth by fall spawning. Most notably, the

relatively small differences in depth ranges over the climate change scenarios (Figure

4.12) resulted in relatively large differences in growth by fall spawning (Table 4.4 and

Figure 4.13). Growth by fall spawning was generally lower in the warmest year, but

greater reductions and a non-linear decrease in growth was apparent in the historically

cooler year. Consequently, for the coolest scenario (i.e., - 2 'C) growth by fall spawning

was, on average, very different between base years (median = 4.2 g in 1987 and 53.0 g in

1992;Table 4.4). However, for the most extreme increase in air temperature (i.e., + 9 oC)

growth by fall spawning was similarly low (median = -25.8 g in 1987 and -24.6 gin

1992) in both base years.

Increasing mean annual air temperature had relatively little effect on the change in

growth over the range of initial states (Figure 4.14). Similar trends and decreases in

median final growth at fall spawning were observed over the range of initial growth

among the climate change scenarios. Thus, the impact of increasing mean annual air

temperature was most apparent on overall growth (i.e., intercepts) rather than the trend

(i.e., slopes) in growth over the range of initial states. Based on this result, increases in

mean annual air temperature will have a much greater impact on overall f,rtness than

relative fitness among initial states.
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Differences in air temperature (i.e., climate change scenarios) translated into

differences in overall growth and fîtness, but stratification pattern (i.e., base years) altered

habitat selection, growth, and fitness among the initial states. Low-state individuals had

the least to lose when conditions were very poor, but the most to gain when conditions

were very favorable. This is demonstrated by the highest median growth obtained by fall

spawning for the lowest-initial states within each base year. This finding is in contrast to

the trend in growth by spawning when the model was run (with predation) using thermal-

depth profiles from 2003 (Figure 4.9). Importantly, 2003 was ayear with just slightly

warrner than average lake temperatures, but 2004 was an exceptionally cool year (Figure

1.8). Based on this information, habitat choices by higher states may provide greater

fitness under average thermal regimes, but under extreme warïn and cool conditions low-

state habitat choices will likely provide the greatest fitness benefits. This finding

represents another example of how total heat content, thermal stratif,rcation pattern, and

predation risk may shape the fitness benefits obtained among the various state-dependent

habitat choices.

Survival of simulated fish at fall spawning was slightly higher and less variable

during the climatically warmer conditions. Mean survival over all climate scenarios was

92%o (range: 81 - 95%) in the warmest (1987) base condition, but was 86% (range: 68 -
92%) in the coolest (1992) base conditions. Thus, mean annual survival was, on average,

slightly higher (6%) and less variable (14 vs. 24Yo) under climatically warmer base

conditions. Greater variability in survival during the climatically cooler conditions was

related to shallow water habitat use, which was more affected by mean annual air

temperafure during these base conditions (Table 4.5 and Figures 4.73 and 4.15). Thus,

the coolest base conditions typically had lower survival at fall spawning, but also had

greater increases in mean survival for a given increase in mean annual air temperature

than during the warmest base conditions. Based on this information, persistent increases

in temperature and longer stratification patterns may ultimately select for greater

abundance in lake trout populations with each fish having lower average growth and

fitness.
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4.3 DISCUSSION

Using life history characteristics and bioenergetics provided a useful framework in

which to investigate the potential impacts of changing environmental conditions on the

habitat use, growth, and survival of lake trout. The model estimated the seasonal trend in

habitat selection of tagged fish very closely, supporting the conclusion that state-

dependent bioenergetic optimization to maximize growth by fall spawning is an

underlying determinant of individual, seasonal, and annual patterns in lake trout

behaviour. Differences in energetic state at a given time prior to fall spawning may, in

part, explain individual differences in lake trout behaviour and habitat use. Trends in

depth and temperatures occupied by simulated lake trout closely matched those of tagged

fish during two climatically different years. Thus, the model can explain observed annual

differences in habitat use; different seasonal and annual patterns of thermal stratification

ultimately lead to changes in metabolic cost in productive habitats, which in turn, alter the

trade-off decisions and habitat choices of lake trout during thermal stratification.

Therefore, changes in thermal stratification patterns can alter habitat use by lake trout

(Chapter 2). Because higher metabolic costs in shallow productive habitats result from

higher temperatures and longer thermal stratification patterns, lower growth and fitness

for lake trout may be expected under persistent increases in temperature and longer

stratifi cation patterns.

Model Assumptions

The depth distribution of lake trout during thermal stratification has been

attributed to the fish seeking water temperatures (i.e., 8 - 12 "C) that optimize growth and

physiological function. However, laboratory-derived thermal preferences of 8 - 12 "C

often do not match in situ depths and temperafures occupied by lake trout (Snucins and

Gunn 1995; Sellers et al. 1998; Bergstedt et a|2003; MacKenzie-Grieve and Post 2006b;

and Chapters 2 and 3 of this thesis). A thermal niche of 8 - 12 oc has been a poor
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predictor of habitat use in small (Chapters 2 and 3 of this thesis) and large (Bergsterdt et al

2003) lakes as well as in northern (MacKenzie-Grieve and Post 2006b) and southem

(Snucins and Gunn 1995; Sellers et al. 1998) parts of the species' range. In contrast,

modeling multiple niche axes and optimizing bioenergetics to maximize net energy gain

by fall spawning produced depths and temperatures very similar to those occupied by

tagged fish in both this and other field studies (Chapters 2 and 3 of this thesis; Snucins

and Gunn 1995; Sellers et al. 1998; Bergstedt et a|2003; MacKenzie-Grieve and Post

2006a). The close match between modeled and observed lake trout distributions provides

support for the model, and also indicates that it may be applied to other lake trout

populations. The generality of the model likely stems from its incorporation of species-

specific life history traits. Lake trout, typically store large quantities of fat (i.e., stored

mass), are long-lived, grow very slowly, and once mature, annually allocate a relatively

large quantity of assimilated energy towards reproduction in the fall. Given that the

model incorporates these life history characteristics of lake trout into a lifetime fitness

function, it should be applicable to other lake trout populations.

The notion that an animal's condition, or state, affects its behaviour, growth, and

survival is commonly accepted throughout the biological sciences. For example, state-

dependent modeling has been successfully used to model changes in Altlantic cod, Gadus

morhua, populations (Jørgensen and Fiksen 2006). Evidence of state-dependent behavior

in lake trout has been observed by others. In Lake Opeongo, Ontario, the largest (i.e.,

high-state) lake trout typically initiate migration to deeper depths, but cessation of feeding

did not occur for the largest (high-state) individuals (Fry and Kennedy 1937;Fry 1939).

These observations concur with the differences in behaviour among initial states in the

dynamic optimization model. High-state individuals (i.e., those of highest condition and

size) were characterized by occupation of deeper water earlier in the year, but generally

shallower water throughout stratification, and if conditions permitted, fish achieving a

high-state tended to occupy near-surface waters in mid-summer. Thus, modeling of state-

dependent behaviour in lake trout appears to match field observations in this and other

studies.
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The model's general application to other lake trout populations may also stem

from its incorporation of broad habitat characteristics. Lake trout are omnivorous, eating

everything from benthic invertebrates to pelagic prey fishes. In the absence of pelagic

prey fishes (such as inL373),lake trout typically feed on littoral prey fishes (e.g., pearl

dace, Margariscus margarita, and fathead minnows, Pimephales promelas) and at the

onset of thermal stratification shift their diet to feed primarily on zooplankton and benthic

invertebrates due to thermal restraints (Martin 1966; Konkle and Sprules 1986). Because

prey fish typically have higher energy density and contain more digestible matter, lake

trout are likely to obtain more food per unit of effort by eating prey fîsh compared to

invertebrates (Pazzia et aL.2002). Therefore, fish are likely lake trout's preferred prey.

Given this information and that littoral prey fishes are almost exclusively caught in

shallow (.4 m) littoral habitats inL3l3 and other ELA lakes (Dr. Paul J. Blanchfield,

DFO, Freshwater Institute, Winnipeg, personal communication), it seems reasonable to

assume that for most north-temperate lakes that lack pelagic prey fishes, food is generally

more abundant and available to lake trout in shallow water habitats. Importantly,

however, one cannot discount temporal changes in food availability. For example,L373

contains Mysß relicta - a relatively large invertebrate (-0.1 - 0.2 g each) that also

changes its depth distribution from shallow to deeper water with the progression of

suÍrmer (Dr. Mike Paterson, DFO, Freshwater Institute, Winnipeg, Manitoba). Thus,

accounting for temporal changes in food availability and distribution could improve

modeled estimates and provide alternative explanations for the seasonal vertical

migrations of lake trout. Nonetheless, given the model's ability to capture the depths and

temperatures occupied by tagged fish in this and in other studies, the generality of

incorporating trade-off decisions between greater (shallower) and lesser (deeper) food

resources may enable the model's application to other lake trout populations.

All animals are subjected to some level of predation risk. The scenario of near-

surface predation risk seems generally applicable to adult lake trout populations. The

range in mean annual survival of simulated fish from the onset of thermal stratification to

fall spawning was similar to actual estimates of mean annual survival (mean = 0.85; SE =
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0.16) for lake trout inL373 (Mills et al. 2002), suggesting that the predation values used

were not entirely outside expectations. However, if climatically cooler conditions are

associated with different cloud cover, light intensity, furbidity, wind, or precipitation,

which in turn, alters the outcome of predator-prey interactions (i.e., the predator's ability

to detect or capture lake trout, or conversely, alters the trout's ability to avoid detection or

capture), then actual survival will differ. Importantly, this model does not incorporate

other sources of mortality such as stress, disease, or age, so predation estimates used in

simulations were likely overestimated. Incorporating real data on food availability and

predation risk could improve model performance and accuracy. However, given the

general applicability of the model's assumptions, reasonable estimates of growth and

survival for simulated fish, and close agreement in trend, depth, and temperature between

simulated and tagged fish, there exists a general degree of confidence in the model's

relative estimates and conclusions.

The case for bioenergetic optimization and its potential to explain temperate

freshwater fish distributions was eloquently demonstrated in a review by Crowder and

Magnuson (1983). The authors showed that in a heterogeneous environment fish will

grow faster when optimizing bioenergetics with respect to temperature and food rather

than temperature alone, food alone, or a simple summation of food and temperature. The

findings of this study extend Crowder and Magnuson's (1983) conclusions by showing

that when integrated over time and set within the life history characteristics of the fish,

bioenergetic optimization in a heterogeneous environment largely explains seasonal and

annual pattems in daily habitat choices (i.e., median depths) by lake trout. Further, life

history characteristics and bioenergetic optimization may also explain why lake trout and

other temperate freshwater fishes (Magnuson et al. 1979) are often found outside their

'preferred' thermal range.

Model Results

Similar annual differences in trend and depth for modeled and tagged f,rsh strongly

infer that year-specific thermal stratification pattems and its subsequent effect on
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metabolic cost are what primarily determine annual patterns in vertical migration timing

and depth of tagged lake trout. This conclusion is supported by the similarity in trend and

depth between years once annual differences in timing and depth of thermal stratification

were accounted for in modeled and tagged fish. A non-significant annual difference in

minimum depth and a smaller annual difference in maximum depth were the result for

both simulated and tagged f,rsh after accounting for annual differences in timing and depth

of thermal stratification. Since lake trout evolved under historic levels of predation and

food availability they are likely well adapted within a given lake. Consequently, changes

in food and predation risk within two consecutive years are unlikely to differ. Therefore,

it seems plausible that food availability and the perceived risk of predation by lake trout

were similar between years, and therefore, likely had little impact on annual differences in

fish depth. Lake trout demonstrate relatively constant abundance, growth, and survival in

natural and relatively undisturbed lake systems llkeL3l3 and other lakes at the ELA

(Mills et al. 2003). On the basis of this information, much of the annual differences

between modeled and observed fish depths can be explained by annual differences in

thermal stratification.

This model suggests that under cooler conditions in the absence of predation risk,

greater fitness may be obtained by occupying shallower and wanner water more often, but

under warrner conditions in the presence of predation, greater fitness may be obtained by

remaining in deeper cooler water more often. Thus, the model provides a mechanism by

which behaviourally-mediated trade-offs between predation risk, thermal structure, and

food availability may select for sub-maximal growth rates in adult lake trout populations.

Biro et al. (2006) compared survival and growth between juvenile (age l) domestic and

wild rainbow ttout, Oncorhyncus mykiss, in the presence and absence of predation. The

authors demonstrated that fitness benefits from rapid growth may be curtailed if
signifÏcant mortality costs occur due to greater occupation of food rich, but risky habitats.

This model demonstrates a mechanism by which near-surface predation may select for

submaximal growth rates in adult lake trout populations. Excluding predation from the

model increased growth by fall spawning by as much as 0.2 - 7.9 g. The effect of
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predation, however, was not constant and depended on the climatic conditions and

subsequent stratification pattern. In the climatically wann year there was only a 3olo

increase in growth when excluding predation, but in the climatically cooler year there was

a34o/o increase in growth when excluding predation. Thus, differences in behaviour,

growth, and survival among lake trout populations likely arise from lake-specific

differences in predation (i.e., the perceived risk of predation), prey resources (e.g., Mysis

relicta), and the typical climate (e.g., arctic vs. boreal) and stratification patterns (e.g.,

monomictic vs. dimictic) under which the population evolved.

Given constraints imposed by genetics and phylogenetic history, animals adopt

phenotypes that are well adapted to their environment (Mayr 1983). Thus, lake t¡out are

likely well adapted to their environment. From this perspective, persistent increases in

temperature expected in the near future (Hansen et al. 2006) could present many lake

trout populations with an array of new challenges. Model simulations of habitat use

demonstrated a larger effect on fish depth as a result of changing from 'coolest' to

'warmest' base years compared to increasing mean annual air temperature in climate

change scenarios. Increased air temperatures increase water temperatures above the

thermocline, but increases in air temperature alone have a much smaller effect on set-up,

depth, and duration of thermal stratification. This underscores the importance of taking

into account other factors (e.g., trend in temperature increase, wind speed and frequency,

and water clarity) that also affect lake thermal structure. The base years used in this

analysis were chosen because of their extreme total heat content and duration of ice-free

season over the historic record. Using these base years enable natural variation in 'cool'

and 'warm' weather patterns to be incorporated into the analysis of climate change. The

differences in thermal structure between years translated into differences in habitat use by

simulated and tagged fish. Earlier thermal stratification (12 d; Chapter i) lead to earlier

migrations into deeper water by simulated (15 d) and tagged (32 d) lake trout (Chapters 2

and 4). According to this analysis, climate warming may impact lake trout populations by

increasing air temperafures leading to high metabolic costs in shallow productive habitats
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and longer stratification periods decreasing the use of shallow productive habitats over

time.

Model estimates of growth by fall spawning between base years and among

climate change scenarios imply lower lake trout growth and fitness under future climate

warming. Both year-specific conditions and increases in air and epilimnetic temperature

had an impact on growth of simulated fish by spawning. Differences in growth by fall

spawning arise from decreased occupation and increased metabolic cost in productive

shallow water habitats over time. Empirical studies also support this conclusion. King et

al. (1999b) found that mean annual growth of lake trout (age 6 andl years) were

negatively associated (f ranged, from 0.35 to 0.59, intercept ranged from -3.64 to -43.06,

slope ranged from 0.49 to 0.71) with the onset day of thermal stratification, and

concluded this was due to decreased occupation of shallow and productive habitats.

Applying the authors' equations for age 7 lake trout to the onset days of thermal

stratification in this study resulted in a mean annual growth (from August to August) of

47.8 g in 2003 and 56.3 gin2004; a difference of 8.5 g between the years. In this study,

simulated growth at fall spawning was 7.8 g in 2003 and23.4 gin2004 a difference of

15.6 g between the years. The lower growth estimates by the dynamic optimization

model might be expected because modeled growth was estimated from May to October,

but King et al. (1999b) estimated growth from August to August, and therefore, estimated

growth over a longer time period (i.e., half-year vs. whole-year). Further, given the

amount unexplained variation in the published regressions, modeled growth are

reasonable and match the direction of change observed by King et al. (1999b) for earlier

and warmer thermal stratification patterns. Close agreement in the magnitude and

direction of change in annual lake trout growth between King et al. (1999b) and this sfudy

provide support for the model. Both studies agree that earlier and faster warming springs

will lead to decreased occupation of shallow water habitats, thereby reducing growth and

fitness of many lake trout populations that rely on littoral food resources.

Increases in mean annual air temperature had a dramatic non-linear effect on the

overall growth of simulated fish by fall spawning with greatest reductions in growth
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during the climatically cooler base conditions. The greater reductions in overall growth

in the cooler base conditions suggests that persistent increases in temperature and longer

thermal stratification patterns may have their greatest impact by reducing the frequency of

'cooler' years. Cooler average temperatures and shorter stratification periods provide the

most favorable conditions to lake trout, and therefore, a reduction over time would reduce

the overall obtainable growth and fitness of the population. This conclusion, however,

depends on the assumption that lake productivity and food consumption will remain

constant with increasing environmental temperature. If food consumption by the fish

increases with environmental temperature, then the reduction in growth and fitness under

climate warming may be much smaller than reported. Hill and Magnuson (1990) used

lake trout bioenergetics to investigate the potential impact of climate warming scenarios

on fish habitat and growth in the Laurentian Great Lakes (also see Magnuson et al. 1990).

The authors concluded an increase in lake trout thermal habitat volume and growth

would occur under all climate warming scenarios, but if food consumption did not

increase with temperature then growth could decrease rapidly.

At the most basic level, increases in temperature increase the rate of chemical

reactions, and thus, biological activity. The Arrhenius model (see Regier et al. 1990)

describes the effect of temperature on the specific rate constant k for chemical reactions,

and Hill and Magnuson (1990) used an ecological analog of this relationship to estimate

phytoplankton, zooplankton, and fishery production under climate warming scenarios

(based on 2 x CO2 emmisions). In general, the authors found productivity increased for

all trophic levels commensurate with climate warming. However, there is a myriad of

effects that may occur in aquatic ecosystems which can alter trophic structure via bottom-

up and top-down processes, or simultaneously in unanticipated ways. Hill and Magnuson

( 1990) concluded that increases in temperature and metabolic cost could lead to increased

consumption rates, thereby amplifying competition for food resources and increasing

pressure on the prey base. Thus, even if lake productivity and food availability increase

under future climate warming it may be insufficient to meet the requirements of fish. In

this study, model runs of incremental increases in the daily food obtained, C, indicated
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that lake trout would need to eat about 1 - 2 g/d more food during the + 9 oC scenario to

obtain the same growth at fall spawning as in the base scenario. To obtain this much food

the fish would need to consume about I more prey fish (- I to 3.5 glprey fish, Lori Tate,

DFO, Freshwater Institute, Winnipeg, personal communication) per day or about 120 -
150 more dipteran pupae (- 10 mg/ptpae;Pazzia et al. 2002) per day (Figure 4.9). The

adult population of lake trout inL373 is - 250 fish (Mills et aL.2002). If each fish must

eat 1 additional prey fish per day over 168 days (i.e., day 720 to day 288) the lake would

need to support about 42,000 more prey fish to maintain the same growth during the + 9
oC scenario as compared to the base year. Increases in lake productivity and food

availability may prevent some of the reduction in habitat use, growth, and fitness, but it

seems unlikely that food availability would increase enough to alleviate reductions in

growth and fitness at the highest air temperature projections (i.e., > + 4 "C). An inability

for productivity to curtail reduced lake trout growth may be especially true for small

dimictic lakes in the Canadian boreal shield, llkeL373, because these lakes are already

low in productivity and have simple food web assemblages. In conclusion, the impact of

persistent climate warming on lake productivity, trophic structure interactions, and lake

trout growth are certainly unclear. This study agrees with Hill and Magnuson's (1990)

conclusions that a much greater understanding of trophic structure dynamics is greatly

needed to better understand the potential impacts of climate warming on lake trout and

other fish populations. Irrespective of this uncertainty, however, the projected changes in

climate for the near fufure could undoubtedly challenge many lake trout populations. On

the basis of this ananlysis, decreased growth and fitness may be expected for many lake

trout populations, especially in relatively small dimictic lakes in the Canadian boreal

shield, which encompasses a majority of lake trout populations (Gunn and Pitblado

2004).

Model Limítations, Potential Alterations, and Future Applications

All ecological models seek to explain natural phenomenon by capturing their

underlying processes, however, models at best can only provide a good approximation of
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reality. Optimizing bioenergetics to maximize net energy gain by fall spawning

incorporates the physiological (bioenergetics) and life history characteristics (large energy

allocation towards reproduction) of lake trout. General support for this model is certainly

warranted, and mechanisms that may give rise to individual, seasonal, and annual pattems

in lake trout depth, growth, and survival are demonstrated. Nonetheless, lake-specific

differences in productivity and thermal input (e.g., ground and surface water tributaries)

may cause modeled fish depths to depart markedly from actual fish behaviour. The

driving factor behind occupation of shallow water habitats during the spring and fall by

simulated fish was the assumption of greater food availability in shallow water habitats.

Preliminary investigations of model performance indicated that differences in food

availability (i.e., l") and food quantity (i.e., O could drastically change conclusions. For

example, if )" increased towards the lake's bottom instead of the surface, simulated fish

would seek the deepest water throughout stratification. Thus, the model has the potential

to incorporate differences in the vertical distribution of food between years and lakes, and

is therefore applicable to other systems. Differences in thermal inputs from ground and

surface water flows may also affect model performance and application. I employ a

relatively simple model (e.g., see Jørgensen and Fiksen 2006 for an example of

complexity) to predict habitat choices of lake trout in two-dimensional space. Therefore,

application of the model to more complex systems with surface and ground water inflows

(e.g., cold-water tributaries) may require model adaptation or preclude model application.

The retum of simulated fish to shallow water habitats just prior to fall spawning

was the result of individual state (accumulated mass) and the reduced temperatures and

metabolic costs in productive shallow water habitats during the fall. Model results

suggest state-dependent behaviour may affect the timing of lake trout return to shallow

water. Temperature has been identified as major factor contributing to the time of

spawning in two lake trout populations (Maclean et al. 1981). Thus, the model

incorporates mechanisms by which individual state and temperature-metabolic trade-offs

may influence the return of fish to shallow water to spawn. Importantly, however, the

return of simulated fish to shallow water in the fall was also dependent on the choice of
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spawning time used (i.e. the final time step Z). Maclean et al. (1983) demonstrated,

reviewed, and concluded that stock-dependent differences may also account for

differences in spawning time between populations, and thus the final time step of the

model may need to be adjusted to a particular population. It is important to note that

these types of models are sensitive to the final time step chosen (Mangel and Clark 1988)

and a protraction of Z will generally lead to later return to shallower water. Thus, by

accounting for stock-specific differences in spawning time, model output may better

reflect the potential effects of thermal stratification on spawning time.

Importantly, there were also no other top-level predator fish species that could

prey on or compete with the lake trout inL373, and the presence of such fish (e.g.,

northern pike, Esox lucíus, and smallmouth bass, Micropterus dolomieu) would also need

to be accounted for when applying the model to other lake trout populations. Smallmouth

bass and rock bass, Ambloplites rupestris, have been shown to decrease the use of

shallow littoral habitats and abundance of lake trout populations (Marshall and Ryan

1987; Vander Zanden et aL. 1999). Moreover, when northern pike and lake trout co-occur

in lakes at the ELA, one of the species typically has low abundance (Dr. K. Mills, DFO,

Freshwater lnstitute, Winnipeg, personal communication). Therefore, one should be

cautious when applying the model to other systems and lake trout populations because

differences in the vertical and horizontal distributions of food and temperature, as well as

the presence of competitive or predatory f,rsh species may necessitate model adjustment or

preclude its application. The model may be best used to test assumptions about a given

population of interest and comparison of observed habitat use, growth, and survival to

modeled output may provide useful insight into a particular population of interest.

Another important consideration is that the model does not incorporate other

factors such as dissolved oxygen (DO) to determine optimum habitat decisions for lake

trout. Low DO (< 4 or 6 mglL) has been shown to elicit an avoidance response in lake

trout (Evans et al. 1991), and DO can be used to quantifu the volume of habitat occupied

by the f,rsh (Clark et aL.2004; Chapter 3 of this thesis). In particular, low DO

concentrations can impact the use of colder deeper habitats within the hypolimnion of
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lakes. As implemented, the only mechanism preventing simulated fish from using deeper

habitats (> 15 m) was the assumption of greater food availability towards the surface of

the lake. The model can easily incorporate empirical DO data into the habitat decisions

of the simulated fish, and although unused in this study, I originally developed the model

to include daily DO profiles to determine optimum habitat decisions. However, the

inclusion of DO (by setting À.¡ = 0 when DO < 4 or 6 mglL) did not contribute to

optimum habitat decisions beyond what might be explained by greater food availability

towards the lake surface (i.e., À¡-¡ < l"). However, if hypolimnetic oxygen depletion is

sufficient to cause the depths of the 4 or 6 mg/L DO isopleths to impinge upon depths

that would otherwise be considered optimum habitat, then modeled estimates of fish

depth may misrepresent actual habitat use. Therefore, a future improvement to the model

would be to include DO criteria (either by incorporating DO into bioenergetics

calculations or by simply setting I¡ = 0 when DO < 4 or 6 mglL) in optimum habitat

decisions. Dissolved oxygen concentrations are expected to decrease under climate

warming (Blumberg and Di Toro 1990; DeStasio et al. 7996; Schindler et al. 1996), and

because this model does not include DO criteria, this study does not fully account for the

potential impacts of climate warming on optimal fish habitat. DO profiles are much more

complex and sensitive to initial conditions prior to the onset of stratification than

temperature (Dr. R. H. Hesslein, DFO, Freshwater Institute, Winnipeg, personal

communication). Developing such a model and using it in conjunction with a dynamic

optimization model that can account for DO in fish habitat decisions is a desirable future

improvement (it was beyond the scope of this study to develop a climate - DO model for

small dimictic lakes), but I do not feel that doing so would greatly improve the general

conclusions of this thesis.

The problem of pattern and scale is ubiquitous throughout ecology, if not all

sciences (Levin 1992). Predicting impacts of global climate change on ecosystems and its

potential effect on lake trout populations requires thinking about and interfacing

observations that operate and interact over a range of spatial, temporal, and organizational

scales. Likewise, modeling lake trout behaviour using discrete l-g states, 1-m depths,
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and 1-d intervals provided a simplified meso-scale perspective of fish behaviour.

Individual lake trout are continuously 'sampling' their environment and balancing this

information with their biological requirements. Therefore, modeling lake trout behaviour

as discrete units of space and time no doubt sweeps fine-scale variation in fish behaviour

'under the rug'. Reduction of fine-scale variation was most apparent in the 'chunky'

appearance of minimum and maximum depths of simulated fish. Smaller-scale variation

can contribute to observed patterns in fish behaviour. Brett ( 1971) hypothesi zed that

vertical migration ofjuvenile sockeye salmon, Oncorhynchus nerka, over the 24-h diel

cycle may provide fish with the most efficient conversion of food to growth. Thus,

incorporating mechanisms operating at smaller-scales may further explain fish behaviour.

This study takes a novel approach to modeling lake trout behaviour and growth

over changing environmental conditions. To my knowledge, this is the only study to

model lake trout behaviour and growth at such fine temporal (daily), spatial (i m), and

organization (1 g) scales (e.g., see Hill and Magnuson 1990; Magnuson et al. 1990;

Jansen and Hesslein2004). Previous studies investigating the impact of climate warming

assume a constant temperature preference to estimate impacts to lake trout habitat

(Magnuson et al. 1990; Jansen and Hesslein2004), while others assume a constant

temperature preference to estimate climate warming impacts on lake trout food

consumption and growth (Hill and Magnuson 1990). In contrast, this study uses general

habitat and life history characteristics and assumes constant food consumption (and food

availability) to link habitat selection, growth, and survival. This novel approach closely

described the depths and temperatures of tagged fish in this and other studies, providing

new insight into the potential mechanisms that underlie lake trout behaviour, growth, and

survival. Temporal patterns in climate and air temperature can translate into temporal

patterns in lake stratification, thereby constraining lake trout habitat use and growth. If
increases in epilimnetic temperature and length of stratification persist in the fufure, this

study concludes that the fitness and reproductive value of many lake trout populations

could be reduced.
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Table 4.1. Symbols, parameter descriptions, and equations from the Stewart et al. (1983)
bioenergetics model for lake trout that were used in estimating fish growth during
simulations of the dynamic optimization model. The letter C represents consumption rate
(g.g-1.d-l) set equal to 0.6 % of the fish's body weight, W represents fish body weight
(g), and T represents water temperature ("C). Except for food ration, P, the units for the
resulting values from each of the equations are in grams per gram of body weight per day
(g.g-l.d-l).
Symbol Parameter description Equation

Cn,^* Maximum consumption - 0.059W0-307 . e0 
t23r

P Foodration =C/C^u*

Uopt Swimming speed =17.7W0'0s . 
"0'0+0sr

Ropt Metabolism -0.00463W-0'29s. ej'}ser. u00232uopt

F Egestion =0.21270'222 . e0'63tP . C

E Excretion = 0.03 Af s8 . e-j'2eeP . (C - Ð
SDA Specific dynamic action = 0.17 . (C - Ð
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Table 4.2. Mean annual difference, standard error, and P-value for paired /-tests between
daily minimum and maximum depths of simulated fish and daily shallow and deep 95%
confidence limits (CL) about the median daily depths of acoustically-tagged lake trout in
Lake 373 at the Experimental Lake Area, Ontario, Canada. Statistical tests were
conducted for observations paired by day ofyear, day ofstratification, and by day of
stratification with the depths adjusted to account for the annual difference in the
minimum daily depths of the hypolimnion.

By day ofyear By day of
stratification with
depths adiusted

Mean Std. error Mean Std. error Mean Std. error

By day of
stratification

Difference comparison

[2003 -2004] diff (P- value) diff (P- value) diff (P- value)
Model - minimum depths 1.68

Model - maximum depths 1.68

Tagged - shallow CL 2.06

1.69 0.10
(<0.0001)

t.23 0.15
(<0.0001)

2.2 0.20
(<0.0001)

0.1 1

(<0.0001)
0. l9

(<0.0001)
0.21

(<0.0ool)

-0.30

-0.76

0.2r

-1.0s

0.30
(0.31)
0.33

(0.02)
0.26

(0.42)
0.39Tagged - deep CL l.2s 0.22 0.99 0.22

(<0.0001) (<0.0001) (0.007)
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Table 4.3. Summary statistics for distributions of modeled lake trout growth (g) at fall
spawning (i.e., at t = n during thermal stratification in 2003 and2004 under predation
and no predation scenarios in Lake 373 at the Experimental Lakes Area, Ontario, Canada.
Growth estimates were obtained by simulating optimum and random habitat choices.

Growth under optimum habitat choice (g)

With predation in model Without predation in model

2003 2004 2003 2004

Minimum
2.5 percentile
25 percentile

Median
Mean
75 percentile
97.5 percentile
Maximum

-s8.0
-24.6

-5.3

7.8

9.0
22.4
41.2
68.0

-43.1
-15.5

7.r
23.4

23.0
38.8
60.7
18.3

-58.0
-23.9

-5.1

7.6

8.7
22.0
4s.7
75.9

-55.s
-15.4
l s.8

3l.3
29.0
43.9

63.9

83.6
Growth under random habitat choice (g)

Minimum
2.5 percentile
25 percentile
Median
Mean
75 percentile
97.5 percentile
Maximum

-69.0
-6s.9
-49.0
-32.0
-3 1.9

-14.8
1.8

11.7

-69.0
-64.7
-41.r
-29.9
-30.2
-13.4

3.5

22.3

-69.0
-6s.8
-49.0
-32.0
-3 1.8

-14.6
1.7

18.1

-69.0
-64.8
-47.0
-30.0
-30.2
-13.5

3.1

35.2
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Table 4.4. Summary statistics for distributions of simulated lake trout growth (g) by fall
spawning (i.e., at t= T) during modeled (Jansen and Hesslein2004) thermal stratification
patterns for Lake 373 at the Experimental Lakes Area, Ontario, Canada. Results are
generated for changes in mean annual air temperature by - 2 oC, 0 oC (i.e., base scenario),
+ 2 oC, + 4 "C, and * 9 oC during two base years, which represent the observed weather
patterns, temperatures, and stratification patterns during the warmest (1987) and coolest
(1992) years recorded from 1969 to 2004. Near-surface predation was included in all
model runs.

Modeled change in mean annual air temperature (oC)
r987

'warmest'-2024
Minimum
2.5 percentile
25 percentile
Median
Std. error
Mean
75 percentile
97.5 percentile
Maximum

-s8.1
-34.6
-8.9
4.2

19.9

4.1

69.4

43.7

92.0

-61.7
-42.s
-r7.8

-3.8
19.3

-4.5
8.7

32.4
82.8

-68.0
-47.1
-23.4

-9.5
18.8

-10.6
2.5

25.6
68.9

-68.7
-52.5
-27.2
-14.4
18.2

-1 5.1

-2.3
19.8

45.6

-69.0
-s8.4
-39.0
-2s.8
17.6

-2s.7
-12.0

6.s
27.4

1992'coolest'
Minimum
2.5 percentile
25 percentile
Median
Std. error
Mean
75 percentile
97.5 percentile
Maximum

-16.4
\t.2
35.5
53.0
22.3
52.4
69.4

93.5
113.7

-30.8

-8.8
14.1

32.0
21.9
3r.4
48.6

71.0
88.9

-46.2
-21.0

-5.0
12.1

21.3

l 1.9

28.7
49.8

63.9

-s8.4
-39.6
-20.0

-J.J

20.9
-J.¿

14.1

33.s
43.6

-68.1
-59.1
-41.5
-24.6
20.2

-24.4
- t.3
9.8

17.0
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Table 4.5. Mean, minimum, maximum, and range fmaximum - minimum] in survival of
simulated trout lake by fall spawning while making habitat choices based on bioenergetic
optimization with respect to both temperature and food resources to maximize net energy
gain by fall spawning in Lake 373 at the Experimental Lakes Area, Ontario, Canada.
Survival estimates are presented for a series of changing mean annual air temperatures by
-2"C,0 "C (i.e., base scenario),+ 2"C,+ 4 oC, and + 9 oC during two base years, which
represent the observed weather patterns, temperatures, and stratification pattems during
the warmest (1987) and coolest (1992) years recorded from 1969 to 2004. Near-surface
predation was included in all model runs.

Change in mean Mean
annual air temperature survival (%)

cc)

Minimum Maximum Range in
survival (%) survival (%) survival (%)

Warmest base year (1987)
.)

0

2

4
9

Coolest base year (1992)
1

0

2

4
9

88.7
90.6
92.3
92.7
94.9

81.7
83.7
8s.2
88.0
91.s

8l
81

83

85

92

70

76

78

76
82

9s

97

99

97
99

92

93

93

97
98

t4
t6
t6
t2
7

22

l7
15

2l
16
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Step 1 - Greate decision matrix

lnput daily thermal-depth profile of the lake
providing the temperature in habitat I at time f

Estimate growth in habitat i
with food

X'¡=X+((Y, -q-In

Estimate growth in habitat I
without food

X"¡=X-(q¡ .V/)
o
=-o(gc
X
o)c

+

Estimate the probability of surviving
and growing in habitat i

(l- p). (À¡. xi) + (l- À,. x"¡)
o
o
U)

X
c)c

+
X

Final depth
stratum?

Choose habitat i
yielding maximum

probability of growth
o-
c)
Ø
c)
E

U)
f
.9
o)
Lo

I

Output optimum habitat i
to decision matrix

FinalX?
(i.e., state)

Does f = 1?

Step 2 - Optimum choice simulation

Figure 4.1. Flow chart illustrating the creation of the decision matrix to simulate lake
trout making optimum habitat choices based on state-dependent bioenergetic
optimization with respect to temperature and food resources.

t23



Zone l: assumes highest
food availability

,"*;rr"-;;.*"
food availability

Zone 3: assumes lowest
food availability

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Probability of obtaining food (À¡)

Figure 4.2. Graphic representation of the probability of finding food, ì", throughout the
water column of Lake 373 at the Experimental Lakes Area, Ontario, Canada. The values
of )" were used in the dynamic optimization model for lake trout and were chosen to
represent three theoretical zones (horizontal dashed lines) of food availability. The
vertical dashed line represents the point at which food is either less or more likely to be
obtained.

0.10.0 1.0
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Step 2 - Start simulations

Release fish n at time
f = 0, with an initial stored

mass (i.e., state) = ¡
n+1(nextfish)

Either: A) Decision Matrix: Fish chooses the
optimal habitat i, which provides the greatest
probability of growth at time f given the fish's
state at time f (i.e, current growth or stored
mass), or B) Fish chooses habitat randomly

c)
o
U)

x
q)
c

+
X

lnput temperature data for habitat
choice I (i.e., depth) at time fo-

c)
U'
c)
E

X
c)c

+

_c
(¡)

X
c)c

+ Does fish eat?
Calculate growth

WFj = W¡- (a¡. Wr)

X¡r1 = W¡q- W,=,

Output growth to
Spreadsheet

Out of time? Calculate growth
W¡*1 =W¡+(Y, -a).W¡
X¡r1 = W¡*,1- Wt=t

Last n (fish)?

Last X?
(i.e., state) End of simulation

Figure 4.3. Flow chart illustrating model simulation of lake trout growth for making A)
optimum habitat decisions based on state-dependent bioenergetic optimization with
respect to temperature and food resources and B) random habitat choices.
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Figure 4.4. Minimum and maximum depths for all simulated lake trout (i.e, over all
initial states) making optimum habitat choices in both the presence and absence of
surface predation (0 - 4 m, dashed reference line), and the bootstrapped 950lo confidence
intervals for median daily depths of five acoustically-tagged adult lake trout during 2003
and2004 in Lake 373 at the Experimental Lakes Area, Ontario, Canada.
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Figure 4.5. Minimum and maximum optimum depths of simulated fish and the
bootstrapped95% confidence limits about the median daily depths of five acoustically
tagged lake trout when paired by day of year (a - b), day of stratification (c - d), and day
of stratification with depths adjusted according the annual difference 12003 - 20041in the
daily minimum depths of the hypolimnion (e * f) during 2003 and 2004 inLake 313 at
the Experimental Lakes Area, Ontario, Canada.
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Figure 4.6. Minimum (a - b), median (c - d), and maximum (e - Ð depths chosen by
simulated lake trout making optimum habitat decisions based on state-dependent
bioenergetic optimization with respect to temperature and food resources without
predation in Lake 373 during a climatically warm (2003) and climatically cool (2004)
year at the Experimental Lakes Area, Ontario, Canada. Simulated depths are plotted by
initial state (i.e., grams of initial growth or stored mass) at time r = I for a given time
before fall spawning. In reference to the text, 'low' initial states are presented in grey and
'high' initial states are presented black.
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Figure 4.7. Minimum (a - b), median (c - d), and maximum (e - Ð depths choosen by
simulated lake trout making optimum habitat decisions based on state-dependent
bioenergetic optimization with respect to temperature and food resources with predation
in Lake 373 during a climatically warm (2003) and climatically cool (2004) year at the
Experimental Lakes Area, Ontario, Canada. Simulated depths are plotted by initial state
(i.e., grams of initial growth or stored mass) at time / = 1 for a given time before fall
spawning. In reference to the text, 'low' initial states are presented in grey and 'high'
initial states are presented black.
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Figure 4.8. Frequency distributions of daily temperatures (median = 7.5 'C in 2003 and
7.4 in2004) occupied by simulated lake trout making habitat decisions based on
bioenergetic optimization with respect to predation risk, temperature, and food resources
to maximize net energy gain and growth by fall spawning during 2003 and 2004 atthe
Experimental Lakes Area, Ontario, Canada. Vertical dashed lines represent laboratory-
derived thermal preferences (8 - i2 "C) that have typically been used to describe lake
trout habitat.
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Figure 4.9. Initial state and median final growth of lake trout as estimated from annual
simulations of optimum (i.e., optimizing bioenergetics with respect to food and
temperature to maximize net growth by fall spawning) and random habitat choices.
Model simulations were run during thermal stratification in a climatically warrn (2003)
and cool (2004) year and with and without predation (within 0-4 m deep) in Lake 373 at
the Experimental Lakes Area, Ontario, Canada.
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Figure 4.10. Initial state and survival of lake trout as estimated from annual simulations
of random habitat choices and optimum (i.e., optimizing bioenergetics with respect to
food and temperature to maximize net growth by fall spawning) habitat choices during
thermal stratification in a climatically warrn (2003) and cool (2004) year in Lake 373 at
the Experimental Lakes Atea, Ontario, Canada. Survival was modeled solely as a
function of predation and depth, with predation occurring only within 0 - 4 m from the
lake's surface.
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Figure 4.I2.Dally minimum (a - b) and maximum (c - d) depths occupied by simulated
lake trout making optimum habitat choices based on bioenergetic optimization with
respect to predation risk, temperature, and food resources to maximize net energy gain by
fall spawning in Lake 373 at the Experimental Lakes Area, Ontario, Canada. Minimum
and maximum optimum depths are plotted by day of year for a series of climate change
scenarios. Scenarios were based on thermal profiles generated from Jansen and
Hesslein's (2004) climate - stratification model under changes in mean air temperature by
-2 oC,0 oC (i.e., base scenario), + 2 oC, + 4 oC, + 9 oC for 1987 and 1992 the warmest and
coolest years recorded from 1969 to 2004.
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Figure 4.13. Median final growth a) and survival b) by fall spawning for all simulated
lake trout making optimum habitat choices during thermal stratification patterns modeled
over a series of climate change scenarios for Lake 373 at the Experimental Lakes Area,
Ontario, Canada. Scenarios were based on changes in mean annual air temperature
within the base year (i.e., 1987 and 1992)by -2oC,0 oC (i.e., the base scenario), +2oC,
+4 "C, and +9 oC. Base scenarios represent the obsewed weather patterns, temperatures,
and stratification patterns during the warmest (1987) and coolest (1992) years recorded
from 1969 to 2004. Dashed reference line denotes zero growth by fall spawning.
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Figure 4.14. Median final growth and initial state of lake trout as estimated from annual
simulations of optimum (i.e., optimizing bioenergetics with respect to both food and
temperature) habitat choices during modeled climate change scenarios based on
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Experimental Lakes Area, Ontario, Canada.
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1.0

1).

CHAPTER 5.

SYNTHESIS

The projected increases in air temperature for the not-so-distant future could

greatly alter the thermal structure of lake ecosystems, especially in smaller lakes

(< 100 ha) within the Canadian boreal shield (Schindler et al. 1996). Lake trout,

Salvelinus namaycush, is a cold-water stenotherm that may be particularly

susceptible to these projected changes (Shuter and Lester 2004). Investigation of

climatically-induced changes in lake trout habitat first requires a definition of the

fish's habitat.

I used a novel approach to investigate the link between climatic conditions, lake

thermal stratification, and habitat use by lake trout. I used data collected from

pressure-sensing acoustic transmitters (methods Chapter 1), in conjunction with

fixed-site acoustic receivers to obtain information on lake trout depths at much

finer time-scales than previously examined. Depths of acoustic-tagged fîsh were

monitored continuously (2a h/d) and concurrently with thermal-oxygen depth

profiles over two climatically different years (2003 and2004). Large differences

in air (Figures 1.8 and 1.11) and water temperatures (Figures 1.13 - 1.16)

between years (- 3.8"C) provided a relatively wide range in conditions in which to

investigate fish behaviour. From these data, I was able to test, for the first time,

the in siler response of individual lake trout to very different thermal stratif,rcation

pattems between years. All data were collected in a small boreal shield lake (Lake

373, Ãrea= 27 .3 ha, Max depth = 20.8 m) at the Experimental Lakes Area in

northwest Ontario, Canada.

Lake trout habitat has been defined by the thermal habitat boundary of 8 - 12 "C

(Coutant 1977; Stewart et al. 1983; Christie and Regier i988) and is widely-

accepted in the literature (Magnuson et al. 1990; Hill and Magnuson 1990;Pazzia

et aL.2002; MacKenzie-Grieve and Post 2006b). Daily median depths of lake

2).

3).
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4).

trout in Lake 373 showed fish were distributed over a broad range of temperatures

(2 - 18 "C), but on average occupied temperatures slightly cooler than 8 oC. Lake

trout were predominantly found at temperatures < 12 oC and dissolved oxygen

concentrations ) 4 mglL (Figures 2 .l , 2.2, and 3 .2) . The long-assumed thermal

preference (i.e., 8 - 12 "C; Table 3.1) for the species failed to describe individual

fish distributions (Figure 2.1) and seasonal and annual patterns in temperature

(Figure 2.2) or habitat occupancy (Figure 3.2). These findings corroborate recent

findings on the in situ behaviour of the species (Snucins and Gunn 1995; Sellers

et al. 1998;Bergstedt et aL.2003; MacKenzie-Grieve and Post 2006b).

One of my most important findings in this investigation was that seasonal and

annual variations in fish depth were primarily associated with temperature*

mediated changes in the timing and depth of thermal stratification. This was best

shown by controlling for differences between years in day of stratification and

hypolimnetic depth, which resulted in similar depth pattems (Figure 2.3). In

particular, warrner and earlier stratification patterns appeared to reduce lake trout

occupancy of shallow and productive habitats (Figure 2.2 and 2.3). Thus, the

notion that climate-mediated changes in thermal stratification will lead to changes

in lake trout habitat use in shallow water and subsequently affect fish growth

(King et al. 1999b) is supported.

It has been widely recognized that thermal habitat volume may be used to quantify

impacts on lake trout populations (Clark et aL.2004), but there is no agreed upon

approach with few studies comparing fish temperatures to a single criterion (Gunn

and Pitblado 2004; MacKenzie-Grieve and Post 2006b). The volume of habitat

between 8 and 12 oC within lakes has shown strong correlations with harvestable

yield of the species (Christie and Regier 1988). I compared theoretical habitat

volumes based on combinations of temperature and dissolved oxygen criteria

(Table 3.3 and Figure 3.2) to volumes occupied by tagged fish. Estimates of

5)
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6).

theoretical volumes based on temperature and dissolved oxygen most closely

matched the habitat volume used by tagged lake trout. Importantly, the 8 - 72 "C

criterion commonly used to define lake trout habitat grossly under-estimated (72 -
85Yo) and produced the least accurate estimates of habitat occupied by tagged fish.

Annual differences and seasonal trends in theoretical and observed habitat

volumes indicated that theoretical criteria may best measure occupied habitat

when conditions are most limiting. Specifically, my analysis showed the closest

match between observed and theoretical habitat occupation under warrn-year

conditions and at peak periods of thermal stratification (Figures 3.2 and 3.3).

Past modeling investigations of lake trout habitat changes under climate change

scenarios have based their conclusions on the assumption that lake trout seek

temperatures of 8 - 72 "C because physiological processes are optimized and

greater growth is provided (Stewart et al. 1983; Christie and Regier 1988; Hill and

Magnuson 1990; Magnuson et al. 1990). The inability of 8 - 72 "C to estimate

the habitat of lake trout in this (Chapters 2 and 3) and other studies (Snucins and

Gunn 1995; Sellers et al. 1998; Berstedt et aI.2003; MacKenzie-Grieve and Post

2006b) suggests that using a single niche axis has limited usefulness. Previous

attempts were not without justification because temperature has been identified as

an important ecological niche dimension for temperate freshwater fish species

(Magnuson et al. 1979). I developed an individual-based population model that

uses lake trout bioenergetics and life history characteristics to estimate depth (and

temperature), growth, and survival of lake trout over changing thermal conditions.

The model incorporates multiple niche axes (i.e., predation risk, temperature, and

food resources) and life history characteristics (i.e., maximizing net energy gain

by fall spawning) of the species to estimate changes in lake trout populations

under varying conditions. Specifically, my objectives were to provide an

explanation for lake trout behaviour, and explore the potential consequences to

7).
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8)

lake trout populations under changing thermal conditions.

Depths and temperatures occupied by tagged fish closely resembled simulated fish

depths (Figures 4.4 and 4.5) and temperatures (Figure 4.8), indicating that the

model incorporates the underlying mechanisms behind lake trout behaviour.

Model output showed a three-fold reduction (68 -75%) in growth and fitness

during climatically warrner conditions (Table 4.3 and Figure 4.9). The reduction

in modeled growth and fitness was the consequence of higher metabolic costs

reducing the habitat use of shallow and productive habitats (Figure 4.4).

Subjecting the model to a series of climate change scenarios (i.e., increases of 2,

4, and 9 'C) under warmest and coolest base conditions, indicated that persistent

increases in temperature and longer stratification patterns would reduce the

growth and fitness of many lake trout populations (Figures 4.3 and 4.14).

Increases in productivity with increasing temperatures may offset some of the

reduction in growth and fitness, but it seems unlikely that increases in productivity

will be able to alleviate the reduction in lake trout growth under the more extreme

(+ 4 - 9 "C) climate scenarios (Figure 4.9).

10). A major conclusion of my study is the poor performance of using 8 - 12 oC to

estimate lake trout distribution and habitat volume. This may stem largely from

its oversimplification and disregard for other niche axes that may be important to

the species in the wild. Optimizingbioenergetics with respect to predation risk,

temperature, and food resources set within the life history characteristics (i.e.,

maximizing net energy gain by fall spawning) of the fish better explained lake

trout behaviour and temperature occupancy during thermal stratification. One of

the advantages of this modeling approach is that it provides a framework for lake

trout behaviour that is set within the context of environmental, physiological, and

life history characteristics of the species; thereby, providing a platform in which to

e)
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test other hypotheses about lake trout behaviour for differing populations and

environmental conditions (e.g., temporal changes in food availability or predation

risk).

11). Another major advance of this study was actual documentation of decreased use

of shallow productive habitats by tagged (and modeled) f,rsh during warrn

conditions. This finding agrees with published accounts of decreased growth

under fast-warming springtime conditions (King et al.I999b), and strongly infers

that reduced use of shallow productive habitats will lead to reduced growth under

climate warming scenarios. These effects may be further exacerbated by increases

in fishing pressure (which is currently exceedingly high in southern portions of the

species range), increased human needs for freshwater, and decreased water quality

and quantity, which are expected to occur throughout the species' range in the

near fufure (Shuter and Lester 2004; Schindler and Donahue 2006). Reduced

growth and fitness may reduce the ability of lake trout to co-occur with the

expanding number of introduced species (Shuter and Post 1990; Chu et al. 2005),

which have been shown to adversely affect lake trout populations (Vander Zanden

et al. 1999). Thus, our existing practices and increasing use of resources could

culminate with impacts from climate change, thereby exacerbating adverse effects

on lake trout populations in the not-so-distant future.
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Figure 4.1. A volume-depth hypsograph of cumulative volume and percent of total
volume as estimated from the bottom to the surface of Lake 313 at Experimental Lakes
Area, Ontario, Canada.

Total volum e = 2,991,1 83 m3
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minimum and maximum (dashed lines) depths for acoustically-tagged lake trout number
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Figure 4.4. Daily median (thick solid line), 2.5 and97.5 percentiles (thin solid lines),
and minimum and maximum (dashed lines) depths for acoustically-tagged lake trout
number 3 (see Table 1.1) by day of year during 2003 and 2004 inLake 373 at
Experimental Lakes Area, Ontario, Canada.
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Figure 4.5. Daily median (thick solid line), 2.5 and 97.5 percentiles (thin solid lines),
and minimum and maximum (dashed lines) depths for acoustically-tagged lake trout
number 4 (see Table 1.1) by day of year during 2003 and 2004 inLake 373 at
Experimental Lakes Area, Ontario, Canada.
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Figure 4.6. Daily median (thick solid line), 2.5 and 97.5 percentiles (thin solid lines),
and minimum and maximum (dashed lines) depths for an acoustically-tagged lake trout
number 5 (see Table 1.1) by day of year during 2003 and 2004 inLake 313 at
Experimental Lakes Area, Ontario, Canada.
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Figure 4.7. Frequency distributions of daily depth ranges and volumes for acoustically-
tagged lake trout in Lake 373 at Experimental Lakes Area, Ontario, Canada during 2003
and2004. The daily range in fish depth was determined by 2.5 and 97.5 percentiles of the
daily depth distributions of all tagged fish. The volume of water occupied by fish was
calculated from the daily range in fish depth.
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Figure 4.8. Daily depth ranges and occupied habitat volumes for acoustically-tagged lake
trout by day of year during 2003 and2004 inLake 313 at Experimental Lakes Area,
Ontario, Canada. Daily depth ranges were determined from 2.5 and 97.5 percentiles of
daily depth distributions of all tagged fish. Volume was calculated from the daily depth
range of tagged fish.
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Figure 4.9. Median final growth at fall spawning a) and the additional food required to
obtain the same growth as the base year b) for simulated lake trout making optimum
habitat choices (with predation) in Lake 373 at the Experimental Lakes Area, Ontario,
Canada. Optimum habtitat choices were run over a series of climate change scenarios
based on changing the mean annual air temperature from two climatically extreme base
years by -2oC,O oC (i.e., the base scenario), +2oC,+4oC, and +9 oC (Jansen and Hesslein
2004). Base scenarios represent the observed weather and stratification patterns during
the warmest (1987) and coolest (1992) years recorded from 1969 to 2004.
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