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Abstract 

Population decIines and extirpations have occurred for bull trout (Salvelinus 

confluentzts) throughout their range in western North America. Causes for these declines 

or extirpations include overexploitation, competition with non-native fishes, habitat 

destruction and habitat fragmentation. The management and conservation of this species 

requires that we understand the hndamental mechanisms regulating their populations. 

However, the environment and biology of these fish sets them apart from many other 

fishes for which mechanisms of  population regulation have been developed. Juvenile 

bull trout can spend several years rearing in small unproductive streams where they may 

compete with conspecifics for resources that are limiting. Observations and experiments 

described in this thesis show that competition does occur for some limited resource and is 

exploitative in nature. Exploitative competition across age co hods can result in cyclic 

population dynamics, which contrasts stable dynamics which result from similar 

interactions confined to a single cohort. The analysis of a physiologically structured 

population model developed for bull trout suggest that population cycles may arise from 

two different mechanisms, variability in overwinter survival or variability in age- and 

size-at-maturity. Empirical data for bull trout support the assumptions of the model and 

presence of population cycles. However, given the predicted period of these cycles (> 6 - 

7 years), it is difficult to conclusively determine a cyclic pattern in the empirical data 

which was collected over a relatively short time frame (s 15 years). 

At a regional scale, the distribution of bull trout in stream reaches fi-om the eastern 

slopes of the Canadian Rocky Mountains (Kananaskis Country, Alberta) was inversely 

related to non-native brook trout (S. fontinalis). Bull trout were more likely to be present 
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in higher elevation reaches and the converse was true for brook trout. The presence of 

brook trout at lower elevations could not be expIained fiom their past stocking history, 

but rather, represented downstream movements and colonization of these reaches. The 

mechanism responsible for downstream colonization by brook trout is not known. 

However, the sensitivity of bull trout, compared with brook trout, to overexploitation by 

anglers may have been a factor in shaping the observed distribution. 
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These Nutches have troubles, the biggest of which is 
The fact there are many more Nutches than Nitches. 
Each Nutch in a Nitch knows that some other Nutch 
Would like to move into his Nitch very much. 

-Theodor S. Geisel, On bevond Zebra! 



Chapter 1 - introduction 

1.1 Background 

Bull trout are native to western North America with a broad distribution that spans 

the continental divide and once extended as far south as northern California and currently 

extends north to the southern Yukon and Northwest Territories (Cavender 1978; Haas and 

McPhail 199 2 ; Reist et al. in review). Bull trout exhibit all migratory life history forms 

for fishes that live entirely in freshwater (i.e., potamodromy) which includes: residence 

within a single stream (fluvial life-history type), migration among streams or rivers for 

feeding or spawning (fluvial-adfluvial), migration from lakes into inlet streams for 

spawning (lacustrine-adfluvial) or migration from lakes into outlet streams for spawning 

(allacustrine; Carl et al. 1989; Northcote 1997; Wilhelm et al. 1999). In addition, some 

coastal bull trout populations are anadrornous, migrating from freshwater to the sea for 

feeding (Haas and McPhail 1991 ; Spalding 1997). In Alberta, bull trout are ubiquitous to 

all the major watersheds draining the eastern slopes of the Rocky Mountains, spanning 

from the Peace to South Saskatchewan basins (Nelson and Paetz 1992; Brewin and 

Brewin 1997). Its distribution in the province once extended as far eastward as Fort 

McMurray on the Athabasca River where inventory projects associated with oil sands 

development reported their presence, Edmonton on the North Saskatchewan River where 

bull trout were commonly angled, Morrin on the Red Deer River, Carseland on the Bow 

River and Lethbridge on the Oldman River (Prince et al. 19 12; Nelson and Paetz 1992; 

Brewin and Brewin 1997). 



Despite being so widely distributed and having the ability to reach quite large 

sizes, bull trout were historically ranked poorly as a sportfish by both fishery managers 

and anglers alike (Prince et al. 19 12; Colpitts 1997). In a report commissioned by the 

federal government at the turn of the 20'~ century, bull trout were described as 

... most voracious, feeding greedily on its own and other species, and usually 
skulks at the bottom of pools or behind a stone ready to pounce upon any passing 
fish. 

-Prince et al. (19 12). 

The report went so far as to describe those persons who might intentionally fish for the 

species (and God forbid base their Ph.D. dissertation), 

It [bull trout] requires no skill to secure and on that account has some popularity 
amongst anglers of little ambition or experience. 

-Prince et al. (1912). 

With such a reputation, it is not surprising that the intentional destruction of the species 

was carried out by both the government and public. In the National Parks of Canada, fish 

poisons were utilized to remove undesirable species in lakes which included bull trout 

(Schindler and Pacas 1996). Fisheries officers in the province of Alberta were removing 

bull trout from streams during low-water events and some anglers and angler groups were 

advocating regulations that wouid help eradicate bull trout (Prince et al. 19 12; Colpitts 

Attitudes towards conservation of native fishes and the role of humans in 

managing aquatic systems changed through the 2oCh century (Hunter 1997; Rahel 1997). 

Angling organizations in AIberta began advocating for the implementation of  protective 

regulations on bull trout populations during the early 1980's (Brewin 1997). The Alberta 

government imposed a two fish bag and 40 cm size limit on bull trout in 1987 which, 
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although intended to protect bull trout, was insufficient to help some populations (Stelfox 

and Egan 1995; Stelfox 1997). However, it was not until 1994 when Banff National Park 

imposed a jurisdiction wide no-harvest limit and then 1995 when other National Parks 

and the province of Alberta implemented similar regulations did the large-scale 

protection of the species fkom angling occur (Brewin 1997). 

Local extirpations of bull trout populations have occurred throughout western 

North America (Haas and McPhail 1991; Brewin and Brewin 1997). By 1989, bull trout 

were listed as a species of special concern whose status would be upgraded to threatened 

or endangered, as defined under the United States Endangered Species Act (ESA), should 

further evidence support the listing (Williams et al. 1989). And in November of 1999, 

bull trout were listed as threatened under the ESA throughout its entire range in the 

conterminous United States (Ch= et al. 1999). Factors that have led to population 

declines or extirpations include habitat destruction, overexploitation, competition with 

non-native species and ffagrnentation among populations (Rieman and McIntyre 1993; 

MacKay et al. 1997; Chan et al. 1999; Dunham and Riernan 1999). 

1.2 Recruitment Dynamics 

Management plans aimed at protecting bull trout populations from 

overexploi tation by recreational fishing have been developed (Carl 1 985; Berry 1 997). A 

common theme to these management plans is that the harvest of bull trout by anglers 

should not occur unless a surplus in their production exists. The surplus production is 

represented by those newly recruited individuals that are in excess of individuals required 

to replace the losses through natural and fishing mortality. Simply, allow enough new 



individuals to enter the fished population to replace those that have been lost. Once the 

loss has been accounted any hrther recruitment can be harvested without a decrease in 

the population. 

The concept of surpIus production has had a long history in fisheries management 

through the use of biomass dynamic models and concepts of maximum sustainable yield 

(Graham 1935; Schaefer 1954; Larkin 1977; Hilborn and Walters 1992). Biomass 

dynamic models simply append catch to a logistic model of population growth in biomass 

(Hilborn and Walters 1992). While the concept of  managing fisheries at maximum 

sustainable yield is not advocated (Larkin 1977), biomass dynamic models are still an 

important tool for managers who have access to abundance and catch data for a fishery 

(Ludwig and Walters 1989; Hilbom and Walters 1992). While abundance and catch (or 

at least catch and effort) data are common for commercial fisheries, it is rarely obtained 

for recreational fisheries. Furthermore, the data must have strong contrasts in abundance 

and fishing effort for parameters to be estimated reliably (Hilborn and Walters 1992). 

Biomass dynamic models (with no time delays) also fail to capture complex dynamics, 

such as cycles, that can be present in fish populations (Harnrin and Persson 1986; 

Townsend 1989; Hilbom and Walters 1992; Ricker 1997). 

En the absence of suitable data and as a means of accounting for structure in fish 

populations (e.g., size or age), age-structured models were developed to explore 

sustainable yields and fisheries management (Walters 1969). While the original intention 

of these models was to allow for flexible recruitment relationships between progeny and 

adult stocks (Walters 1 969), the vast majority of age-structured fisheries models 

incorporate only basic interactions among stages and are rather poor at explaining more 
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complicated dynamics (Hiibom and Walters 1992). Perhaps the best example, is the use 

of single curves to represent the relationship between the adult stock and recruitment into 

a given stage. 

The most familiar and widely used stock-recruitment relationships used in 

fisheries management were developed by Ricker (1954) and Beverton and Holt (1 957). 

While other more flexible stock-recruitment relations have been developed (Deriso 1980; 

Bjorkstedt 20001, almost all stock-recruitment relationships incorporate the same 

assumption, density-dependent interactions occur within but not among cohorts. This 

assumption may be appropriate for many species of Pacific salmon where age cohorts 

(i.e., year classes) are spatially separated (Ricker 1997). However, many species of 

freshwater salrnonids, including bull trout, can spend several years rearing as juveniles in 

small unproductive streams (Fraley and Shepard 1989; Rieman and McIntyre 1993). This 

leaves the potential for density-dependent interactions to occur not only within but among 

age cohorts. 

The primary focus of my thesis is to explore interactions that occur in juvenile 

bull trout, their influence on stock-recruitment relationships and most importantly the 

impact of these interactions on population dynamics. Because several year classes can 

coexist in bull trout populations, I focussed on interactions that may occur among year 

classes of juveniles and the nature of these interactions. Specifically, whether density- 

dependent effects were symmetric among individuals of different sizes. For example, do 

smaII individuals suffer a disproportionately greater decrease in growth or survival at 

high densities than larger individuals? A combination of modelling (at both the 

individual and population level) and field data are used to explore these interactions and 



questions. While bull trout is the species used for this exploration, the implications are 

much broader and may be applied to other fishes or ecologicaI theory in general. 

Finally, populations of bull trout are not isolated entities but rather are spatially 

distributed across varying environments. The distribution and abundance of stream- 

dwelling salmonids can be influenced by habitat at both the small (lo0 - 10' m) and large 

scales (2 10' m; Shepard et al. 1997; Watson and Hillman 1997; Dunham and Riernan 

1999) and by interactions with other fishes (Griffith 1988; Donald and Alger 1993; 

Watson and Hillman 1997). Thus, the second major objective of my thesis is to explore 

spatial patterns in bull trout distributions across varying scales of habitat and to explore 

mechanisms that may be responsible for these patterns. 

1.3 Thesis 0 rganization 

The thesis is written in manuscript form with chapters two to seven representing 

the research component of  the thesis. Tables and figures for each chapter have been 

placed at the back of their respective chapters and listed in order. The first and final 

chapters are meant as glue to tie the six research chapters together. Chapters two to four 

essentially address the first objective of the thesis. Chapter two introduces the 

consequences of among cohort (i.e., inter-cohort) interactions to stock-recruitment 

relationships using a simple population model. Time-series data are then used to assess 

assumptions and predictions of the model. Chapter three incorporates manipuIative 

experiments to test mechanisms of density-dependent interactions in juvenile bull trout. 

Specifically, whether density-dependent growth occurs and its affect on individuals of 

different sizes. Results fi-om these experiments are contrasted with the salmonid 
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literature and differences discussed. Chapters four and five are closely related and look at 

the implications of density-dependent growth in seasonal environments. Chapter four 

explores links in energy allocation and environment at the individual level. Patterns in 

energy allocation at this level are compared to empirical data for bull trout. Chapter five 

takes the theory fiom the individual and expands it to the population level. It is in this 

chapter that the implications of inter-cohort interactions on population dynamics and 

mechanisms producing these dynamics are truly addressed. 

After battling through these four chapters that for the most part increase in 

complexity, the reader is faced with (and likely pleasantly) a shift in focus. The 

remaining two research chapters address the second objective of the thesis. Chapter six 

explores the distribution of fishes in streams from the Canadian Rocky Mountains at 

differing habitat scales and mechanisms that may have produced observed patterns. 

Chapter seven explores one of these mechanisms (angling) in detail. With the end in 

sight, a very short concluding chapter summarizes the individual chapters and discusses 

areas of hture research. However, for those who are persistent, the two appendices 

should satisfy any desire to read hrther. 
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Chapter 2 - Density-dependent inter-cohort interactions and recruitment dynamics: 

models and a bull trout time series' 

2.1 Introduction 

Understanding the production, or rate of change, for reproducing individuals in a 

population is a key component to fisheries management (Roughgarden 1998). A manager 

is faced with the fundamental problem of, "given a certain adult stock now how many 

adults will I expect in x years?" Stock-recruitment (SR) relationships have a long history 

in fisheries management (Ricker 1954; Beverton and Holt 1957) and can provide an 

answer to this question (Hilbom and Walters 1992). The SR relationship describes the 

number of new individuals recruited into some stage from a given stock (e-g., number of 

adults or number of eggs). The relationship is often developed statistically as an average 

curve from a set of stock and recruitment data collected through time; however, reliance 

on these SR relationships can be problematic. First, for highly fecund species such as 

fishes, moderate variability in natural mortality during the pre-recruitment phase can 

obscure any deterministic relation between stock and recruits (Koslow 1992). Second, 

when using an average curve, we may neglect to account for the processes which give 

rise to such relationships. In other words, we do not consider whether the set of 

assumptions necessary to produce a proposed SR curve are reasonable. Thus, it has been 

proposed that fishery science take a more process-oriented approach when determining 

SR relationships (Koslow 1992; Roughgarden 1998). 

I A version of this chapter has been accepted for publication, Paul, A.J., J.R. Post, G.L. Sterling and C. 
Hunt. in press. Can. J. Fish. Aquat. Sci. 



Salmonids that rear as juveniles in streams present an interesting case to examine 

SR relationships because of our knowledge of behaviourial and physiological processes 

that give rise to their growth and survival (Chapman 1966; Grant and Kramer 1990). If 

we make the assumption that a year-class of juveniIe salmonids (hereafter referred to as a 

cohort) compete only among themselves for a limited amount of space or food (i-e., intra- 

cohort interactions), then we would expect a SR relation to be asymptotic (Beverton and 

Holt 1957; Ricker 1975). For example, if an individual requires a minimum amount of 

habitat to survive (say x rn2*fish-'), then the maximum cohort density that the habitat can 

support will be x-' f i~h*rn '~  (Grant and Kramer 1990). Or, if survival in a cohort increases 

after reaching some critical stage and the time required to reach that stage is dependent on 

the initial cohort density, then we would expect a SR relation to be dome shaped 

(Beverton and Holt 1957; Elliott 1989). However, what happens to survival and the SR 

relationship when interactions occur among juvenile cohorts (i.e., inter-cohort 

interactions)? To my knowledge, this question has remained unaddressed for stream- 

dwelling salmonids or fishes in general. 

Bull trout (Salveiirzus c0njZuentu.s) populations are a concern to many fisheries 

managers due to the observed decline or extirpation of populations throughout their 

native range in western North America (Williams et al. 1989; Rieman and McIntyre 

1996; and references in Mackay et al. 1997). Much of the research on the juvenile life 

stages of bull trout has focused on habitat use (e-g., see references in Mackay et al. 1997). 

While these studies are necessary to preserving habitat (Bovee 1982), they do not directly 

address questions of age-speci fic survival. Because bull trout juveniles of several age- 
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classes can coexist in rearing streams (Fraley and Shepard 1989), they may be exposed to 

inter-cohort interactions that influence the form of their SR relationship. 

This brings us to the three objectives of this study. First, to assess a general form 

of the SR relationship for situations where there are relatively simple inter-cohort 

interactions. Secondly, to develop an empirical SR relationship for a bull trout time 

series and to assess its qualitative agreement with predictions from the inter-cohort SR 

model. And finally, to examine the empirical data for evidence o f  inter-cohort 

interactions. 

2.2 Methods 

2.2.1 Model Development 

I developed a simple population model to evaluate the consequences of inter- 

cohort interactions to SR relationships. The model is merely an extension of the SR 

models originally put forth by Beverton and Holt (1957); but, I extend to this model inter- 

cohort interactions during the juvenile phase. My model is similar to those formulated by 

Rodriguez (1998) and relies on the work of Gurney et al. (1983) to make this extension 

mathematically rigorous yet accessible. 

The model assumes a closed population (no migration) and is formulated in 

continuous time. The model is structured by two states: juveniles and adults (N),j(t) 

or N(t) representing the number of juveniles or adults at time t ,  respectively. Juveniles 

are recruited into the adult state after a developmental time period r(years). Therefore, 

the number of adults that produced juveniles that recruit at time r will be N(t- 0. As I am 

interested in processes that affect survival of juveniles, instantaneous rates of adult 
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mortality and fecundity will be held constant at d(deaths*adult-I-yeaf') and f (*adult- 

respectively. I will assume that % the adults are female (i-e., fry-femaleA1-year-' 

is twice the f?y-adult-'-yeaf') and that reproduction occurs continuously which allows us 

to maintain the model's simplicity. 

The change in the adult population size can now be viewed as the difference 

between the number of new recruits to the adult population (R) minus those adults which 

die, and is described by 

When new recruits (R) equals mortalities then the population remains stable and equation 

2.1 equates to zero. I must now determine R. Assuming that juvenile mortality is density 

dependent and is described as a Iinear function of current juvenile density gives 

where W(tI)) is the instantaneous mortality rate (deaths*juvenile"-yea?) at a juvenile 

density ofj(t), V, is the density-independent mortality rate (deaths*j~venile'~*~eaf') and 

5 the density-dependent coefficient (deaths*juvenile-'-yeail-unit density-'). This 

assumption is identical to that made for the Beverton-Holt SR relation (Beverton and Holt 

1957; Harris 1975) except that I have introduced inter-cohort interactions by summing 

juvenile density over all prerecruit ages. In the case of intra-cohort interactions, equation 

2.2 will always produce the asymptotic Beverton-Holt SR curve and the population will 

approach its equilibrium monotonically, without oscilIations or cycles (Rodriguez 1998). 
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Since I must now incorporate age structure (at least implicitly) into my models, I 

will use the methods of Gurney et al. (1983) for stage-structured populations. I define 

P(t) as the proportion of juveniles born at time t - zthat survive to become adults at time t 

( t )  = exp( - jV~.(X))dj i )  

where j(x) is juvenile abundance at a given time x. Using the definition P(t), the rate of 

change in juvenile abundance is 

Equation 2.4 states that the change in juvenile abundance depends on the addition of new 

fiy (f .N(t)) minus juveniles that die ( q(t))  w)) minus juveniles that survived and are 

maturing into the adult stock (fN(l- 27 .P(t)). The recruitment of juveniles into the adult 

population is 

I can determine the rate of change in P(t) by differentiating equation 2.3 (realizing that dr 

= dt) to get 



which leaves us with the set of delay-differential equations (equations 2.1,2.4 and 2.6). 

Rodriguez (1 998) showed the non-zero equilibria for these equations are 

and 

provided/> & x p (  6 ' 5 ) .  Furthermore, fiom equation 2.1 and 2.5 it can be easily shown 

that at equilibrium P* is 
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I studied the dynamics of equations 2.1, 2.4 and 2.6 by numerical simulations 

using the program SOLVER (Gurney et al. 1996). Specifically, I wished to explore: a) 

the stability of the above equilibria (equations 2.7 - 2.9) and b) the shape of the SR 

relation given density-dependent mortality in interacting juvenile cohorts. To achieve 

these objectives, the numerical simulations were started from equilibrium using 

bioIogically reasonable parameter values and allowed to progress until a perturbation was 

introduced which pushed the population away fkom its steady-state conditions. The 

perturbation consisted of a 75% reduction in the juvenile population at one instant in 

time. I then noted whether the population returned to its original equilibrium (i-e., a 

stable equilibrium) or approached a new state (i-e., original equilibrium was unstable). 

During these simulated perturbation experiments I kept track of the adults which gave 

rise to a specific number of recruits. These data were used to plot the SR relation. 

2.2.2 Study Area 

I have a 15 year time series of bull trout abundance and size structure from Eunice 

Creek, Alberta. Eunice Creek is a tributary to the McLeod and then Athabasca rivers 

which form part of the MacKenzie River drainage basin (Figure 2.1). Spawning adults 

move into Eunice Creek fiom the McLeod River in August and then return to the 

McLeod River following spawning (Sterling 1978). Eggs hatch and juveniles spend 

several years rearing in Eunice Creek (Sterling 1978) before migrating back into the 

McLeod River. This type of behaviour is consistent with migratory populations of bull 

trout (Northcote 1997) where the amount of time spent by juveniles in their rearing 

streams ranges from 1 - 4 years (Fraley and Shepard 1989). 

2.2.3 Population Estimates 
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The abundance of fish was estimated in lower Eunice Creek from 1971 to 1985 

over approximately a 1 000 m reach (range 950 - 1 620 rn; Figure 1) with a mean wetted 

width of 3.3 rn. Abundance was estimated using a mark-recapture study design assuming 

population closure within the sampled reach. Fish were collected by electrofishing over 

the reach for each of the marking and recapture phases. During the marking phase, fish 

were always released within at least 50 m of their original capture location. There was an 

average of 5 days (minimum 1 day, maximum 18 days) separating each electrofishing 

run. All electrofishing was conducted during low flow conditions in late surnrner. 

A11 fish sampled were measured to the nearest mrn in fork length (FL) and those 

fish caught during the marking run were identified by a fin clip. Water discharge was 

measured from a recording station located within the sampling reach; the station operated 

from April to October (Anonymous 1987). I utilized the mean discharge (m3*s-I) over the 

April to October period and daily maximum discharge (m3*s-') over the same period 

(Anonymous 1 987). 

Abundance within the sampling reach was estimated for each species using 

Chapman's modification of the Petersen-Lincoln estimator 

where M is the number of fish for a given species that are marked and released, C is the 

total number for that species that are captured during a second sampling event and R is 



the number of C that were previously marked (White et al. 1982). Cod~dence intervals 

for my estimates of abundance were computed from the log-likelihood profile assuming R 

follows a binomial distribution. The probability density function of observing R given C 

captures is 

C! 
R!(C - R)! 

where p is the probability of capture (M/N ; Hilborn and WaIters 1992). The most likely 

value of N, given the data, is the value which maximizes equation 2.1 1, and can be solved 

analytically as N,, = MC/R (i.e., the classic Petersen-Lincoln estimator). Based on the 

IikeIihood ratio test wilborn and Mange1 1997), the 95% confidence interval in N is the 

range of values for which the natural logarithm of equation 2.1 1 does not exceed the 

natural logarithm of Pr { R  I C. M&) - 1.92. The value 1.92 comes from the critical 

value for a chi-square distribution (df = 1, a = 0.05) divided by 2 to account for a 

confidence interval that lies to either side of N,,L, (Hilborn and Mangel 1997). 

2.2.4 Age Composition and Survival 

I partitioned the overalI abundance data into age-classes to determine age-specific 

abundance and yearly rates of local survival (losses to a cohort occur through both 

mortaIity and net outward migration). Furthermore, the age-specific abundance data was 

used to develop an SR curve for Eunice Creek. Stock was represented by the density of 
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the youngest cohort effectively captured by electrofishing and recruits by the density of 

the same cohort several years later. 

Since the only information I had to assign ages to individual fish was their fork 

lengths, I used length-frequency analysis as a means of age determination for deriving 

estimates of age-class abundance. I structured this iength-frequency analysis into a 

conditional probability function (Bayesian framework) for an individual being age-ai if it 

had a fork length I, 

where &f! ( I ,  I ai l  is the likelihood of an individual being fork length [,given they are age-a, 

Pr{a,} is the probability of a captured individual being age-a, regardless of their fork 

length, the denominator is the sum of the likelihood and probability over all age-classes 

and a,,,, is the maximum number of age-classes. The probability Pr{ni} accounts for 

differences in cohort survival and year-class strength among years which if not accounted 

for can bias an ageing key (Westrheim and Ricker 1978). Both the likelihood {[, 1 a,) 

and probability Pr(ai) were determined by the simultaneous analysis of  length-frequency 

samples for each of the fifteen years using the computer program MULTIFAN (Fournier 

et al. 1990). The technique assumes that growth follows a von Bertalanfiy model and the 

distribution in fork lengths for age-class a, are normally distributed. The mean (m,) and 
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standard deviation (s,) estimated for the distribution in fork lengrhs for age-class a, give 

rise to the likelihood 

for an individual of fork length I, assuming a normal dismbution. The means and 

standard deviations estimated by MULTIFAN were compared to otolith aged bull trout 

previously collected from Eunice Creek and the McLeod River (Dietz 1971; Sterling 

1978). The Pr {ai)  for a given year is also an estimated parameter in the length-frequency 

analysis of MILTIFAN (Fournier et al. 1990). Therefore, I can now calculate Pr{a, 15) 

for bull trout of fork length I ,  assuming size-at-age is constant among years. 

To assign ages given the conditional probability pr{ail l,), I used a stochastic 

process where I chose a uniform random variable (between 0 and 1) for each individual 

and then based on the cumulative distribution for Pr{u I I ,)  assign an age. Once ages were 

assigned to individual fish, I used equation 2.10 to estimate age-class abundance. The 

finite local survival rate for each age-class over one year was then estimated ftom the 

abundance of that age-class in year t and the abundance of the same cohort (i-e., next age- 

class) in year t + 1. This entire process was repeated 1 000 times. The mean and 

variance for age-specific abundance and swiva l  were calculated over the 1 000 

iterations. I constructed 95 % confidence intervals on my estimates of mean abundance 

and mean survival assuming a normal distribution. It is important to realize that these 
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confidence intervals only represent the uncertainty in my mean estimate due to the 

stochastic age-assignment process. 

2.2.5 Predicting Patterns in Survival 

I looked for patterns in age-specific survival of bull trout with age-specific 

density, density of all juvenile bull trout, effective density (sensu Post et al. 1999) of all 

juvenile bull trout, biomass of all juvenile bull trout and mean and daily maximum 

discharge between April and October using linear regression. I arbitrarily assigned bull 

trout as juveniles if they were age-4 or younger. Variables which had a coefficient 

(slope) significantly different f?om zero (a < 0.05) were included in the model. 

Statistical significance was determined for each variable and the overall model using 

analysis of variance (ANOVA) with a == 0.05. 

Effective density is an expression of the intensity of exploitative competition and 

incorporates the allornetry of consumption for differences in size of juvenile bull trout 

(Walters and Post 1993; Post et al. 1999). The energy requirements, per gram of 

individual, will decrease as the size of the individual increases. Therefore, I use the sum 

of squared FL as a measure of effective density (Walters and Post 1993; Post et al. 1999). 

Quite simply, the consumption rate of an individual fish (U) will be proportional to its 

weight raised to an exponent less than one. If this exponent is 2/3 and accept that weight 

is proportional to length cubed, then U will be directly proportional to length squared 

(Walters and Post 1993; Post et al. 1999). The units I use for effective density are 

F L ~ - ~ - ~  (where FL is measured in rnrn). 

I used principal components analysis (PCA) to explore the relationships among 

variables before developing predictive relationships using regression analysis. The PCA 
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was conducted using the correlation matrix with component loadings determined using 

the varimax rotation (Wilkinson e t  al. 1992). 1 then plotted the individual variable 

loadings, from the PCA analysis, against the three dominant components (or axes). I 

used this plot to select variables for the regression analysis based on both component 

loadings and biological considerations. 

2.3 Results 

2.3.1 Model 

For given values of V, and 5, the stability of the model's equilibria depend on t; f 

and 6. Following a perturbation, the population returns to its stable equilibrium for lower 

values of K f or d ( ~ i g u r e  2.2). However, as t; f or Gincrease the region for which the 

equilibria are unstable increases (Figure 2.2). When parameter values are located in the 

region of instability, the modelled population does not return to its original equilibria 

following the perturbation. Instead, the population moves to a new state of persistent 

cycles (i-e., deterministic limit cycles). The SR relation (Figure 2.3) illustrates this 

behaviour. After perturbing the system, the SR relation spirals outward in a 

counterclockwise rotation from the centre until reaching its outer orbit which is 

maintained indefinitely (Figure 2.3). For this example, the adult population cycled &om 

a low of 2 to a high of 7 individuals when at its outer orbit (Figure 2.3); the period of 

these cycles was approximately 8 years. 

What happens to the stability of the equilibria when the juvenile mortality 

parameters ( 6 and v,) are changed? The coefficient of juvenile density-dependent 

mortality ( v,) has no affect on the stability of the model equilibria (Rodriguez 1998) and 
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serves only to scale the equilibria (see equations 2.7 and 2.8). The density-independent 

parameter ( 4) does affect the stability of the equilibria (Rodriguez 1998). Increasing the 

parameter 5 has a stabilizing affect on the population model; that is to say, as 

increases the regions of  Iocal instability (Figure 2.2) decrease. 

2.3.2 Population Abundance and Age Structure 

The densities of bull trout and rainbow trout in Eunice Creek fluctuated over the 

fifteen years of study (Figure 2.4). Bull trout densities ranged over 2 orders of  magnitude 

from a low of 0.06 fish* 100 m" in 1983 to a high of 19.57 fish* 100 mJ in 1985 (Figure 

2.4). In contrast, rainbow trout densities varied less than an order of magnitude from a 

low of 0.45 fish- 100 m-2 in 1972 to a high of 3.29 fish- 100 m" in 1985 (Figure 2.4). On 

average, the rainbow trout population showed an increasing trend over the fifteen years; 

whereas, the bull trout population showed a more cyclic pattern with popuIation lows 

occurring in 1973 and 1983. 

The size structure of the bull trout population over the fifteen years indicated the 

majority of bull trout captured in Eunice Creek were under 250 mm in FL. Several 

modes in the combined length-frequency diagram were apparent and likely represented 

age-classes 0 to 5; this was supported by the length-frequency analysis of  MULTIFAN 

(Table 1). Lengths-at-age based on MULTIFAN were similar to otolith-aged bull trout 

from the McLeod River drainage for ages 0 to 5 (Table 2.1). The discrepancy in length- 

at-age between length-frequency and otolith-aged fish diverged strongly after age-5, with 

length-frequency-aged fish being substantially smaller (Table 2.1). 

The age-structured density estimates based on the stochastic age-assignment 

method had a high degree of precision for bull trout aged 0 to 4. After 1000 stochastic 
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age-assignment steps, the 95% confidence intervals for age-specific densities were always 

less than 1 % of the mean value; and therefore, were not shown on the age-structured 

density plots (Figure 2.5). Aged 0 bull trout were not fully vulnerable to electrofishing 

and are excluded From the plots and fiom any fhrther analysis. Bull trout aged 5 and 

older were aggregated as they likely represent mature adults (Fraley and Shepard 1989) 

and, more importantly, would have likely been assigned biased ages due to the increasing 

discrepancy between length-fiequency and otolith aged fish for these age-classes (Table 

2.1). Densities of age-5 and older bull trout were not calculated as they were borh caught 

infrequently and consisted of migratory adults. Instead, I only present the total catch of 

bull trout aged and older for each year (Figure 2.5). 

The catch was dominated in most years by age-1 bull trout (Figure 2.5). The 

greatest densities of age-1 bull trout occurred in 1971 and 1985. Extremely low densities 

of age-1 bull trout occurred from 1972-1973 (0.02 and 0.01 fish0100 m-', respectively); 

and, age- l bull trout were completely absent in my samples from 198 1 to 1983 (Figure 

2.5). The absence of age-1 bull trout from 198 1-1983 carries through to an absence of 

age-2 bull trout fiom 1982- 1984 and corresponds to an absence of any spawning-sized 

fish during the years (1979-1981) eggs would have been deposited for these juvenile 

cohorts (Figure 2.5). This three year absence of juvenile cohorts carries through to age-3 

fish but only for the first year (1983; Figure 2.5); in the following two years (1984-1985) 

age-3 fish were captured in my samples (Figure 2.5). 

A SR relation was developed between age-1 and 4 bull trout as these were the 

youngest and oldest ages for which 1 had quantitative data (Figure 2.6). Following the 

time series fiom 1971 to 1980, the SR relationship shows a circular pattern that 



progresses in a counter clockwise direction. For 198 1 and 1982, age- I cohorts were 

absent in Eunice Creek; and, afler 1982 I no longer have information on abundance for 

the recruitment cohorts. 

2.3.3 Patterns in Juvenile Survival 

The relation among the variables I used to predict survival rates in juvenile bull 

trout were evident fiom the PCA anaIysis (Figure 2.7). Effective density, juvenile 

biomass, juvenile density and age-1 density all loaded strongly on axis 1 of the PCA 

indicating that they contain essentially the same information but scaled differently. The 

second axis from the PCA analysis consisted almost exclusively of two variables: mean 

and maximum daily discharge. As with the first axis, both maximum daily discharge and 

mean discharge had component loadings close to one implying that both are effectively 

similar measures. The third axis was a combination of  my remaining variables, age-2 and 

age-3 density. 

The predictor variables I chose to regress against my juvenile survival rates were 

effective density ( F L ~ - ~ - ' ) ,  mean discharge over the April to October period (m3=s-'), 

age-2 density (fish100 m-') and age-3 density (fish-100 m"). First, I used effective 

density as it was a measure from the first axis of the PCA analysis. I chose this measure 

over juvenile biomass, juvenile density and density of age-1 bull trout (a11 which would 

have explained this axis equally well) as I felt effective density had the most reasonable 

biological justification based on size-specific consumption rates (for complete arguments 

see Walters and Post 7993 and Post et a1 1999). Second, I used mean discharge instead of 

maximum daily discharge as my measure from the second PCA axis as this measure 

likely provided a contrast between wet and dry years rather than extreme flood events. 
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Finally, I included both age-2 and age-3 density as they had very little relation to the first 

two axes of the PCA analysis (Figure 2.7) and could contain information that has not yet 

been accounted for (e-g., cannibalism, aggressive interactions). 

Effective density was significant in predicting finite yearly survival for age-1 and 

-2 bull trout (Table 2.2; Figure 2.8a and 2.8b). Effective density alone was marginally 

non-significant (P = 0.084; Table 2.2; Figure 2.8~) in predicting survival of age-3 bull 

trout. The model for survival of age-2 bull trout was significantly improved by including 

mean discharge into the model, with survival being positively related to discharge (Table 

2.2). Also, the inclusion of age-3 density into the regression for survival of age-3 bull 

trout significantly improved the model fit (Table 2). This latter model should be treated 

with skepticism as the two predictor variables are not independent. However, the PCA 

(Figure 2.7) indicated there was little information in age-3 density that explained 

effective density, and vice-versa. 

The slopes of the regressions for effective density were not significantly different 

among age-classes 1 - 3 (ANOVA, P = 0.975; Figure 2.8). There was, however, a 

significant difference in survival among age-classes at a given effective density (analysis 

of covariance, P = 0.0003; Figure 2.8). Apost hoc test among mean differences (Tukey 

test) indicated that survivaI of age-1 bull trout was significantly greater than age-2 fish (P 

= 0.001) but not age-3 fish (P = 0.077), although only marginally. The difference in 

survival between age-2 and age-3 fish was not significantly different (P = 0.179). 



2.4 Discussion 

Using a simple deterministic model I present a mechanism by which fish 

populations may not follow single curve SR relations and can exhibit cyclic behaviour. 

The key component to my model and population cycles is inter-cohort interactions among 

juveniles. Models in which juveniles show only intra-co hort interactions (Beverton and 

Holt 1957; Harris 1979,  produce dynamics in which the population approach equilibria 

monotonically leading to a single asymptotic SR curve. With the onset of inter-cohort 

interactions cyclic behaviour becomes possible and SR relationships occupy a region in 

phase space rather than only a single curve. However, born my simulations this 

behaviour is unlikely unless the developmental period (over which these inter-cohort 

interactions occur) is sufficiently long. In fact, the juvenile development period need 

likely be on the order of 3 or more years for true deterministic cycles to occur. I 

hypothesize that this is possible in freshwater salmonid populations, such as buIl trout, 

that inhabit small unproductive systems for several years during their juvenile life stages. 

Local survival of juvenile bull trout in Eunice Creek indicate inter-cohort 

interactions do occur. While it is hard to come to this conclusion based only on the age-I 

fish (since my measure of effective density was largely weighted by age-1 density), the 

negative relationship between age-2 and age-3 survival as a hnction of effective density 

(Figure 2.8) indicates that there are interactions occurring among juvenile cohorts. 

However, it is unlikely that the relation between finite survival and effective density is 

linear as I have plotted- Assuming instantaneous mortality of juveniles is given by 

equation 2.2,I would expect that the finite mortality rate for a juvenile age-class to be an 

exponentially decaying relation with effective density. Using this form did not improve 
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the fit of my models and tended to put large leverage on points measured at the maximum 

effective density. This does not suggest that the finite survival rate is either linear or an 

exponentially decaying hnction with effective density, only that my data were unable to 

distinguish between these functions. 

An assumption in my analysis is that growth remains constant and density- 

dependent interactions are expressed through local survival. I know this to likely be false 

as density-dependent growth can occur in stream-dwelling salmonids (see Grant and 

Krarner 1990). However, the occurrence of density-dependent growth does not alter the 

main findings of this study. First, the Monte Carlo age-assignment process indicated 

good precision in my ageing method. Therefore, over the entire time-series there was 

good separation among the average size distributions for each juvenile age-class. Second, 

density-dependent growth coupled with my size-dependent ageing method would likely 

obscure any relationship between survival and effective density. This was not the case 

(Figure 2.8). Although, the variability in a g e 3  survival as a hnction of effective density 

may have resulted from the combined affects of density-dependent growth and age mis- 

classification. Third, I am not dismissing the importance of density-dependent growth. 

Rather, food availability and growth may very well be the mechanism that produces the 

observed pattern in density-dependent Iocal survival. 

Density-dependent survival in stream-dwelling salmonids likely arises through 

limitations in food or space (Chapman 1966; Grant and Kramer 1990). Although I did 

not directly test for mechanisms that would give rise to density-dependent survival of bull 

trout in Eunice Creek, the similar slopes regressing finite survival as a function of 

effective density support the hypothesis that density-dependent survival arises through 
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exploitative competition on a limited food resource. If bull trout were competing for 

space through territoriality, I would expect an inequitable partitioning of resources 

(including food) among large and small fish resulting in larger dominant individuals 

having greater growth or survival (Post et al. 1999). 

I found that at a given effective density local survival ofjuvenile bull trout was 

greatest for the youngest age-class (age-1) than for older age-classes (- 50% less in the 

older age-classes). This produces an interesting contrast to the study of Post et al. (1999) 

who found survival in age-0 and age-1 rainbow trout fiom lentic systems to be related to 

the effective density of the age-1 juveniles. However, survival at a given effective 

density was lower for the age-0 than the age-1 fish (Post et al. 1999). I hypothesize that 

for lotic bull trout the density-independent mortality rate represented a constant 

emigration rate which occurred regardless of effective density. Age- 1 bull trout showed 

almost no emigration at low effective densities; but, age-2 and age-3 bull trout had 

emigration rates of between 25 % to 50 % per year even at low effective densities. 

Survival in the lentic systems of Post et al. (1999) was a true measure of survival in the 

sense that losses occurred only through mortality, rather than a combination of mortality 

and emigration. Furthermore, they showed that growth was related to effective density 

and survival was mediated through size-dependent predation. Therefore, as rainbow trout 

grew larger their predation risk decreased, and hence, survival increased. 

Based on my simple model and field results, deterministic population cycles can 

arise in bull trout populations due to exploitative competition among juvenile cohorts 

coupled with their relatively long developmental period. The question that arises is do 

Eunice Creek bull trout show deterministic population cycles? Since the period for a 
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complete cycle is on the order of 6-7 years, it is difficult to conclusively determine a 

cyclic pattern in my 15 years of data. However, there does appear to be a cyclic pattern 

to my abundance data (Figure 2.5) with a period of between 7 and 10 years. Furthermore, 

the predicted pattern of counter-clockwise orbits in the SR relationship is supported by 

the observed data (Figure 2.6). 

An alternate approach to assessing whether bull trout in Eunice Creek show a 

cyclic pattern is to determine whether estimated parameter values are in a region of 

parameter space that would result in deterministic limit cycles. I will assume that female 

bull trout deposit 3000 eggs when spawning (Goetz 1989), 50% of these eggs survive to 

emergence (Fraley and Shepard 1989) and juveniles spend 4 years in their rearing streams 

(Fraley and Shepard 1989). The rate of density-independent juvenile mortality used in 

previous model simulations ( v, = 0.007) is very low. Estimated finite rates of density- 

independent survival from Eunice Creek (i-e., the intercepts from Table 2.2) suggest the 

value v0 = 0.007 is likely an order of magnitude too low. If I increase this rate to V, = 

0.07, then the finite yearly rate of adult mortality need be on the order of 70% or greater 

(i.e., 6 2 1.2) for deterministic population cycles to occur. This level of mortality implies 

that on average an adult survives for less than one spawning season. High levels of adult 

mortality (approaching 70%) are possible in exploited bull trout populations (Stelfox 

1997). Bull trout in the McLeod River (i-e., adult population fiom Eunice Creek) were 

likely subject to at least moderate angler exploitation through the 1970's and 80's (Nelson 

and Paetz 1992), but whether mortality rates were 2 70% is unknown. However, the 

possibility for moderately-exploited bull trout populations to sti 11 show cyclic patterns is 

not ruled out. 
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A variabIe environment can drive cycles in a population through either of two 

means (Nisbet arid Gurney 1976a, 1976b). First, a cycling environmental variable can 

directly drive observed cycles in a population (Nisbet and Gurney 1976a). Although this 

has been hypothesized as a mechanism behind the roughly 10-year cycles in snowshoe 

hare (Lepzrs americanus) populations (Sinclair et al. 1993), I can think of no regular 

cyclic environmental conditions that bull trout may be subject at the decadal scale. 

Second, and perhaps less obvious, random environmental variability can drive cyclic 

patterns in a popuIation through the internal dampening of the system (Nisbet and Gurney 

1976b). Theory shows that a population that returns to an equilibrium following a 

perturbation via oscillations of decreasing ampIitude can, in the presence of random 

environmental variability, show a persistent cyclic pattern referred to as quasi-cycles 

(Nisbet and Gurney 1976b). 

Our data show that the density-independent mortality rates for juvenile bull trout 

may be related to environmental variability. More specifically, the survival of age-2 bull 

trout was significantly related to mean summer flows in Eunice Creek. If I assume that 

mean summer flows vary in some random fashion, then density-independent mortality 

rates (at least for age-2 bull trout) will aIso vary randomly. The introduction of random 

variability onto my revised estimate of juvenile density-independent mortality ( 4 = 0.07) 

indicates quasi-cycles are possible at lower levels of adult mortality (d= 0.7; Figure 2.9). 

Therefore, I conclude that the bull trout population in Eunice Creek was likely to show a 

cycIic pattern; but, these were true deterministic limit cycles only if adult mortality rates 

were high (6 2 1.2). 
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Our hypothesized mechanism of inter-cohort density-dependent survival which 

results in cyclic or quasi-cyclic population dynamics is not new. Gurney and Nisbet 

(1980) concluded that density-dependence in age-structured single-species populations 

will only result in resonant behaviour should the population have a long immature phase 

followed by a relatively short period of intense reproduction. The concept that tish 

populations show cyclic dynamics is also not new (Townsend 1989). However, it is 

probably generally accepted that many fish populations (especially freshwater salmonids) 

do not show cyclic behaviour but rather erratic dynamics that reflect the uncertainty of 

many factors (Platts and Nelson 1988; Townsend 1989). The idea I present here is that 

eeshwater salmonid populations living in an uncertain environment can show cyclic, or 

quasi-cyclic, population dynamics, provided juveniles mature over several years in 

unproductive habitats and adults, on average, spawn for two years or less. Unfortunately, 

given my predicted cycle period (-6-7 years) sufficiently long-term data sets to detect 

these cycles in Freshwater saImonids are relatively few (but see Platts and Nelson 1988 

and Rieman and Myers 1997). 

The concept of inter-cohort interactions in juvenile bull trout leading to SR 

regions rather than curves and cyclic behavior requires hrther study. First, direct 

experimental studies need be conducted to confirm whether competition occurs among 

juvenile bull trout, and if it is symmetrical or asymmetrical among different sized 

individuals. Second, my field data provided no information on survival of age-0 bull 

trout. Interactions (e.g., cannibalism) occumng during the first year of life for bull trout 

may play a role in structuring the SR relation- However, this does not detract from the 

signiticant results of this study which shows finite survival in older juveniles can 
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decrease by 60% within observed ranges of effective density. Finally, bull trout are a 

migratory fish showing all forms of potarnodromy, including fluvial, fluvial-adfluvial, 

lacustrine-adfluvial and allacustrine life history types (Carl et al. 1989; Northcote 1997). 

The dynamics of bull trout populations with stages separated among habitats will depend 

on processes occurring within habitats and by the movement of individuals among 

habitats. However, this study focused only on the local survival of juveniles in one 

habitat type. A full understanding of the recruitment dynamics of bull trout will depend 

on the survival of juveniles in rearing habitats and during their migratory movements 

among habitats. 



Table 2.1 - Mean and standard deviation in fork length (FL) at age (during late August) 
for buII trout in Eunice Creek as derived fkorn the analysis of length-frequency data- For 
comparison, length at age information for otolith aged bull trout collected in Eunice 
Creek (Sterling 1978) and in the McLeod River plus tributaries (Dietz 1971) has been 
included. Length at age information for otolith aged bull trout has not been standardized 
to a specific time. All units are in mm. 

Ages Derived from Otoliths 

Ages Based on 
Age Length-Frequency Sterling (1978) Dietz (1971) 

Group mean (SD) mean (SD) mean (range) 

0 5 4  (7) - 38 



Table 2.2 - Linear regression models for estimated finite yearly survival for age-1, -2 and -3 bull 
trout in Eunice Creek as a function of effective density (EKDens.; FL*-~-'), mean discharge 
over the April to October period (MeanQ; m3-s-') or age3 density (Age3; fish* 100 m-'). Models 
for each of the age-classes are presented showing the forward selection of variables ending with 
the best-fit model. The squared correlation coefficient and probability the given model arose 
from chance alone are shown for each model. 

Age- 
Class 

Model 8 P 

1 Survival = 0.9410 - 6.157 x 1 0 ~ ( ~ f E ~ e n s . )  0.58 0.006 

3 - Survival = 0.5391 - 5.936 x 1 0 4 ( ~ f f ~ e n s . )  0.4 1 0.034 

2 Survival = 0.253 1 - 5.906 x 10"(~fEDens.) + l.405(MeanQ) 0.7 0.014 

3 Survival = 0.7523 - 6.759 x 1 ~ ~ ( f f f ~ e n s . )  0.27 0.084 

3 Survival = 1.073 - 9.252 x l ~ ~ ( ~ f f - f e n s . )  - 0.9309(Age3) 0.66 0.008 



Figure 2.1 - Location of Eunice Creek and the study area within the province of Alberta. 
The major drainage basins of Alberta are shown with Eunice Creek Iying within the 
Athabasca and MacKenzie river drainage basins. 



Adult mortality, 6 

Figure 2.2 - Qualitative behaviour of the model determined numerically as a h c t i o n  of 
fecundity V; hatching eggs- female-'), instantaneous rate of adult mortality (4 
deaths-adult-'*year-') and juvenile development period ( t; years). The parameter v,  
(deaths*juvenile"=yeai'*unit density') was set at 0.0005. The solid lines are for V, = 

0.007 deaths*j~venile'[-~eail and dotted lines are V, = 0.07 deaths-juvenile-y year-'. 
Model behaviour is divided into only two regions, stable or locally unstable with limit 
cycles. The arrow indicates that the region to the right of the lines are locally unstable. 
The model will always return to its equilibrium following a perturbation either 
monotonically or through damped oscillations in the region of stability. 
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Figure 2.3 - A stock-recruitment relation fiom the model. The original equilibrium 
(centre) spirals outward, folIowing a perturbation, until the outer stable orbit is reached. 
The parameter values for the model were: f = 1000, 6= 0.9, r= 5, 5 = 0.007 and v, = 
0.0005* 



Figure 2.4 - Density of bull trout and rainbow trout, as estimated using electrofishing and 
mark/recapture techniques, in Eunice Creek fiom 197 1 to 1985. The 95% likelihood 
profiles are shown for bull trout; 95% likelihood profiles are omitted for the rainbow 
trout to improve clarity. 
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Figure 2.5 - Estimated density of age-1 to 3 buIl trout and total catch of bull trout aged 5 
and older from Eunice Creek: a - age-5 and order, b - age-I , c - age-2 and d- age-3. Age- 
class densities are the mean of 1000 simulations of the stochastic age assignment process 
(see methods). The 95 % confidence intervals based on the stochastic age assignments 
(see methods) were always <1 % of the mean value and are not shown in the figure. 



Age 1 at year t (fish4 00 m") Age 1 at year t (fish-100 ma) 

Figure 2.6 - Observed SR relationship in age-1 bull trout in year t (stock) and age-4 bull 
trout in year t + 3 (recruits) for Eunice Creek. The time series is divided into separate 
periods: 1971 - I975 (circles), 1976 - 1980 (squares) and 198 1 - 1982 (triangles). Solid 
symbols represent data points used in the series indicated by years shown. 





Effective density (FL*.~") Effective density (FL~.~") 

Effective density ( F L ~ - ~ - ~ )  

Figure 2.8 - Relation between finite yearly survival for age-1 (a), -2 (b) or -3 (c) bull 
trout and effective density of bull trout r4 years of age in Eunice Creek fiorn 1971 to 
1985. The best fit line using least squares regression is shown for each plot (95% 
confidence intervals in regression are shown by the dotted lines); only the regression lines 
for ages-1 and ages-2 are significant (P < 0.05). 
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Figure 2.9 - Total juvenile population numbers from my model for the simulated years 
200 to 250 given the density-independent juvenile mortality rate ( v,) is constant ( v, = 

0.07; dashed line) or stochastic among years (log-normal distribution, geometric mean = 
0.07, SD = 1.0; solid line). The SR relation is shown for the stochastic model in the 
lower panel. Values for the other parameters in either simulation were V, = 0.0005, r= 
4, 6= 0.7 and f = 750. 
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Chapter 3 - Density-dependent growth and survival in juvenile bull trout: short- 

term experimental manipulations 

3.1 Introduction 

Bull trout populations are a concern to fisheries managers throughout western 

North America due to population declines (Rieman and McIntyre 1996; Riernan and 

Myers 1997) or extirpations (Donald and Alger 1993; Brewin and Brewin 1997). Several 

factors have been noted for the demise of bull trout populations including competition 

with non-native salmonids (Donald and Alger 1993), overexploitation (Riehle et al. 1997; 

Stelfox 19971, habitat loss among populations (i.e., fragmentation; Rieman and Mclntyre 

1995; Dunham and Riernan 1999) and habitat loss within populations (Rieman and 

McIntyre 1993). With respect to the latter, studies aimed at quantifjmg bull trout habitat 

within populations have largely been descriptive (Bonneau and Scarnecchia 1996; 

Thurow 1997; Baxter and McPhaiI 2997; Watson and Hillman 1997; and several 

references in Mackay et al. 1997). 

Descriptive studies of bull trout habitat are important for several reasons including 

selection of appropriate sampling techniques (Goetz 1997a; Baxter and McPhail 1997), 

understanding metapopulation dynamics (Rieman and McIntyre 1995; Dunham and 

Rieman 1999) or assessing the potential for interspecific competition (Watson and 

Hillman 1 997). However, the most often cited benefit fiom these studies is the 

identification of  key habitats utilized by bull trout that might require either protection or 

enhancement. The underlying assumption to this statement is that observed habitat use 

always represents essential and limiting habitat requirements. While this may hold true 



for certain components of habitat which act in a density-independent manner (e.g., 

temperature; Buchanan and Gregory 1997), its validity for density-dependent components 

of habitat is more complex and depends on the present and past structure of the 

population (Hayes et al. 1996). For instance, changing a density-dependent component of 

habitat will only have an affect on the dynamics of a population if that habitat component 

is in limited supply, or conversely, high demand. Finally, the importance (Welden and 

Slauson 1986) of a particular habitat component to the fitness of an individual, and hence 

a population, will be relative to numerous other factors affecting its fitness. Thus, not all 

factors affecting an individual's fitness will be important; but, factors with Iarge 

importance can be considered limiting. 

Both food and space may limit freshwater salrnonid populations (Chapman 1966; 

Donald et al- 1980; Grant and Kramer 1990; WaIters and Post 1993). For strearn- 

dwelling salmonids, territorial behaviour, and hence space, is thought to be a key factor 

limiting populations. The reasoning is straightfornard; if an individual has a minimum 

temtory size (m2-fish-'), then the maximum density of individuals ( f i~h-m-~)  is the inverse 

of territory size (Grant and Kramer 1990). Minimum territories for stream salmonids are 

supported by both experiments and observation (Chapman 1962; SIaney and Northcote 

1974; Grant and Kramer 1990; Elliott 1990; Keeley and Grant 1995). However, food 

abundance can influence territory size (Slaney and Northcote 1974). Furthermore, the 

strong empirical relation between territory size and fish length (Grant and Kramer 1990) 

can also be explained through bioenergetics (MarschalI and Crowder 1995) provided food 

availability was constant among the observed systems. Therefore, the role of territory 
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size and space limitation as a key limiting factor among populations of stream-dwelling 

salmonids is not clear. 

Why do we care if a population, or population stage, is limited and whether the 

limiting factor be food o r  space? The first part of  this question is perhaps easier to 

answer and stems Erom a basic aim to quantify the productive capacity of habitats, For 

the second part, I propose three reasons why understanding whether food or space is 

limiting should be important. First, the utility of  habitat enhancement projects in 

benefiting fish populations (through increased growth or survival) is variable (Kellerhals 

and Miles 1996; Chapman 1996). By understanding what resources are limiting, habitat 

enhancement initiatives could be better assessed by managers prior to their 

implementation. Second, models that relate physical stream habitat to the well-being of 

fish populations are widely used when setting instream flow requirements for 

hydroelectric operations, irrigation districts or other users of water (Scott and Shimell 

f 987; Nehring and Anderson 1993). Despite their wide use, the models have received 

criticism (Mathur et al. 1985; Scott and Shirvell 1987) and empirical data supporting the 

modeIs is equivocal (Nehring and Anderson 1993). The discrepancy among these 

empiricaI studies may be a consequence of some systems being limited by physical 

habitat while others are not (Nehring and Anderson 1993). Understanding what factors 

are limiting will determine the applicability of a physical habitat model for the system in 

question. And finally, whether competition be symmetric or asymmetric among 

individuals that have equal (exploitative) or unequal (interference) access to a resource 

wilI be related to whether food or space is limiting (Chapman 1966); in turn, the nature of 
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competitive interactions influences the shape of the recruitment relations for a population 

(Le Cren 1973; Ricker 1975; Elliott 1989; Grant and Kramer 1990). 

The primary purpose of this study was to determine whether growth or survival 

of juveniles, from a population of lacustrine-adfluvial (Northcote 1997) bull trout, was 

density dependent in their rearing stream. I was interested in answering the simple 

question "what is the capacity of the nursery stream to produce recruits to the adult 

population?" To address the question, I conducted short-term enclosure experiments in 

which juvenile densities were manipulated. If density-dependence did occur, I. was also 

interested in what the limiting resource may be, and whether it was equitably distributed 

among individuals. Therefore, I used a size range of juveniles in the experiments and 

made the following predictions for the experimental outcome: 1 ) no treatment effect 

indicates intraspecific competition was not important; 2) a treatment effect that was 

symmetric among individuals (i-e., no treatment by individual interaction) suggests 

exploitative competition for a common food resource (Chapman 1966; Walters and Post 

1993); 3) a treatment effect that was asymmetric (a significant treatment by individual 

interaction) and favoured larger individuals suggests interference competition with 

potentially space being limiting (Chapman 1966); and, 4) a treatment effect that was 

asymmetric favouring smaller individuals suggests exploitative competition for a size- 

limited food resource (Harnrin and Persson 1986). 



3.2 Methods 

3.2.1 Study Area 

Experiments were conducted in Smith-Domen Creek a tributary to Lower 

Kananaskis Lake located in Peter Lougheed Provincial Park, Alberta, Canada. Peak 

flows occur mid-June to early July as the winter snowpack melts (Mushens, C.J., Dept. of 

Biological Sciences. University of Calgary, Calgary, AB., unpublished data). A more 

detailed description of Smith-Domen Creek and Lower Kananaskis Lake can be found in 

Stelfox (1997). The lacustrine-adfluvial bull trout of Lower Kananaskis Lake use Smith- 

Domen Creek for spawning and juvenile bull trout spend up to Cyears rearing in the 

creek before migrating back to Lower Kananaskis Lake to mature (Stelfox 1997). h 

addition to the lacustrine-adfluvial population that utilizes Smith-Domen Creek, a small 

resident population of bull trout also inhabit the creek. Other fish species are absent fkom 

Smith-Dorrien Creek except young-of-year suckers (Catostornus spp.) in the lower 500 rn 

of the creek and the occasional large rainbow trout (Oncorhynchus mykiss) or cutthroat 

trout (0. clarki) that has moved into the creek ftom the lake. Both rainbow and cutthroat 

trout are intermittently stocked into Lower Kananaskis Lake (Stelfox 1997). 

Enclosures were located approximately 7.5 krn from the mouth of Smith-Dorrien 

Creek (50" 44' 3 1" N and 1 15" 14' 36" W). Mean monthly water temperatures for the 

creek at this location (averaged from 1995 - 1998) were 4.8" C (average SD within years 

= 0.44O C) and 5.0" C (average SD within years = 0.39" C) for July and August, 

respectively. Wetted width at summer low flows was approximately 9 m. Areal biomass 

of bull trout >60 mm in fork length (FL) fkom Smith-Dorrien Creek (estimated by 

electrofishing using 3-pass depletion methods) fkom 1995 to 1998 was 2.15, 1.47, 1.3 1 
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and 0.70 kgmha-', respectively (Paul, A.J., Dept. of Biological Sciences, University of 

Calgary, Calgary, AB. unpublished data). The maximum fork length (FL) recorded was 

166 mm while the mean FL (bull trout > 60 rnm FL) within years ranged from 87 mm in 

1998 to 100 mrn in 1996. Only bull trout were captured during these population 

estimates. 

3.2.2 Enclosures 

Six enclosures were created in 1997 by isolating between 40 - 80 m' of side 

channel with 1 m high galvanized metal mesh (6 rnm X 6 rnrn mesh size). The bottom of 

the mesh was embedded 0.1 - 0.2 m into the substrate and the entire mesh fence was held 

vertically in place by steel rods. Maximum depth of the encloures ranged fiom 0.2 to 0.6 

m. All fish were initially removed from each enclosure by conducting repeated 

electrofishing passes until no fish were encountered. 

Water velocity within the enclosed side channels was not-detectable using a 

Marsh-McBirney Flo-Mate Model 2000 velocity meter. Although these low velocity side 

channels may not be the optimal feeding location for salmonids as predicted by others 

(e-g., Fausch 1984), I felt they were appropriate for this study for two reasons. First, 

isolating 40-80 m2 of main channel would have been logistically difhcult to both set-up 

and maintain as current, floating debris and beavers would have been a constant threat to 

the enclosure's destruction. Second, these side-channel areas are known to be utilized by 

juvenile bull trout in Smith-Domen Creek (Mushens, C.J., Dept. of Biological Sciences, 

University of Calgary, Calgary, AB., unpublished data) and other streams (Goetz 1997b; 

Sexauer and James 1997; Baxter and McPhail 1997). 
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Three density treatments, replicated twice, were assigned randomly to the six 

enclosures. The three density treatments were low, 2X low density and SX low density. 

The low density treatments were set based on a minimum of 10 individuals per enclosure. 

I tried to achieve a size distribution of fish within each of the enclosures that resembled 

the size distribution ofjuvenile bull trout in Smith-Domen Creek. However, both my 

tagging and sampling technique meant that fish (71 mm were excluded fiom the 

experiment (see below). This meant that all young-of-the-year ( age-0) and the smallest 

age-1 bull trout were excluded &om the experiment. 

Bull trout that were used to stock the enclosures were captured by night netting. 

This technique has been adapted from Bonneau et al. (1996) and consists of walking 

upstream with halogen dive lights until an individual fish is spotlighted. Once a fish is 

located a dip net (0.6 mrn dark-green mesh with an opening of 0.2 X 0.6 m) is placed 

about 0.1 - 0.2 m downstream of the fish. The fish is then coaxed into the dip net &om 

upstream using a rigid nylon sieve attached to a pole. Night netting has proven to be 

effective in sampling juvenile bull trout except age-0 (Paul, A.J., University of Calgary, 

Calgary, AB., unpublished data). The absence of age-0 bull trout during night netting is 

likely a reflection of the die1 habitat behaviour of age-0 (Goetz 1997a). Goetz (L997a) 

found age-0 to be most active during daylight hours; whereas, age-1 and older juveniles 

were most active during twilight hours- Despite the absence of age-0 bull trout during 

night netting, the use of night netting avoided any possible negative effects associated 

with electrofishing which could alter growth in fish (e.g., Ainslie et al. 1998). 

All juvenile bull trout utilized in the enclosure experiments were individually 

marked using Passive Integrated Transponder (PIT) tags (Prentice et al. 1990). The tags I 
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used were 12 mm long by 2 mm in diameter. The PIT tag was inserted into the body 

cavity o f  anaesthetized (methane trisulfonate - MS 222) bull trout using a 14 gauge 

hypodermic needle modified with a stainless steel ramrod attached to the plunger. The 

hypodermic needle is used to just pierce the body wall about % of the way between the 

pectoral and pelvic fins and just to the side of the ventral line. Once the body wall is 

pierced the plunger is gently pushed down until the ramrod has fully pushed the PIT tag 

into the fish's body cavity. The minimum sized bull trout that I placed a PIT tag in was 

71 mm FL. 

Bull trout were stocked in the enclosures on the 9th of July, 1997. Following the 

initial stocking bull trout were sampled in the enclosures on three successive dates by 

night netting (July 19, July 30 and August 20). Following the last sampling date the 

experiment was terminated and fish were not returned to the enclosure. Therefore, the 

experiment ran a total of 42 days. To ensure that all fish were captured from the 

enclosures at the end of the experiment, each enclosure was repeatedly electrofished to 

ensure no fish remained. Fork length (nearest rnm) and weight (nearest 0.1 g) were 

measured on individual fish during each capture occasion. All fish were used in 

accordance with the principles outlined in the most recent "Guide to the care and use of 

experimental animals" by the Canadian Council for Animal Care. 

3.2.3 Statistical Analysis 

Differences in growth among density treatments were assessed using a nested 

ANCOVA design. The slope of a line through an individual's length as a function of 

sampling time will reflect the growth of that individual over the course of the experiment. 

The question I am asking is: does the growth of individual fish differ among density 
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treatments? Therefore, if I treat time as a covariate, FL as the response variable and 

assume growth is linear over the course of the experiment, then an ANCOVA design that 

tests for homogeneity of slopes will determine if growth rates differ among individual 

fish at different density treatments. The non-interaction statistics for the response 

variable FL, which is normally of  interest in an ANCOVA design, will determine whether 

individual fish were statistically different in FL at the start of the experiment. Because 

the density treatment is not uniquely applied to each individual (groups of  individuals 

exist within enclosures for a density treatment), individual fish can not be treated as 

replicated experimental units (Hurlbert 1984). Rather than lose information at the 

individual level by taking an average FL within an enclosure during a specific time, I 

employed a nested design (Sokal and Rohlf 1981). Under this design I have individual 

fish nested within enclosures nested within density treatments and all with the covariate 

of time. 

Three statistics that will be of primary interest using the nested ANCOVA design 

are: density treatment by time interaction, enclosure nested within density treatment by 

time interaction and individual fish nested within enclosure nested within density 

treatment by time interaction. The first statistic will tell whether the slopes (i.e., growth) 

among density treatments are significantly different. The second statistic will tell 

whether the slopes among enclosures but within a density treatment are significantly 

different; and finally, the third statistic will tell whether the slopes of individual fish 

within an enclosure are significantly different. The nested ANCOVA design was 

conducted using the general linear model (GLM) procedure of SAS (SAS 1988). The 

type III sum of squares were used as this adjusts for the covariate time in the response 
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variable FL (SAS 1988). Significance was set giving the probability of committing a 

type I error (a) at < 0-05. 

While the above statistics determine whether a significant difference exists among 

density treatments, I am also interested in the quantitative relationship between growth 

and density. This was assessed using simple linear regressions between mean individual 

growth and density within an enclosure for each of the sampling periods. Growth was 

determined for each individual captured on successive sampling events as 

which assumes linear growth over the time period x (in days) and where I is the FL (mm) 

at sampling time t or t+x. Individual growth (G) was standardized over a 42 day period 

so that G represents the length increment an individual would acheive over the course of 

the experiment if it remained growing at the measured rate. Density of fish within each 

enclosure was calculated using a capture-mark-recapture (CMR) study design under the 

condition that starting and ending population size is lcnown with certainty and no 

recruitment occurs. The CMR data was analyzed using the software package POPAN 5 

(Aranson et al. 1998) to estimate population abundance at the different sampling 

occasions. 

To assess the relation between bull trout growth in the enclosures and under 

natural stream conditions, bull trout were captured and tagged in Smith-Domien Creek 

during the summer of 1998. Capture and tagging of bull trout in 1998 followed identical 

methods to those utilized in the enclosure experiments. Growth of juvenile bull trout in 
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Smith-Dorrien Creek for 1998 was calculated using equation 3.1 and then compared to 

the enclosure growth rates. 

A problem exists with using numerical density as a predictor of growth as it does 

not take into account the size structure of individuals within the enclosure. That is to say, 

small individuals, when using numericaI density, carry equal weight to large individuals 

with respect to density-dependent effects on growth. Alternately, I could utilize biomass 

as the predictor for growth; but, biomass treats a gram of fish equally and does not 

account for the allometry in consumption rates for fish of different sizes. Rather, I 

require a measure of effective density for fish (Marschall and Crowder 1995). Walters 

and Post (1993) present a simple measure of effective density, the total FL squared per 

unit area. This measure of effective density is similar to biomass and has been used to 

describe density-dependent growth in rainbow trout (Post et al. 1999). The units I use for 

effective density are mm2mm" (symbolized as  F L ~ . ~ ' ~ ) .  

Survival rates of fish within each enclosure were also calculated using the CMR 

design described previously and POPAN 5. I chose this method of estimating survival 

rates, over simply dividing the final population by the starting population, as it allowed us 

to assess survival over the course of the experiment. Statistical differences in survival 

rates among density treatments were tested using repeated measures ANOVA. The 

repeated measures ANOVA was conducted using SYSTAT (Wilkinson et al. 1992) with 

a < 0.05. Before plotting survival rates, I standardized the rates to a 42 day period 

according to the equation 



where fis the estimated probability of an individual surviving over the time period At (in 

days) and @is the probability of an individual surviving 42 days at the given rate 6 

Size-dependent survival among all enclosures was assessed using logistic 

regression analysis. Given that presence of an individual at the end of the experiment 

equates to survival and assuming absence of an individual implies mortality, I regressed 

the binary dependent-variable survival against the independent variable of initial FL for 

individual bull trout among all enclosures. Logistic models and their associated negative 

log-likelihoods were derived using the module LOGIT for SYSTAT (Steinberg and Colla 

1991). The model predicts the probability of an individual being present at the end of the 

experiment according to the equation 

where Pr is the probability an individual is present at the end of the experiment, a is a 

constant and b is the slope parameter for the independent variable. Significance of the 

full model (constant and slope not equal to zero) was tested using the likelihood ratio test 

(Trexler and Travis 1993). The likelihood ratio test takes the difference in negative log- 

likelihoods for the fir11 model and a nested model with one parameter removed (Hilborn 

and Mangel 1997). In my case, either the constant or independent variable is removed 

fiom the mode1 to construct the nested modeI. Given that with one parameter removed, 

twice the likelihood ratio follows a chi-square distribution with one degree of freedom 

(Hilborn and Mange1 1997), it can easily be shown that twice the likelihood ratio must be 

> 3.84 for the removed parameter to significantly contribute to the model (with a c 0.05). 



3.3 Results 

3.3.1 Enclosure Conditions 

The initial areal densities and biomass of juveniles stocked in the enclosures 

ranged from 16 to 83 fish. 100 m-2 and 18.1 to 105.0 kgeha-', respectively (Table 3.1). 

The inital FL length of stocked bull trout ranged from 71 - 163 mm with an overall mean 

of 1 10 mm (Table 3.1). Two enclosures had to be terminated after 22 days of the 

experiment due to a large mammal removing the fence in enclosure one and declining 

water levels in encIosure six (Table 3.1). Initial biomass for the low density enclosures 

was approximately an order of magnitude higher than the ambient biomass observed in 

Smith-Dorrien Creek as a whole (see Study Area). However, the densities of bull trout in 

the low density enclosures were similar to densities observed in these side-channel areas 

prior to the enclosure experiments and other side-channels throughout Smith-Domen 

Creek (Mushens, C.J., Dept. of Biological Sciences, University of Calgary, Calgary, AB., 

unpublished data). The effective density of bull trout among enclosures was variable 

through time (Figure 3.2). Changes in effective density reflected a combination of 

growth and survival of bull trout and I discuss these in the following sections. 

3.3.2 Growth 

The density treatment significantly affected growth of juvenile bull trout in the 

experiment (Table 3.2). The change in FL of bull trout was linear over the course of the 

experiment in all enclosures. Under low density conditions bull trout increased 

approximately 15-20 mm over the 42 days of the experiment compared to (5 mrn for the 

high density treatment (Figure 3.2). Nested within treatments, growth was significantly 

different among enclosures but not among individuals nested within enclosures (Table 
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3.2). Thus for a given treatment, all individuals showed similar changes in FL within an 

enclosure but not among enclosures. 

There was a significant relationship in effective density and growth between days 

10 and 2 1 of the experiment (Figure 3 -2). Furthermore, the relation between effective 

density and growth in the enclosures was supported by observed growth of bull trout in 

Smith-Dorrien Creek during 1998. Using the linear relation, a zero growth density 

(ZGD) can be determined at an effective density of 7926 FL'.~" (Figure 3.2) which 

corresponds to a density of 66 fish. 100 m" assuming all fish are 1 10 mm in FL. At the 

start of the experiment, there was not a significant relation between effective density and 

growth; furthermore, all enclosures showed lower growth rates than at later dates (Figure 

3.2). For the last time period (day 2 1 - 42), there was also not a statistically significant 

relation between effective density and growth. However, there still appears to be a strong 

relation between effective density and growth (Figure 3.2); but, because two enclosures 

were missing the power of the regression analysis was low (power = 27 %). 

3.3.3 Survival 

There was not a statistically significant relationship in survival rates of juvenile 

bull trout among treatments from day 0 to 21 (F = 0.92, df = 2, P > 0.48; Figure 3.3). The 

period between day 21 and 42 was omitted from the statistical test due to the two missing 

enclosures; however, it is unlikely that this would have changed the results (Figure 3.3). 

For all enclosures, except enclosure six, survival was greatest between days 10 and 21 of 

the experiment (Figure 3.3). Mechanisms of mortality (e.g., predation, cannibalism, 

starvation) were not determined; however, three individuals were found dead among the 

enclosures and none had obvious signs of aggressive interactions. Finally, the average 
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survivaI rate of juvenile bull trout over 42 days for the four enclosures which were run the 

full length of the experiment was 0.58 (SD = 0.30). 

There was a positive relationship between the size of an individual at the start of 

the experiment and its presence at the end of the experiment (Table 3.3). Both the 

constant and independent variable (initial FL) significantly contributed to the model 

(Table 3.3). The model predicts almost a linear relation between probability of presence 

after 42 days and initial length (Figure 3.4). The predicted probability of presence after 

42 days for a bull trout of average size within the enclosures (i.e., 110 mm) would be 0-52 

(Figure 3 -4). 

3.4 Discussion 

Growth of juvenile bull trout was density-dependent in the enclosures from 

Smith-Dorrien Creek. My data indicate a symmetrical growth depression for fish of all 

sizes as density was increased in the enclosures. A symmetrical response implies 

exploitative competition among individuals (Post et al. 1999). Whereas, I would expect 

competition for limited space (coupled with territorial behaviour) to be asymmetrical 

favouring larger individuals. Therefore, the density-dependent interactions within the 

enclosures experiments likely represent exploitative competition for a limiting resource 

such as food, rather than interference competition for space. 

An alternate method proposed by Walters and Post (1993) to examine body size 

asymmetries in density-dependent growth is through the use of Ford-Walford plots. If 

size asymmetries exist then the slope of the Ford-Walford plot for density treatments 

would be significantly different (Walters and f ost 1993). My data do not support size 

asymmetries in growth with increased density as the slopes of the Ford-Walford plot 
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(over only 2 1 days due to the loss of 2 enclosures after day 21) for each treatment are not 

statistically different (ANCOVA, F, ,, = 2.92, P > 0.06; Figure 3.5). However, a 

significant difference existed in the intercepts among the density treatments (ANCOVA, 

F,,, = 3 1.1, Pc0.000 1 ; Figure 3 -5)  which hrther supports my conclusion that density- 

dependence was symmetrical among juvenile bull trout of different sizes. 

Density-dependent growth implies that there is a limit to the production of 

juvenile bull trout fiom Smith-Dorrien Creek. What is this limit? As a crude example let 

us assume: a) a single size cohort exists in Smith-Domen Creek, b) all individuals grow 

at a similar rate, c) the cohort migrates to the lake at a size of 175 mm (Mushens, C., 

University of Calgary, Calgary, AB-, unpublished data) and d) the ZGD represents the 

maximum possible effective density for a cohort. Given the estimated ZGD from the 

enclosure experiments of 7926 FL'.~", then I can calculate the maximum density of 

hypothetical recruits to the lake at 26 fish. 100 m'2 of stream habitat (95% prediction 

interval 18 - 3 4  fish. 100 m"). Using the empirical relations on minimum territory sizes 

for stream-dwelling salmonids (Grant and Kramer 1990), 1 can develop a second estimate 

for the maximum production of my hypothetical cohort. The maximum density of 

recruits based on minimum territory size would be 39 fish. 100 m" (95% prediction 

interval 16 - 88 fish. 100 m"). This density, based on spatial availability through tenitory 

sizes, is greater than the ZGD predicted fi-om my enclosure experiments. While both 

estimates likely overestimate maximum production in Smith-Domien Creek, two 

important conclusions can be drawn. First, estimates of juvenile bull trout production 

will be overestimated in Smith-Dorrien Creek when using the territory size hypothesis 

developed for other salmonids. Second, the interactions I observed in my enclosure 
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experiments occurred at densities lower than would be expected fiom spatial habitat 

saturation (Grant and Kramer 1990). 

The absence of temtoriat interactions in a population may be explained by 

resource defence theory which predicts the net benefit &om defending a territory decrease 

as resource availability decreases (Grant 1 997). I hypothesize that juvenile bull trout 

rearing in Smith-Domen Creek experience food densities that deter temtorial behaviour; 

quite simply, the cost of defending a feeding territory of sufficient size outweighs its 

benefit. However, in lotic systems food availability is related to current velocity (Grant 

and Noakes 1987); and, it has been shown that territorial behaviour decreases for fishes in 

low velocity areas (Grant and Noakes 1988) or lentic systems (Biro et al. 1997). 

Therefore, the absence of territoriality in my experiments, which were run in slow-water 

side channels, may have represented an experimental artefact introduced by the location 

of the enclosures. I do not believe this to be the case. First, juvenile bull trout in other 

systems are known to preferentially select side-channel or low-velocity areas during both 

day and night (Goetz 1997b). Secondly, if my enclosure sites represented sub-optimal 

habitat for bull trout, I would expect growth within these enclosures to be reduced when 

compared to bull trout growing naturally in Smith-Dorrien Creek. This was not true. 

Growth of bull trout in the low density enclosures was comparable to growth of 

similar-sized individuals in the creek during the following year. Therefore, the net 

benefit (measured by growth) of occupying the side-channel sites used in my experiments 

was equal to individuals that had access to the entire creek; it seems reasonable to assume 

that juvenile bull trout would prefer these side-channels areas to maximize their growth. 

My experimental manipulations indicate there was no significant change in 
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juvenile bull trout survival over the short-term with the density treatment. This result is 

not all that surprising as any subtle changes in an average short-term survival rate may be 

easily obscured by natural variability. UnfortunateIy, I do not have information on 

mechanisms responsible for mortality of bull trout during the experiment. 

Although survival was not significantly affected by the density treatments, 

survival of juvenile bull trout was related to their initial size at the start of the experiment. 

Size-dependent survival can arise in populations through several mechanisms (Werner 

and Gilliam 1984). For fish, piscivory is argued as the mechanism behind size-dependent 

survival (Post et al. 1999) as the vulnerability of young fish to a given piscivore decrease 

as they grow (Miller et al. 1988). However, I do not believe piscivory (via cannibalism) 

was an important mechanism in my enclosure experiments as the size differential among 

individuals was small. The largest canniba1:prey size ratio &om my experiments was 

approximately 2.1 : 1. Miller et al. (1 988) empirically derived that the  capture success of 

piscivores is zero at a predator:prey ratio of 2.3: 1. Furthermore, using an estimated 

predator size to maximum prey size relation for Arctic char (Salvelinus a[pinus; 

Amundsen 1994), a piscivore need be approximately 190 rnm FL to  feed on the smallest 

bull trout (71 mm) fiom my experiments. No individuals were I 9 0  mm in my 

experiments. While I have little information on the importance of avian or terrestrial 

predators on bull trout, I hypothesize that the observed pattern of size-dependent survival 

results from the energetic costs of overwintering. 

Overwintering can leave juvenile salmonids in a state of nutritional deficiency 

(Gardiner and Geddes 1980). Gardiner and Geddes (1 980) hypothesize that 

overwintering induced nutritional deficiency can result in high mortality not through the 
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winter but rather during the spring as activity increases- Because weight-specific 

maintenance metabolism decreases with size and weight-specific energy reserves 

increase, the ability for an individual to endure periods of starvation will be size 

dependent favouring larger body sizes (Shuter and Post 1990). Therefore, the pattern of 

size-dependent s u ~ v a l  in the enclosure experiments may be explained through the 

differential condition of bull trout following winter and an increase in energy demands at 

the onset of active feeding. These hypotheses require hrther testing. 

Symmetrical density-dependent growth coupled with size-dependent s u ~ v a l  

gives us a process by which increased juvenile density leads to decreased survival in bull 

trout. This has important implications to bull trout populations and their management. 

First, recruitment from nursery streams is likely to be limiting bull trout populations. 

Second, enhancement or protection of the physical habitat utilized by juvenile bull trout 

may not, in itself, increase their growth or survival. Rather, the overall productivity of 

the stream (with respect to food resources) will Iikely be of greater importance in setting 

the recruitment dynamics of a nursery stream. Third, the interaction among several age 

classes of juvenile bull trout need to be considered when estimating recruitment as most 

recruitment modeis assume no interaction among age classes (Hilborn and Walters 1992). 



Table 3.1 - Initial area, number of fish (day 0 and day 42), mean initial lengths or weights, initial 
density and initial biomass for each enclosure and treatment combination. The density treatments 
were low, intermediate (-2X biomass of low) and high (-5X biomass of low) 

Mean Range Mean Density 
Area N N FL FL Weight (#. 100 Biomass 

Encl. Treat. (m') (start) (final) (mm) (mm) . (g) nil) (kg. ha-') 

1 low 56.1 9 6 * I07 91-122 11.3 16 18.1 

2 int. 9 1.8 32 26 120 102- 16-8 35 58-6 
163 

3 low 85.3 13 2 108 80-153 12.0 15 18.3 

4 high 3 8.3 30 18 1 1 1  77-159 13.4 78 105.0 

5 int. 80.2 25 19 109 80-146 12.5 3 1 39.0 

6 high 42.4 35 4* I03 71-145 10.5 8 3 86.7 

* - Enclosure terminated after only 21 days (see text). 



Table 3.2 - Nested analysis of covariance (ANCOVA) for length of 
individual bull trout over time in each of the six enclosures. Treatment refers 
to density treatment; individuals are nested within enclosures while enclosures 
are nested within treatments; and, time is the covariate (see methods for 
internretation of results). 

Source DF Mean Square P 

Treatment 

Enclosure(Treatment) 

Individual(Enclosure(Treatment)) 

Time 

Time8Treatment 

Time * Enc losure(Trea tment) 

Time*IndividuaI(Enclosure(Treatrnent)) 

Error 



Table 3.3 - Logistic regression models relating the presence of a bull trout 
after 42 days as a function of its initial fork length (FI,) or a constant. Twice 
the difference in negative log-likelihoods between the full model (constant + 
Fl,) and either of two simpler models, with one parameter removed, follow a 
chi-square distribution with one degree of freedom. A significant chi-square 
value (i-e., P c 0.05) indicates the removed parameter significantly contributed 
to the model. 

Estimated Negative Log- Chi Square P 
 model Parameter Values Likelihood Value 

Constant tFL, Constant = -2.340 -97.249 - -- 
Fli = 0.022 

Fli (Constant Fl, = 0.00 1 -99.466 4.434 0 -045 
removed) 

Constant (FI, Constant = 0.083 -99.688 4.878 0.027 
removed) 
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Figure 3.1 - Effective density in each of the six enclosures over time. The density 
treatments were low (18 kg-ha-'; see Table 3.1), intermediate (2X low) and high (5X 
low). 
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Figure 3.2 - Mean growth in fork length of bull trout standardized over a 42 day period 
as a function of effective density for each encIosure. Effective density is measured as the 
total fork length squared of bull trout per square metre for each enclosure. The open 
square shown for days 10 - 21 is growth ofjuvenile bull trout in Smith-Donien Creek for 
a similar period (July) but observed in 1998.Asterix (*) indicates slope parameter of 
regression is significantly different than zero (P < 0.05) and n.s. is not significant. 
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Figure 3.3 - Survival rates standardized over a 42 day period (@) for each of the six 
enclosures. Two enclosures were terminated after 2 1 days. The time interval over which 
the survival rate was actually observed is shown. 
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Figure 3.4 - Observed proportion of bull trout present (survival) after 42 days in the 
enclosures given initial bull trout length (bars) and predicted probability of presence 
using the full logistic model (Table 3; curve). Bars are for 10 mm size groups and the 
number above the bar indicates sample size for the group at the start of the experiment. 
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Figure 3.5 - Ford- WaKord plots over 2 1 days for fork length of individual bull trout in 
different density treatments. The shown regression lines lump individuals fiom different 
enclosures but within the same treatment together; however, the statistical analysis 
presented in the text accounted for separate enclosures within density treatments. Only a 
portion of the range in fork lengths are shown to help illustrate differences among 
treatments. 



Chapter 4 - Individual growth and mass allocation for juvenile salmonids in 

mountain streams 

4.1 Introduction 

The ability to endure periods of starvation by utilizing stored energy can be an 

important Iife history strategy for organisms living in seasonal environments (Boyce 

1979; Linstedt and Boyce 1985). Energy stores are used for maintenance during periods 

of resource scarcity in a variety of endo- and ectothermic organisms whose lives span 

across multiple annual cycles (Davis 1967; Schindler et al. 197 1 ; Derickson 1976; 

Downer and Matthews 1976; Fitzpatrick 1976; Adams et al. 1982). A primary 

determinant of these organism's success depends on their survival to first reproduction 

which can be influenced by their ability to store and utilize energy. 

Increased body size is believed to enhance an organism's ability to survive 

periods of starvation for essentially two reasons (Shuter and Post 1990). First, mass- 

specific metabolic rates decrease as a function of body size resulting in a negative 

allometric relationship between the two quantities (Peters 1983). Given this relation, it 

follows that being big allows individuals to endure longer periods of starvation than 

smaller con-specifics assuming they have identical mass-specific energy stores. The 

second component that can produce a positive relation between body size and starvation 

endurance is if mass-specific energy stores increase as a hnction of body size (Calder 

1984; Cargnelli and Gross 1997; Schultz and Conover 1997). This produces yet another 

allometric relation that favours the survival of larger individuals during periods of 

starvation (Lindstedt and Boyce 1985). 
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While the allometry of metabolism with body size seems to be globally true 

(Paloheirno and Dickie 1966; Peters 1983), the allometry of energy stores and body size 

is less certain. In general, studies have shown a positive relation between mass-specific 

energy stores (usually measured as lipids) and body size for a variety of vertebrate 

organisms (see Shul'man 1974 and Calder 1984); however, there exists a number of 

studies which have observed no relation or even negative relationships between mass- 

specific energy stores and body size (Bernard and Fox 1997; Schultz and Conover 1997; 

Hurst et al. 2000). In fact, Hurst et al. (2000) found positive, negative and no 

relationships between mass-specific lipids and body size depending on the time of 

sampling for a striped bass (Morone saxutilis) population in the Hudson River. This 

raises the question as to what temporal patterns in energy storage should we expect for an 

organism living in a seasonal environment and how might this pattern change with an 

individual's size or stage? 

Patterns of energy storage and depletion may be particularly insightfbl for 

freshwater salmonids living in mountain streams. First, these fishes are likely to inhabit 

unproductive environments with short variable growing seasons. Second, a short 

growing season implies long periods of reduced food availability during which energy 

reserves are more likely to be depleted. Third, time to first reproduction can be relatively 

long (e-g., 5-7 years; Thurow et al. 1988; Fraley and Shepard 1989) so that the 

importance of overwinter survival extends across several juvenile age classes. Fourth, 

energy-poor or unpredictable environments increase the importance of allocating 

consumed energy to storage or growth rather than reproductive output (Calow 1977; 

Gurney and Middleton 1996). 
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In this paper, I wish to explore temporal patterns of growth and stored energy in 

stream-dwelling salmonids. Initially, I utilize a simple model that allocates mass between 

irreversible and reversible components (Persson et al. 1998). Only individuals are 

modelled and it is assumed they live in an environment typical of mountain streams. 

Because variability in food resources can influence energy storage and depletion 

(Fullerton et al. 2000), 1 also examined these temporal patterns across a gradient of food 

environments presented to an individual. Since reproduction provides a competing 

demand for stored energy (Larson 1991), 1 simplify my allocation model by considering 

only juveniles which devote a constant portion of assimilated mass to irreversible 

reproductive components (i-e., juvenile gonads largely represent a reversible component 

of totaI mass). From the model, predictions are developed that describe patterns of 

energy storage which are both size and age dependent- 

Field data is then used to confirm patterns of seasonal growth in juvenile 

salmonids and to directly test the model predictions on energy storage. Data was 

collected &om a population of juvenile bull trout (Salvelinus confluentus) in Prairie 

Creek, Alberta located in the Canadian Rocky Mountains, Seasonal growth information 

was obtained by the capture-mark-recapture of individual bull trout over five years (1 995- 

1999). Patterns of energy storage were determined by lipid analysis of individuals during 

a single sampling event. 



4.2 Methods 

4.2.1 Model 

I used the physiological model of Persson et al. (1998) to describe growth and 

energy allocation in juvenile fish. The model assumes that the state of an individual can 

be hlly-described by two components: irreversible and reversible mass. Irreversible 

mass (x)  represents components of the individual that cannot be reabsorbed and used as 

energy during periods of starvation; whereas, reversible mass (y) includes tissues and 

compounds that can be utilized as energy reserves to meet metabolic demands during 

starvation. I assume a maximum ratio of reversible to irreversible mass (q)  such that 

where y * is the maximum amount of reversible mass for a juvenile of irreversible mass x. 

Energy available for growth (E,) is simply the difference between energy consumed (E,) 

and energy metabolized (E,,,) 

Since irreversible mass cannot decrease, its growth can be described by the following 

differential equation 

dr u(EJ ifEg>O 
Cit 0 else 

where   is the fraction of E, devoted to growth in irreversible mass. Given equation 4.3, 

the growth (or depletion) in reversible mass must then be 



- K)(E~) if Eg>O 
dt Eg else 

The fraction  is not fixed but depends on the ratio of xry according to the equation 

which ensures that an individual will always approach y* following a period of starvation 

yet never exceed it during periods of excess available energy (see Figure 1 of Persson et 

d. 1998). Equations 4.1 to 4.5 now describe my growth and energy allocation model for 

juvenile salmonid; however, I have yet to describe the functions that determine 

consumption and metabolism. 

I assumed that the consumption rate of an individual folIows a type LI finctional 

response such that 

where UnIar is the maximum uptake rate of an individual ((Inrm is the inverse of an 

individual's handling/digestion time; Holling 1965)- E is a conversion factor (assimilation 

efficiency and specific dynamic action), F is the total food resource, H is the habitat 

volume, FH is the half-saturation food biomass (Holling 1965) and f(2J is a temperature- 
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dependent scaling function for consumption (Hewett and Johnson 1992). I further 

assumed U,, was a function of an individual's effective mass (We) 

where a i s  a proportionality constant and b, the allometric scaling exponent for 

consumption. I scaled consumption to effective body mass as experiments have shown 

capture rates for fish scale with body length independent of condition (Persson et al. 

1998). Therefore, effective body mass is simply 

which can be used to determine the length of an individual given x, regardless of their 

reversible mass y. 

An individual's metabolism was described by the equation 

where ,U is a proportionality constant, 6 ,  is the allometric scaling exponent for 

metaboIism and g(T) is the temperature-dependent scaling function for metabolism 

(Hewett and Johnson 1992). 

The temperature-dependent scaling functions for consumption and metabolism 

were assumed to follow the respective exponential functions 
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where 4 and 4 are positive coefficients. The additional term for metabolism ( / v )  

accounts for increased activity at higher temperatures where v is a measure of swimming 

speed according to the equation 

where 6, scales swimming speed to effective body size and k, and k2 are constants 

(Hewett and Johnson 1992). The equations in 4.10 account only for decreased 

consumption and metabolism at cold temperatures; neither equation accounts for 

individuals living in conditions above their thermal optimum. I modelled water 

temperatures (T )  as fluctuating seasonally according to 

where T', is the seasonal average temperature, Tamp is the amplitude of fluctuations, r is 

time, r, is a temporal offset which determines when maxima and minima occur, T,,, the 

minimum temperature bound and T,, the maximum temperature bound. I assumed the 

value T,, was always below an individual's thermal optimum. 

The final component of the model was the food resource which I modelled as a 

flow-through chemostat coupled to individual consumption. Resources are added to the 

system based on the flow-rate of the drift (4) and the resource-biomass of the drift (K) .  

Resources are removed from the system by both the outflow and the consumption of 

resources by an individual salmonid. Because I was interested only in the dynamics of 

individuals (i-e., I am not modelling a population of individuals), I was faced with a 
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problem when setting the drift biomass K. If I adjusted K, to meet the needs of small 

individuals then that individual would quickly outgrow its food resource. On the other 

hand, if I adjust K to meet the needs of large individuals then the individual would 

experience unrealistically high resource densities at an early age. To account for this, I 

scaled the drift biomass to an individual's weight. I also assumed that drift biomass 

followed a seasonal pattern similar to that for temperature such that 

where b/is the scaling exponent to adjust average drift biomass (K,$ to an individual's 

mass, k, is the coefficient for scaling and the other parameters have similar interpretations 

as for equation 4.12. I can now describe the resource dynamics as 

Equations 4.3,4.4 and 4.14 now represent a set of differential equations that hlly 

describe my single consumer-resource system. I studied the dynamics of the system by 

numerical simulation using the program SOLVER (Gurney et al. 1996). The simulations 

were designed to address my objectives of assessing the effect of food availability and 

body size on energy allocation through the juvenile period for stream-dwelling 

salmonids. 



4.2.2 Model Parameterization 

A h l l  description of model parameters is provided in Table 4.1. All rate 

processes were scaled on a yearly basis and I assigned the 1" of May as day one of a new 

year. I assumed that newly hatched individuals have the maximum proportion of 

reversible to irreversible mass. To simplify parameter interpretation, it was further 

assumed that individuals live in an environment that is one cubic metre in volume (i.e., H 

= 1 m3). 

4.2.3 Field Data 

Information on growth of individual bull trout was gathered &om 1995 to 1999 

from a resident population (Northcote 1997) located in the upper reaches of Prairie Creek, 

AIberta (50" 53' N 1 14" 52' W). Bull trout and cutthroat trout (Oncorhynchus clurki) are 

the only fishes found in these upper reaches; although, a single tagged brook trout (5'. 

fontinalis) has been occasionally observed (Paul, A.J., unpublished data). Bull trout were 

repeatedly captured over a 500 rn reach (mean wetted width = 4.4 m) every 3-5 weeks 

during the ice-free season (May-October) starting in July of 1995 and ending October of 

1999, for a total of 29 capture occasions. Bull trout were initially captured by 

electrofishing; however, because electrofishing may have negative effects on fish growth 

and survival (Ainslie et al. 1998), I switched to netting bull trout at night (Bonneau et al. 

1995) in September of 1995. Using this method, fish were located at night from the 

surface with halogen lamps. Once located a large dip net is placed immediately 

downstream of the fish while a second rigid nylon net is used to gently push the fish into 

the dip net. Captured fish were anaesthetized using tricaine (MS-222) and then measured 

for fork length (nearest mrn) and weight (nearest 0.1 g). Fish were tagged using 12-mm 
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passive integrated transponder (PIT) tags manufactured by AVID (Norco, Ca. ). Because 

of the size of the PIT tags, only fish r 75 rnm in fork length were given a tag. 

Furthermore, age-0 bull trout tend to be inactive during the night making their capture 

during this time difficult (Goetz 1997a). Therefore, my analysis of juvenile bull trout 

omits the first age-class. All fish were used in accordance with the principles outlined in 

the most recent "Guide to the care and use of experimental animals" by the Canadian 

Council for Animal Care. 

I quantified growth in length or mass of individual fish using specific growth rates 

(Sg). Specific growth rates are rates scaled to an individuals size. For example, the 

specific growth in length (Sg[Zength]) is 

where FL,, and FLf are fork lengths at time t + x and time r, respectively. To be 

consistent with my model, I scaled growth rates on a yearly basis and assigned the 1" of 

May as day one of a new year. The units for specific growth are the proportional increase 

in length or weight per year (on a geometric scale) if an individual experienced that 

growth rate for an entire year. I plotted summer (July and August) and winter (October to 

May or June) growth rates in mass as functions of FL to assess the seasonality of these 

rates. Analysis of covariance (ANCOVA), with FL being the covariate, was used to test 

for differences in specific rates between seasons. Similar slopes but significantly 

different intercepts would indicate that growth rate differences between summer and 

winter were symmetric (i.e., equal) among individuals of  different sizes. Significantly 



80 

different slopes indicates an asymmetry among individuals- I also used ANCOVA to test 

for differences in growth rates among years within the summer season. Along similar 

lines to the comparison between seasons, similar slopes but different intercepts tell us that 

differences in growth among years were the same for all individuals. Different slopes 

imply that individuals of different sizes were affected differently among years. Statistical 

significance was set at M= 0.05, where &is the probability of concluding a difference 

exists when it does not. 

I developed length-at-age plots for three individuals with extensive capture 

histories. While only analyzing three of several hundred bull trout with multiple capture 

histories may seem ignorant, it was not my intent to develop some average length-at-age 

relationship. Rather, I was interested in showing length-at-age trajectories for a few 

individuals to allow comparisons with my model results. I assumed length-at-age for an 

individual could be described by a von BertalanffL equation adjusted for seasonal growth 

variation. I used a function similar to that proposed by Pauly and Gaschutz (1979) where 

the FL (mm) of an individuai at time t (in years) is 

and FL, is the maximum asymptotic fork length, k is the growth rate w'), to is the 

hypothetical time at which FL is zero, t, is the temporal offset which determines when 

growth reaches a maximum seasonally, and k,, sets the amplitude of fluctuations. If k,, 

= 1, then growth stops seasonally, a value > 1 implies an individual shows negative 

growth. I used the maximum likelihood approach of Wang et al. (1995), extended to 
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equation 4.16, to fit the capture histories of my three individuals. As in Wang et al. 

(1 995), I assumed that FL, was normally distributed and the age of the individual minus 

t, (A)  at first marking followed a gamma distribution. This approach allowed us to 

determine a maximum-likelihood age for the individual at first marking. I assumed the 

parameters k, kan,,,, and t, did not follow random distributions but were deterministic; 

they were still, however, Eree parameters estimated during the fitting procedure. I hrther 

assumed that the hatch size of an individual was approximately 18 rnm FL (Gould 1987) 

which allowed us to determine the value to given a particular model. Given the model 

and estimated age at first tagging for an individual, I could then construct length-at-age 

plots for each of the individuals. 

Juvenile bull trout densities were estimated during August of each year to assess 

whether summer growth rates were density dependent. The full capture-mark-recapture 

histories between 1995 and 1999 were utilized to estimate abundance throughout the year 

using the Cormack-Jolly-Seber model (Lebreton et al. 1992). Analysis was conducted 

using the computer package POPAN 5 (Aranson et al. 1998). Numerical densities 

(fish.100 rn") were determined from the August abundance estimates divided by the area 

sampled (2200 m2). Numerical densities were then corrected to account for differences in 

the consumptive abilities of different sized fish (Post et al. 1999). I assumed that 

consumption scales approximately by the square of fish length (Post et al. 1999) and 

therefore multiplied my numerical densities by the squared mean fork length at a given 

sampling event. The consumption corrected density, call it effective density (Post et al. 

1999), has the units of mm2.m'2 (symbolized as F L ~ - ~ - ' ) .  I also calculated biomass by 

multiplying mean weight by the numerical density. 
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To quantify the reversible mass o f  juvenile bull trout, I sacrificed 34 individuals 

on the 8" of October 1999 for lipid analysis. I stratified my sampling to represent the full 

size range of fish present rather than to represent the true frequency distribution of sizes. 

The 34 fish were kept frozen until the lipid analysis was performed. The methodology of 

my lipid extraction is described in Post and Parkinson (in press). I assumed that lipid 

mass would be proportional to reversible mass and couId therefore be used as an indicator 

of reversible mass. I did not use standard condition indices (i-e., ratios of length to 

weight) as indicators of reversible mass in bull trout. Gardiner and Geddes (1980) 

showed that for Atlantic salmon (Salmo salar) loss in lipid and protein mass during 

winter starvation is replaced by water resulting in no change (or even a slight increase) in 

wet-weight, thus, rendering condition indices of little utility in assessing over-winter 

starvation. In addition to lipid analysis, each fish was aged using otoliths and its state of 

maturity recorded as either spawning in 1 999 or not (bull trout are a fall spawner). 

Water temperatures in my study reach were monitored using an automatic 

temperature recorders (Optic Stowaway, Onset Corporation, Pocasset, MA.). 

Temperatures were recorded at approximately 1 hour intervals throughout the year fiom 

1995 to 1998. Using the hourly recording, I determined mean daily temperatures which 

were then smoothed using a 7-day moving average. 



4.3 Results 

4.3.1 Mass Allocation Model 

The model predicts individual growth in irreversible and reversible mass has a 

strong seasonal component (Figure 4.1). Over the winter period, metabolism is greater 

than consumption and reversible mass is utilized to meet metabolic demands (Figure 

4.1 a). Irreversible mass (as indicated by fork length) during this starvation period 

remains constant. Reversible mass is "consumed" at its greatest rate mid-winter when 

food resources are lowest (Figure 4.1 b and 4. Id). At the point food resources increase 

sufficiently to meet metabolic demands in the spring, the acceleration in growth rate of 

reversible mass peaks (Figure 4.1~)-  Shortly after this peak, the growth rate in reversible 

mass is maximized at a time when growth in irreversible mass is stiII negligible. The 

dynamics of irreversible mass are similar excepting that the two respective peaks (i.e., 

acceleration in growth rate and growth rate) lag behind their counterparts for reversible 

mass. 

Growth rates and the length of the winter starvation period are size dependent. 

The rate at which reversible mass is utilized during periods of starvation decreases with 

age and size (Figure 4. t b). However, on the converse, the specific rates at which 

reversible mass (or irreversible mass) can accumulate when an individual is not starved 

also decreases with age and size (Figure 4. lb). The length of the winter starvation period 

increases with size (Figure 4.1 b and 4.1 c). This arises as larger individuals have higher 

absolute metabolic rates and thus require more food to meet their metabolic demands. 



Size-specific stores of  reversible mass can increase, decrease or remain constant 

with body size depending on time of year and the food environment (Fig. 4.2). Starting 

in early summer, all age-classes (excepting age-0) are rebuilding their energy reserves 

(Figure 4.2a). Because specific growth rates are greater for small individuals, the 

younger age classes are able to approach the maximum storage of reversible mass (i-e,, 

42.9%) more quickly under a given food environment- This results in a decreasing 

percentage of reversible mass with size for a given food environment. By mid-summer 

(Figure 4.2b), all age-classes under all food environments are close to the maximum 

percentage of reversible mass. The age-0 individuals have the maximum percentage 

through their first summer as I assumed they hatch with this condition and they have not 

yet experienced a resource depleted environment. With the onset of winter (Figure 4.2c), 

depletion of reversible mass occurs and is greatest for the smallest individuals under the 

low food environments. This same pattern is accentuated in late winter (Figure 4.2d) 

with reversible mass reaching its lowest levels. In fact, in the lowest food environment 

the age-0 individual has reached a negative value in reversible mass. 

Despite the changes in size-dependent relations in reversible mass among seasons, 

a consistent pattern emerges Eorn these modelling results. For fish of a similar length but 

different ages, the older age-class always has a lower composition of reversible mass 

(Figure 4.2). Although the difference is greatest during the winter period, it exists 

throughout the year. Furthermore, within an age-class, relative composition of reversible 

mass either increases or stays constant with size. Based on these results, I can make two 

predictions about the percent composition of reversible mass for juvenile salmonids 

living in seasonal environments. First, percent composition will be age-dependent with 



younger age-classes having a higher percentage relative to body size. Second, percent 

composition will be positivefy related, unrelated but never negatively related to body size 

within an age class. Across age-classes, however, any relationship between percent lipids 

and body size can exist. 

4.3.2 Field Data 

Juvenile bull trout in Prairie Creek showed a strong seasonal pattern for their 

specific growth in length (Figure 4-3). Maximum growth rates for bull trout were 

observed between mid to Iate July. Growth rates were minimal over the winter months 

but infrequent sampling during this period precludes further temporal analysis over the 

winter. Water temperature also showed a strong seasonal trend that was similar to growth 

rates (Figure 4.3). Water temperatures consistently peaked at the end of Juiy (* only a 

couple of days) and tended to lag behind growth. That is, growth rates decreased rapidly 

through August whereas temperature did not decrease until the later part of August. 

Estimated length-at-age plots for three individuals with extensive capture histories 

(Figure 4.4) showed similar trajectories as my model (Figure 4. la). Fitted growth models 

for each individual indicated growth in length stopped over the winter period. Estimated 

Iength at age-4.5 (i.e., length of a 4-year old at the end of the summer growth period) 

ranged from 160 to 207 rnrn FL for the three individuals. This fell within the range 

predicted from my model which was greater at 90 to 250 mm FL depending on the food 

environment (Figure 4.2b). 

Specific growth in mass for juvenile bull trout was negatively related to body size 

during both the summer (ANOVA, F ,.,,, = 39.9, P < 0.000 1) and winter (ANOVA, F,,, ,, 
= 13.6, P = 0.0003; Figure 4.5). Their was a significant difference in the slopes of these 



86 

relations between summer and winter (ANCOVA, F,,,, = 19.4, P c 0.0001). Small bull 

trout experienced a greater decrease in their growth rate between summer and winter than 

larger bull trout (Figure 4.5). During the summer period, there was not a significant 

difference in the slopes of the growth-size relations among years (ANCOVA, F,.,, = 

0.740, P = 0.57). However, there was a significant difference in the intercepts of these 

relations among years (ANCOVA, F, ,,, = 6.24, P = 0.0001). 

Summer growth in mass, corrected for differences in body size, showed a 

significant negative exponential relationship with the effective density of bull trout 

(ANOVA, F,, = 1 1.5 1, P = 0.04; Figure 4.6), but no relationship with numerical density 

(ANOVA, F,, = 1.37, P = 0.33) or biomass (ANOVA, F,, = 1.84, P = 0.27). The residual 

pattern for effective density suggests a more curvilinear relationship than given by the 

negative exponential; however, the small sample size would disproportionately increase 

the leverage of the 1996 and 1995 data points if a more flexible relation were used. The 

specific growth in mass during the summer for an average sized bull trout (1 55 mrn FL) 

ranged from 340 %.yeail in 1996 to 130 %.yeail in 1995 (recall that an individual does 

not grow at this rate all year long). This represents over a two-fold difference in specific 

growth rates among years. The high effective density for 1995 (3 136 F L ~ = ~ - ~ )  consisted 

of high numerical densities of relatively small fish; whereas, the high effective density 

recorded in 1999 (2520 F~'*rn-~) was comprised of larger individuals but at a lower 

numerical density. 

Lipid composition for bull trout in Prairie Creek differed among age classes 2 to 5 

(Figure 4.7). Within an age-class, percent lipid (g lipid-g dry weight-') increased with an 

individual's body size. There was not a significant difference in the slope of this relation 



among ages (ANCOVA, F,,, = 1.44, P = 0.25). However, there was a significant 

difference in the intercepts among ages (ANCOVA, F,,, = 4.73, P = 0.008). my analysis 

was limited to age-2 to -5 individuals as age-1 fish were absent in the fall of 1999. This 

pattern was not observed in previous years when age-1 individuals were readily caught in 

my fall sampling. Bull trout older than age-5 were not sampled as these would have 

likely represented mature individuals. Of the four age-5 individuals (Figure 4.7), only 

two had spawned in 1999 and both were males. The remaining two age-5 individuals 

were an immature male and female. Of the nine age-4 individuals, only one had spawned 

in 1999 and the individual was also a male. 

4.4 Discussion 

Patterns between stored energy reserves and body size for fish living in seasonal 

environments can vary (Bernard and Fox 1997; Schultz and Conover 1997; Hurst et al. 

2000). However, simulations of my individual energy allocation model reveal two 

important patterns. First, mass-specific energy stores for individuals of the same size will 

be negatively related to age. This pattern arises as individuals do not hlly restore their 

maximum percentage of reversible mass following a starvation event (Figure 4.2b). They 

do approach their maximum allocation of reversible mass by late summer but do not 

reach it (see equation 4.5); hrthermore, the difference between maximum allocation 

decreases with age. Simply, the more winters you have had to endure the lower your 

maximum allocation of reversible mass. Small differences in percent reversible mass at 

the start of winter increase as the starvation period persists (compare Figures 4.2b, 4 . 2 ~  

and 4.2d). This occurs as mass-specific metabolic rates decrease with total mass (divide 
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equation 4.9 by x + y). Therefore, if two individuals of the same irreversible mass (i.e., 

same FL) but different amounts of reversible mass face a period of starvation, the 

individual with the lower reversible mass will have a higher mass-specific metabolic rate, 

and hence, deplete its mass-specific stores at a greater rate. Does this imply that older 

individuals are at a disadvantage to enduring periods of starvation? If starvation 

mortality is directly proportional to reversible mass, then the answer is yes for two 

individuals of equal FL but different ages. However, starvation mortality is not likely to 

show a linear relationship with reversible mass. Rather, starvation mortality is likely to 

increase disproportionally as reversible mass decreases, either through threshold values or 

nonlinear relations (Toneys and Coble 1 980; Persson et al- 1998; Hurst et al. 2000). 

Since metabolic allometry dictates that depletion of reversible mass during starvation will 

be greatest in individuals of smallest size, levels of pre-starvation energy storage in larger 

(and older) individuals are likely of lesser importance (Bernard arid Fox 1997). The 

second pattern observed from my simulations is that mass-specific energy stores within 

an age-class will be either positively related or unrelated to individual size. The inverse 

allometric relation between mass-specific metabolic rates and body size explain this 

relation. 

Predictions developed from the mass-allocation model are supported by empirical 

data. Mass-specific lipid reserves for bull trout in Prairie Creek were significantly related 

to age and size within age classes (Figure 4.7). This pattern is not unique to bull trout. I 

identified two other studies on fish (Griffiths and Kirkwood 1995; CargneIli and Gross 

1997) in which data on among age-class variability in lipid composition was presented; 

and, both studies supported predictions from the mass-allocation model. Griffrths and 
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Kirkwood (1 995) plot winter mass-specific fat reserves for roach (Rutilus rutilus) that 

vary in age Eom 0 to 2 (their Figure 3). AIthough I do not have the data to statistically 

test their results, its visual similarity to Figure 4.2d is convincing. The roach data even 

catches the asymptotic levels in mass-specific energy levels which are apparent only for 

larger sized individuals within the older age classes (Figure 4.2d). Cargnelli and Gross 

(1 997) looked at post-winter lipid levels in bluegilIs (Lepornis rnacrochirus) and found a 

significant relationship between Iipid mass and both size and age. The mass allocation 

model presented in this study provides an explanation for the age-dependence in Iipid 

reserves observed in Griffiths and Kirkwood (1995) and Cargnelli and Gross (1997). 

Bernard and Fox (1997) reported for age-0 pumpkinseeds (Lepomis gibbosus) that 

mass-specific lipid levels at the onset of winter decreased with body size. This 

contradicts m y  model prediction that within age-class mass-specific lipid levels will 

increase or stay constant with body size but not decrease, which is a consistent prediction 

with several other studies (Henderson et al. 1988; Thompson et al. 1991; Miranda and 

Hubbard 1994)- Bernard and Fox (1997) hypothesize their negative relationship may 

have arisen from differential composition of food resources utilized by the large and 

small age-0 pumpkinseeds. Whatever the mechanism, it is not accounted for in my mass 

allocation mcsdel. However, this does not detract kom the modelled results. At the small 

body sizes o f  these age-0 pumpkinseeds (17 - 40 mm), relatively small differences in 

mass-specific lipid reserves are almost inconsequential given the allometry in metabolic 

rates. This is supported by Bernard and Fox (1997) as the larger age-0 pumpkinseeds, 

despite having Iower mass-specific lipid reserves, had significantly longer survival times. 
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Variability in energy reserves as predicted &om the model depended on 

individuals being exposed to different food environments. The variability in observed 

bull trout growth rates in Prairie Creek support the idea of differing food environments. 

Growth of individuals in Prairie Creek differed significantly among years and was 

negatively correlated with effective density, an index of total consumption, but not 

numerical density or biomass. Post et al. (1999) showed that effective density explained 

the most variance in growth regressions with numerical density, effective density or 

biomass and this work M e r  supports their conclusion. Effective density accounts for 

the total consumptive impact a population has on its food resource (Post et al. 1999). It 

follows then that high effective densities should be related to lower available food 

resources. 

An assumption in using effective density as an index of available food resources 

is that individuals of different sizes have equal access to the limiting resource, that is, 

competition is exploitative (Walters and Post 1993). For juvenile bull trout in Prairie 

Creek, the symmetric pattern in summer growth among years supports exploitative 

competition. If large or small individuals had a competitive advantage in accessing the 

resource, then I would have expected a significant year by FL interaction in summer 

growth among years. The slopes of the FL-growth regressions would be different (i-e., 

asymmetric). This was not observed. Exploitative competition leads to symmetric 

patterns in growth among individuals through parallel lines in Ford-Walford (Walters and 

Post 1993; Chapter 3) or specific-growth versus FL plots (this study). 

Some confusion may exist in the literature on the use of the term symmetric 

competition (Persson 1988; Walters and Post 1993) and it is worth distinguishing 
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between the two uses here. Although equitable partitioning of a limited food resource 

among individuals of different sizes (exploitative competition) produces a symmetric 

pattern to growth curves (Walters and Post 1993), the physiological effect on individuals 

is not symmetric (Persson 1988). Given the lower absolute metabolic demands of small 

individuals, these individuals can maintain positive growth under lower food regimes 

than would larger individuals. Consider a set of parallel lines in a specific-growth versus 

FL plot (Figure 4.5). An individual of any size will experience the same incremental 

change in growth rate when switching fiom one line to the next. This implies food 

resources are partitioned equitably among individuals of different sizes so competition for 

the food resource is equal or symmetric (Walters and Post 1993). However, since the x 

intercept of this plot represents asymptotic growth, the range of sizes over which an 

individual experiences positive growth contracts or expands depending on which parallel 

line describes growth. Therefore, symmetric competition for a limiting food resource 

(Walters and f ost 1993) produces an asymmetric growth effect among individuals of 

different sizes (Persson 1988), small individuals show positive growth while larger 

individuals negative growth. Furthermore, and to ensure there is no doubt of conhsion, 

asymmetric competition in which large individuals hinder the access of smaller 

individuals to the resource will tend to produce a symmetric growth effect among 

individuals. 

Exploitative competition among juvenile bull trout is supported fiom additional 

studies (Chapters 2 and 3). Using short term encIosure experiments (Chapter 3), density- 

dependent growth in juvenile bull trout has been described previously. Adjusting the 

linear absolute growth rates of Chapter 3 to yearly specific growth rates and comparing 



them to results fiom this study, there exists a similar negative relationship between 

effective density and specific growth in juvenile bull trout among systems (Figure 4.8). 

The slope of the relationships were not significantly different between studies 

(ANCOVA, F,, = 0.32, P = 0.59) nor were the intercepts (ANCOVA, F,, = 0.769, P = 

0.41). Across studies, however, effective density did explain a significant amount of the 

variation in specific growth rates (ANCOVA, F,, = 15.5 18, P c 0.004). Thus, 

exploitative competition on a limiting food resource may be a general phenomenon that 

affects growth in juvenile bull trout rearing in small streams. 



Table 4.1 - Definitions of model variables and their assigned numerical values. Dynamic values 
indicate a state variable. 

Symbol Value Unit Description 

Individual Fish 

a' 21.5 g"-b2.~-' Consumption constant. 

6, 0.69 Consumption scaling exponent for weight. 

Metabolic scaling exponent for weight. 

Swimming speed scaling exponent for 
weight. 

Scaling exponent for weight-dependent food 
scaling. Value of 0.2 selected to produce 
qualitatively appropriate growth curves, 

Half-saturation food constant- Derived 
assuming weight-specific search volume and 
maximum uptake scale identically, and the 
search volume of a 10 g fish is 10 000 
m3.y- 1 

Conversion factor incorporating assimilation 
and specific dynamic action. 

I 0.0232 s-cm- ' Coefficient for swimming speed dependent 
metabolism. 

8, 0.1225 O C - I  Water temperature coefficient for 
consurnp tion. 

8, 0.059 O C 1  Water temperature coefficient for 
metabolism. 

k , 11.7 cm.s-l .g-l Intercept for weight-specific swimming 
speed versus water temperature relation. 

k2 0.0405 O C - I  Coefficient for swimming speed versus 
water temperature relation. 

4 1.0 g'-br' Coefficient for weight-dependent food 
scaling. 

P 1.7 g"-bm'.~-' Metabolic constant. 

Maximum ratio of reversible to irreversible 
mass. Implies 32.9% is the maximum 
percent composition of reversible mass. 

Source 



Table 1 continued 

g Irreversible mass of a newly hatched 
individual. 

x dynamic g IrreversibIe mass of an individuaI. 

y dynamic g Reversible mass of  an individual. 

Resortrce 

F dynamic g Total food resource. 

H 1 -0 m3 Habitat volume. 

Kmz varied gem-' Average resource biomass in the drift. 
Ranged fiom 0.003 to 0.010. 

Amplitude of seasonal fluctuations in 
resource drift. 

4 10 000 m3.Y-~ Flow rate of drift for an individual fish. 

Environment 

Y Offset value which determines when 
seasonal peaks in resource drift occurs. 

4 -0 "C Average temperature over the year. 

TImp 1.38 Amplitude of temperature variations 

0.0 OC Minimum seasonal temperature. 

Tm, 10.0 "C Maximum seasonal temperature. 

rr 0.75 Y Offset value which determines when 
seasonal peak in temperature occurs. The 
value of 0.75 ensures maximum 
temperatures are reached by August. 

1- Values for lake trout taken fiom Hewett and Johnson (1992). 

2 - Persson et al. (1998). 



Time (years) 

Figure 4.1 - Growth response of an individual fish to a seasonal environment. Growth in 
irreversible mass is represented by fork length while reversible mass is shown in mass 
(a), specific growth in fork length or reversible mass (b) has units of mrn*mm"*yeaf' or 
g*g"*yeaf', while the slope of the specific growth line (c) represents the acceleration in 
growth and has units of  rnm*mrn-'*yeaf2 or g*g-'-yeaf2. The seasonal variation in food 
and temperature is also shown (d). The value of K, for this simulation was 0.07 g*m4. 
In all cases, the solid line corresponds to the axis on the left-hand while the dotted line 
relates to the right-hand axis. 
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Figure 4.2 - Seasonal change in percent body composition in reversible mass for 
individuals grown under different food regimes (a - late spring, b - mid summer, c - early 
winter, d - late winter). Solid circles are age-0, open circles age-1, solid triangles age-2, 
open triangle age3 and solid squares are age-4 individuals. Lines connect individuals 
grown under the same food regime. Food regimes varied by changing the value of K,,z 
from 0.003 to 0.01 by increments of  0.001. 
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Figure 4.3 - Observed mean specific growth rates in fork length (%aye*') for juvenile 
bull trout and water temperatures (solid line; 7-day moving average) throughout the year 
in Prairie Creek. The symbols represent specific growth over a given interval. The 
length of this interval is shown by the horizontal run of the dotted line that foIlows the 
symbol. The 95% confidence intervals assume a normal distribution. The summer 
period (sum) was set fiorn the I" of May to the end of October and the winter (win) 
included the remainder of the year. 
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Figure 4.4 - Estimated length-at-age for three bull trout (different symbols) with 
extensive capture histories From Prairie Creek. Solid Iines represent the fitted von 
Bertalanffy seasonal growth model for each set of data. The vertical Lines denote the 
onset of winter. 
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Figure 4.5 - Specific growth in mass (g*g"*year-') for individual bull trout in Prairie 
Creek (1995 - 1999) during either the summer (July or August; solid symbols) or winter 
(between October and May or June; open symbols). Solid lines represent least-squares 
regressions through all data for either the summer or winter period and the dotted lines 
are 95% confidence intervals. 
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Figure 4.6 - Relationship between summer growth rates (g.g-'*year-') for juvenile bull 
trout in Prairie Creek (1 995 - 1999) and their density. Density is represented: 
numerically (#*I00 rn'2), as biomass (kgoha-') and as effective density which accounts for 
size-dependent consumption (see Methods; ~Pern-~).  The regression line for each plot is 
exponential and the probablity (P) indicates the chance that the slope parameter is not 
different fiom zero. 
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Figure 4.7 - Lipid composition (g 1ipid.g dry weight-') for bull trout in Prairie Creek on 
the 8" of October L999. The solid triangles are for age-2 individuals, open triangles age- 
3, solid squares age-4 and open squares age-5 individuals. Lines represent the linear 
regression models through the data for a given age. Only regressions for age-3 and age-4 
individuals were significant and the 95% confidence intervals for these ages are shown 
(dotted lines). 
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Figure 4.8 - Relationship between effective density and specific growth in mass (gog- 
'.year-') for data from this study (triangles) and that of Chapter 3 (circles; enclosure 
experiments conducted in Smith-Domen Creek, Alberta). Data fkom chapter 3 required 
transforming absolute rates into specific rates using mean individual size for each 
enclosure. 
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Chapter 5 - Dynamics of size-structured populations: the influence of exploitative 

competition and ovemintering in stream-dwelling salmonid populations 

5.1 Introduction 

Competitive interactions that occur among age cohorts (i-e., inter-cohort 

interactions) during the juvenile life stage can result in cyclic dynamics (Rodriguez 1998; 

Chapter 2) and stock-recruitment relationships that are not represented by simple average 

curves (Chapter 2) .  The occurrence of these cycles depends on two key conditions. First, 

the juvenile stage over which inter-cohort interactions occur must be long (relative to the 

reproductive life-span of individuals); and secondly, the competitive interactions must of 

an exploitative nature such that all individuals have equal access to a limited resource 

(hereafter referred to as symmetric competition). 

Freshwater salmonid populations such as bull trout (Salvelinus confuentus), 

cutthroat trout (Oncorhynchus clarki) or mountain whitefish (Prosopiurn williarnsoni) 

that live in cordilleran stream environments of western North America are ideal 

candidates to meet these conditions. The immature period of these fishes is on the order 

of four to seven years (Thurow et al. 1988; Fraley and Shepard 1989; Nelson and Paetz 

1992) which is sufficiently long to induce deterministic populations cycles provided adult 

mortality rates are moderate to high (Chapter 2). Furthermore, competitive interactions 

may not be o f  the exploitative type if food is the limiting resource and feeding temtories 

are not established. The absence of size-based asymmetries for density-dependent growth 

or survival in juvenile bull trout (Chapter 2 ,3  and 4) strongly supports the hypothesis of 

exploitative competition, for bull trout at least, in these environments. 
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However, the model of Chapter 2, fiom which it is concluded that inter-cohort 

interactions can lead to population cycles, neglects to account for size differences among 

juveniles. Since size differences within and among age classes affect feeding and 

metabolic rates of individuals (Peters 1986), it follows that the dynamics of a population 

competing for a limiting resource should depend on its size structure. One hypothesized 

destabilizing mechanism is that small individuals have lower metabolic requirements and 

can maintain growth during periods of resource scarcity when larger conspecifics starve 

(Hamrin and Persson 1986; de Roos et al. 1990; Persson et al. 1998). This results in 

immature individuals taking longer to mature and mature individuals having reduced 

fecundity; hence, total reproductive output for the population is reduced. As the 

population declines, the resource recovers allowing a pulse of juveniles to mature, 

reproduce and again drive the resource into scarcity through the feeding of their abundant 

offspring. The cyclic behaviour that arises fiom these interactions has been referred to as 

recruit-driven and depends on resource-scarcity being imposed by the consumer 

population (Nisbet and Gurney 1984; Metz et al. 1988; de Roos et al. 1990). 

Although absolute metabolic rates are lower for smaller individuals, mass-specific 

metabolic rates are greater (Peters 1983). This provides an interesting contrast to the 

mechanism of recruit-driven population cycles. If resource levels are below maintenance 

requirements of both small and large individuals, the small individuals will suffer a 

greater loss in mass, relative to their body size, than larger individuals (Shuter and Post 

1990). Thus, small individuals will experience higher mortality during long periods of 

starvation provided mass-specific energy stores are similar among different sized 

individuals (Shuter and Post 1990). However, it is unlikely for a consumer population to 
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be viable if such long periods of resource scarcity, where all individuals show negative 

growth, are driven by the consumer itself. Rather, for a population to exist under these 

conditions, periods of resource scarcity are likely to be driven by an external factor which 

fluctuates on a time-scale less than the generation time of individuals. The winter season 

in temperate zones may be such an external factor that influences interactions between 

(and dynamics within) Eeshwater fish populations and their food resource. 

In this chapter, I explore the influence of inter-cohort interactions in a 

size-structured juvenile salmonid population living in montane or sub-alpine stream 

environments. These environments experience seasonal periods of resource scarcity 

(Giller and Malmqvist 1998) which are reflected in growth rates and energy reserves of 

fishes (Chapter 4). This chapter extends the modelling of individual energy dyanrnics 

presented in Chapter 4 to the population level. Specifically, I explore mechanisms acting 

on juvenile fish that arise from the combination of size-structure, exploitative competition 

and overwintering. I was also interested in temporal patterns of size-structure given 

different mechanisms as population size-structure is readily obtained from field data. For 

instance, do certain mechanisms give rise to year-class dominance, and if so, does field 

data support that it occurs? Also, what is the structure of populations within age-classes; 

do several cohorts exist within a year-class or do hypothesized mechanisms suggest only 

a single within age-class cohort? 

I use both a size-structured consumer model coupled to a seasonally-fluctuating 

food resource and field data to address these objectives. Bull trout are used as the 

template species for the model as they are widely distributed across mountain streams of 

western North America, there is considerable interest in their ecology and conservation 
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(Mackay et al. 1997) and we are gaining an understanding of interactions that occur 

among juveniles (Chapter 2, 3 and 4). For the model, I assume that the juveniles (all 

immature individuals) and adults prey on separate food resources due to spatial 

segregation between the two groups (see Wilhelm et al. 1999). As I am interested in 

mechanisms occurring at the juvenile level, adults access a resource that is not depleted 

by consumption. Juveniles, on the other hand, exploit a resource that is depleted directly 

through their consumption. Finally, I use data collected fiom 1995-1 999 for a resident 

bull trout population in Prairie Creek, Alberta (Chapter 4) to determine if observed 

population structure supports mechanisms predicted fiom my model. 

5.2 PhysiologicaIly-Structured Model 

The theoretical analysis of structured populations competing for a dynamic 

resource can not be achieved by discrete-time matrix models (CasweIl 1 989; de Roos et 

al. 1992). Rather, they require the use of partial differential equations to describe a 

continuous individual state variable (e-g., consumer size) distributed across a population 

that changes, along with its resource, through continuous time (de Roos et al. 1992). 

These models are often classified as physiologically-structured population models (Metz 

and Diekmann 1986) and have been analyzed for both cladoceran (Daphnia spp.) and fish 

populations (Metz et al. 1988; Bledsoe and Megrey 1989; de Roos et al. 1990; Persson et 

a1. 1998; Claessen et al. 2000). Numerical analysis of such models is difficult, however, 

development of the "escalator boxcar train" (EBT) method has made their study much 

more approachable (de Roos et al. 1992; de Roos et al. 1997; Gurney and Nisbet 1998). I 
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use the EBT method to numerically analyze a physiologically-structured model for buI1 

trout that is outlined in Chapter 4 and below. 

5.2.1 Individual Dynamics 

The dynamics of individual fish foIIow the model of Chapter 4 to which I add 

hnctions governing a) development during the egg and adult stage, b) reproduction and 

c) mortality. The basis of the mode1 centres around the notion that the physiology of an 

individual can be completeIy described by their composition of irreversible (x) and 

reversible mass (y)(Persson et al. 1998). During periods of positive growth individuals 

allocate mass to both components. When food resources are scarce, individuals 

experience "negative" growth and only reversible mass is utilized to meet the energy 

deficit. The food resource is dynamic via both a consumer-resource interaction and a 

seasonal driving cycle in resource availability. Temperature, which affects egg 

development, consumption and metabolism, also varies on a seasonal basis. A complete 

analysis of the model for immature individuals using bull trout as the template species is 

provided in Chapter 4 and I refer the reader to this source for the mechanics of 

consumption and metabolism. However, in the following section I extend this model to 

incorporate an individual bull trout's full life-cycle. 

Once an egg is fertilized it goes through a period of development before hatching 

and initiation of exogenous feeding that I term larval development. Larval development 

ceases at the start of exogenous feeding which I assume occurs at a fixed irreversible 

mass (xo) and marks the onset of ageing for an individual (i-e., an individual remains with 

zero age while in the larval stage). The irreversible mass of an egg immediately after 

fertilization is xpnd  has a constant proportion ((I,) of reversible mass. Growth of the 
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larvae is assumed temperature dependent and uniform such that the ratio q, does not 

change during larval development. Growth in irreversible mass of an individual fiom 

larvae to adult can now be described as 

i fx<xo 
else if x r xo I\ E,> 0 

dt 0 else 

where T is temperature, k, a larval growth constant and E, is energy (in mass) available 

for growth. The term  is the fraction of assimilated energy proportioned to irreversible 

mass and depends on whether an individual is mature or  not. Assuming maturity is 

reached at the irreversible size x,,, then 

where q, and q, are the maximum ratios of  reversible to irreversible mass for immature 

and mature individuals, respectively (note q = y/x). Growth in reversible mass is simply 

ifx-=x, 
else i f xzxo  A E,>O . 

rii else 

Following Persson et aI. (1998), I assume mortality rates consist of two components: a 

constant background mortality rate (4 and a starvation imposed mortality rate (6,). I 
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assumed that background mortality rate differed between juveniles ( g) and adults (6,). 

Starvation imposed mortality is zero until the ratio q falls below some critical ratio q, 

according to the equation 

As you can see from equation 4, starvation mortality approaches infinity as q goes to 

zero. 

1 assume that reproduction occurs at discrete weekly intenrals between August 

and November of each year and that an individual can reproduce only once in a given 

year. The energy available to an individual for reproduction (Ef) is y - q, % so for 

reproduction to occur the conditions q, > q, and x 2 x, must both be met (see equation 2). 

For females, the number of eggs produced at a spawning event by an individual will be 

Eggs = 
Y - qjx 

x, + q,xo + k, 

where the denominator determines the energy cost (in mass) required for one egg. The 

constant k, incorporates both costs associated with physically producing the egg and 

energy stores needed for the developing larvae (i-e., yolk). After a reproductive event, an 

individuals reversible mass (y) is instantaneously decreased by Ef. Although males do not 

produce eggs, I make the simplifying assumption that their cost for reproduction is also 



Eb reproductive energy for males is assumed to be used for sperm production and 

aggressive behaviour with con-specifics during mating. 

The week that an individual will spawn in a given year was assumed to be 

identical to the spawning time of its parents (either through genetics or imprinting). By 

allowing new individuals to "inherit" the spawning time of their parents, I could assess 

optimal spawning strategies for bull trout populations. Thus an individual would spawn 

in a given year provided all of the following conditions were met: a) Ef is > 0, b) the 

inherited spawning week for an individual was greater than the week within a given year 

and c) the individual had not spawned previously in that year. 

The fork length of an individual can be determined from its effective body mass 

(W,), which is the mass of an individual, excluding reproductive products, had it been 

been growing under optimal conditions, Effective body mass is determined as 

and fork length can then be calculated from We using the simple allometric relation 

where FL is the fork length of an individual in mrn. This relationship implies that during 

periods of starvation an individual does not decrease in Iength but only in mass. 

5.2.2 Population Dynamics 

At the population level, I must now look at the cumulative interactions among 

individual consumers (i-e., bull trout) and its environment (governed by the food resource 

and temperature). Because reproduction occurs at discrete intervals, there is a natural 
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discretization of individuals into cohorts that are spawned on a weekly basis between 

August and November. The simpli@ing assumption necessary to the EBT modelling 

framework is that individuals within each of these cohoas act, physiologically, in an 

identical manner (de Roos et al. 1992; de Roos et al. 1997). Thus, I may now view our 

consumer population as a vector of  M cohorts each of whose life-history is governed by a 

set of ordinary-differential equations (ODEs) described in the previous section. 

Numerical analysis of this populatiora vector simply requires the integration of the M 

system of ODEs. Two things worth noting. First, the similarity between the described 

framework and standard matrix models is not merely coincidental. Rather, it represents a 

spectrum on which discete-time (LesIlie 1945) and structured continuous-time models 

(McKendrick 1926) are merely endpaints captured by the EBT approximation (de Roos et 

al. 1992). Second, the number of cohorts, M, will increase in length through time, and 

hence the system of ODEs required t o  integrate will increase. However, the dimension of 

the cohort vector is held in check by both imposing a maximum age to the population and 

a minimum cohort size (de Roos et al, 1992). If either the cohorts age is greater than the 

maximum age or their number less than the minimum size, the cohort, with its associated 

ODEs, is removed from the population vector. 

The number of individuals within a cohort (N,) decrease through time due to 

mortality according to 
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New cohorts are created at discrete intervals twice a week provided the number of 

spawned eggs is greater than two. The number of eggs available for spawning (Eggs,J is 

Eg..s, = 
1 (Ef)fN, if (E;), > 0 A (S,), 2 week 

0 otherwise (5-9) 

where (SJi is the first week of the year that cohort i will spawn. One hrther condition 

imposed on equation 9 is that individuals spawn only once a year. If spawning results in 

> 2 eggs, then a new cohort is created (M is incremented by I), assigned an N value equal 

to Eggs,,, and given individual state variables equal to the values for a newly spawned 

egg (see above and Table 1). Finally, the value (S, J ,  for the new cohort, is set to the 

week that spawning occurred. 

I segregated the food resource (F) into two pools that were available 

independently to juvenile and adult bull trout. The juvenile pool (F,) is modelled as a 

flow-through chemostat coupled to consumption. Chemostat dynamics were used as it 

simulates resource drift and benthic accumulation in lotic systems (Chapter 4) and system 

stability is increased over logistic models of resource growth (de Roos et al. 1990). 

Furthermore, juvenile bull trout are known to feed directly on drifting and benthic 

invertebrates (Nakano et al. 1992). The dynamics of the juvenile pool is then 
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where #is the stream flow rate, K, is the biomass of food available to juveniles in the 

drift and His the total habitat volume. I assumed that K, varies seasonally according to 

the sine function of Chapter 4 and has an average value and amplitude of KatX and KO,, 

respectively. Because I was only interested in the influence of competition among 

juveniIes, I modelled the food resource for the adult population as a flow-through 

chemostat independent of consumption (i-e., competition does not occur among adults). 

The dynamics for the adult pool (FA) is then 

-- (FA) dF" - O(ksK,) - 0- 
dt N 

where stream flow is the same as for juveniles (i.e., #) and the food biomass of the drift 

also varies seasonally and is proportional (k,) to the juvenile drift biomass. 

5.2.3 Model Parameterization 

Model parameters are defined in Table I and Chapter 4. Rate processes were 

scaled on a yearly basis and I assigned the Is' of May as day one of a new year. 

Numerical simulations of the model were carried out using the software package of de 

Roos (1999). For the enjoyment of those lacking any normal resemblance to human life, 

the files (written in C) required to implement the model are provided in Appendix A. I 

studied the dynamics of the mode1 over a range of background mortaIity rates for both the 

juveniles and adults. Simulations were started with an initiaI population consisting of 72 

age-6 adults divided equally among 18 spawning weeks (S,) spanning from the beginning 

of August to the end of November. Thus, there were 18 cohorts with 4 individuals in 

each cohort. All individuals started with equal irreversible and reversible mass that was 



set at 140 g. I assumed that maximum life span for an individual was 20 years. 

Simulations were run over at least 100 years to ensure short-term transient dynamics were 

no longer present. Response variables were measured following initial transient 

dynamics included abundance of age-1 individuals, adult abundance, size-structure of the 

population and number of spawning cohorts present within an age-class. These response 

variables were measured at a single point in each simulated year, 11 weeks after the 1" of 

May. This corresponds to late July immediately prior to any spawning in the population. 

Dynamics of age-1 individuals, following transient dynamics, were examined 

over 50 simulated years using maximum amplitudes in their late July abundance and the 

kurtosis of these measures (Sokal and Rohlf 1981). Kurtosis was used to measure the 

relative peakedness of a simulated time series. This was done to quantify whether age-1 

abundance showed sharp peaks, which would be expected to occur through year-class 

dominance. To illustrate, the sine finction raised to even powers produces waves of 

decreasing breadth with increasing power (Figure 5.1). For even powers ranging from 2 

to 12 (Figure I), the kurtosis measure for the b c t i o n  evaluated at steps of ~ 1 5 0  were 

-1.5, -1.3, -1 -0, -0.6, -0.3 and 0. I ,  respectively. Therefore, larger values for kurtosis in a 

cycling time series indicates peaks are sharper than for lower values. Kurtosis does not, 

however, indicate whether a population is cycling. Similar values could be obtained 

between randomly fluctuating and cycling data. 

5.2.4 Model Dynamics 

Large amplitude variation in the abundance of age-1 individuals were present 

when the background mortality rate ofjuveniles was low (< 0.7; Figure 5.2a). These 

large amplitude fluctuations arose from periodic bursts in age-1 abundance as shown by 
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the rapid increase in values for kurtosis below juvenile mortality rates of 0.7 (Figure 

5.2b). The large amplitude variability and increased peakedness for the age-1 time series 

at low juvenile mortality arises from the occ-urrence of dominant year-classes. 

The mechanism that gives rise to these dominant year-classes occurs not at the 

egg deposition stage (i-e., not from adult fecundity) but rather from the overwinter 

survival of young-of-the-year fish (age-0). A dominant year-class is formed when age-0 

experience high summer growth due to an abundant food resource. The abundance of 

food is related to the scarcity of  other age-classes of juveniles. Because starvation 

mortality is size dependent, age-0 that have good summer growth also experience good 

ovenvinter survival and the dominant year-class emerges the following spring as age-1 

individuals. This dominant year-class along with a new year-class of age-0 suppress the 

summer food resource such that growth is reduced for all individuals. And herein lies an 

interesting paradox, purely exploitative competition by the dominant year-class and age-0 

has a greater impact on absolute summer growth rates for the dominant year-class. 

However, as age-0 are smaller and have higher mass-specific rnetaboIic rates, their ability 

to endure periods of starvation is more sensitive to absolute size than the dominant 

year-class. The net result being that age-0 suffer high overwinter mortality when 

competing exploitatively with older, abundant con-specifics. The mechanism is 

illustrated in Figure 5.3. A dominant year-class of age-1 individuals arises in the third 

year due to high overwinter survival. This dominant year-class suppresses the successful 

overwintering of age-0 in the next two years. Not until the 5'h year when mortality in the 

dominant year-class has reduced exploitative competition, do age-0 survive the winter 



116 

and an abundant year-class of age-1 individuals arises again in year 6-  The fluctuation in 

age-0 overwinter survival is shown in Figure 5-4. 

The time between dominant year-classes is dictated by the extent to which 

resource limitation is driven by consumption from that year-class. The background 

mortality rate of juveniles will be important in determining total consumption for a 

year-class. When background mortality is low, the dominant year-class can suppress age- 

0 survival for several years. In fact, at low juvenile mortality the dominant year-class 

prevents recruitment of age-1 individuals until that year-class matures and switches to a 

different resource, Thus, the period between dominant year-classes, at low juvenile 

mortality, is set by the juveniles maturity schedule. For simulations where background 

mortality of juveniles was 0.2, maturity occurred at age-7 (i-e., individuals were in their 

8" year) and the period between year-class dominance was also 8 years. As mortality rate 

increases, the abundance of the dominant year-class decreases more rapidly and its ability 

to influence overwinter survivai of age-0 is shortened to fewer years. The period between 

(and amplitude of) dominant year-classes continues to shrink up until a point at which 

background mortality is sufficient to prevent any formation of dominant year-classes. 

This occurs in our simulations at a mortality rate of around 0.5 - 0.7 and is delineated by 

the steep gradient change in age-1 amplitudes and kurtosis values (Figure 5.2). 

The dynamics of the population changes significantly as the background juvenile 

mortality rate increases beyond the threshold which governs year-class dominance. The 

new region is characterized by low amplitude variation in juvenile abundance (either 

cyclic, quasi-periodic or aperiodic) and without the sharp peaks that characterized 

year-class dominance (Figure 5.2). The mechanism that gives rise to the cyclic or 
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quasi-cyclic patterns in this region is different f?om the previous scenario. In contrast to 

year-class dominance, failure of year-classes does not occur at higher juvenile mortalities 

so the age-structure of juveniles remains similar among years (i-e., declining abundance 

with age). When the total abundance ofjuveniles is high, however, growth is depressed 

in all age classes. The growth depression is greatest for older juveniles which serves to 

either decrease the average size at which fish first spawn or delay the age at first 

spawning. The result is a reduction in the total number of eggs deposited and a 

subsequent decline in the juvenile population. Reduced densities of juveniles means 

better growth and juveniles grow larger or enter the mature population in an earlier year. 

The mechanism is outlined in Figure 5.5. In years 1 - 3, juvenile abundance is relatively 

low and those juveniles that are present show increased growth. Age-3 juveniles in year 

3 are much larger than average and will spawn in the following year which gives rise to a 

more abundant year-class of age-0. This abundant year class depresses the food resource 

so as age-3 individuals in year 7 they are much smaller than average. Their reduced size 

means that they do not mature until age-5, experiencing an extra year of mortality than do 

faster growing (and earIier maturing) year classes. Variability in age- 1 abundance has a 

smaller amplitude and is not as sharply peaked for these "growth suppression" cycles 

when compared to "year-class dominance" cycles (Figure 5.2). Overwinter survival of 

the age-0 fish is essentially constant among years (Figure 5.4). 

An interesting dichotomy exists between these two mechanisms. Year-class 

dominance arises entirely from the density-dependent overwintering survival of age-0 

(Figure 5.4) and growth of age-1 and older juveniles shows relatively little variability 

among years (Figure 5.3). In contrast, growth-suppression cycles depend on 
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density-dependent growth in juveniles and size of age-1 and older juveniles change 

markedly among years (Figure 5.5) but survival of age-0 individuals is constant (Figure 

5.4). Furthemore, each mechanism produces very different patterns in juvenile 

size-structure that should be evident in time-series data from real populations. Year-class 

dominance produce juvenile size-structures that shift from left to right among years 

(Figure 5.3). Growth suppression, on the other hand, produces a constant shape to the 

juvenile size-structure but with size-at-age varying among years (Figure 5.5). 

Exploitative competition and overwinter survival in juveniles produces an array of 

dynamics in the adult population that range from cycles, quasi-periodic cycles and 

low-amplitude aperiodic variabiIity. Four general regions based on juvenile mechanisms 

or adult dynamics were established in the phase space set by background mortality rates 

ofjuveniles and adults (Figure 5.6). The four regions are year-class dominance, growth- 

suppression, low-amplitude aperiodic and longevity. The first two regions arise from the 

mechanisms previously discussed and result in cyclic or quasi-cyclic fluctuations in the 

adult population. The low-amplitude aperiodic region arises from a compensation 

between year-class dominance and growth suppression. That is, the two mechanisms 

essentially cancel each other and the adult population tends toward a stable equilibrium. 

A single fixed point was never reached (even after many simulated years) due to a 

combination of discrete spawning, an unlimited adult food resource and the imposed 

maximum life span of 20 years. The last region is the longevity cycles which occur at 

low background mortality rates in adults. These cycles are of low frequency and 

relatively large amplitude which arise kom the presence of a few old large adults which 
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disproportionately contribute to annual egg stocks. Higher frequency cycles arising from 

year-class dominance or growth suppression are superimposed on these longevity cycles. 

The presence of multiple cohorts within age-classes ranged from one to seven 

(Figure 5.7). When only one cohort was present within an age-class, that cohort always 

had a spawning week (S,) equal to 14 (recall that a cohort inherits the spawning week of 

its parents). If more than one cohort was present within an age class, the cohorts had 

spawning weeks that ranged &om 14 or greater. Thus, spawning after the 14'~ week (2nd 

week of August) was the optimum strategy for the range in background mortality rates. 

Given that egg development is determined only by temperature which varies seasonally, 

spawning after the 14" week means that the spawned cohort is the first to initiate 

exogenous feeding the following spring (Figure 5.8). This gives the cohort the advantage 

of reaching the greatest age-0 size the following fall which is of major importance in 

surviving the winter. Eggs that are spawned in the first week of August grow through the 

larval stage by November which leaves them to starve the winter as small age-0. The few 

that do survive the winter must first rebuild their supply of reversible mass the following 

spring before allocating energy to irreversible mass. This leaves them at a disadvantage 

to other age-0 which hatch in the spring with their maximum amount of reversible mass. 

Only a single cohort within a year-class occurred at intermediate rates of 

background juvenile mortality (Figure 5.7). Within the regions of both year-class 

dominance (high juvenile mortality) and growth suppression (low juvenile morality; 

Figure 5.6), the presence of multiple cohorts was possible. At high mortality rates of 

juveniles and adults alike, age-0 cohorts tend to be small and decrease in size quickly due 

to these mortality rates. Reduced size of the age-0 cohorts first present in the spring 
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allowed other cohorts to achieve sufficient summer growth that they too survived their 

first winter. While this explains the presence of rnultipIe cohorts within a year-class at 

high juvenile mortality, the presence of multiple cohorts at low juvenile mortality is 

somewhat perplexing and still under investigation. 

5.3 Field Data 

5.3.1 Methods 

The juvenile bull trout population of Prairie Creek, Alberta was studied &om 1995 

to 1999 to determine juvenile abundance and size-structure. Prairie Creek is a tributary to 

the Elbow River system in southwestern Alberta. Bull trout populations in Prairie Creek 

show a resident life history type (Northcote 1997) where adults and juveniles spend their 

entire lives within the creek. Juvenile abundance was estimated using a 

capture-mark-recapture (CMR) sampling design for open populations. Bull trout were 

collected on a biweekly to monthly basis during the ice-free season £?om a 500 m reach of 

Prairie Creek (mean wetted width = 4.4 m; location 50° 53' N 114" 52' W). In total, the 

population was sampled on 29 different occasions between 10 July 1995 and 8 October 

1999. Bull trout were sampled by electrofishing on the first 4 sample occasions in 1995. 

However, as electrofishing can affect growth and survival of salmonids (Ainslie et al. 

1998) fish were captured by night-netting (Chapter 3 and 4) for the remaining sampIing 

occasions. Captured fish were anaesthetized using tricaine (MS-222) and then measured 

for fork length (FL; nearest rnrn) and weight (nearest 0.1 g). Fish were tagged using 

12-mm passive integrated transponder (PIT) tags manufactured by AVID (Norco, Ca.) so 

that individuals could be repeatedly assessed for size. Because of the size of the PIT tags, 
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only fish 2 75 rnm FL were given a tag. Furthermore, age-0 buI1 trout tend to be inactive 

during the night making their capture during this time difficult (Goetz 1997a). Therefore, 

our field analysis ofjuvenile bull trout omits the first age-class. Specific growth rates 

among years and between seasons for these bull trout are presented in Chapter 4 and I 

make reference to these results. All fish were used in accordance with the principles 

outIined in the most recent "Guide to the care and use of experimental animals" by the 

Canadian Council for Animal Care. 

Bull trout densities were calculated during each sampling event using the fbll 

ChtR histories between I995 and 1999. Bull trout abundance in the 500 m reach was 

estimated using the Cormack-Jolly-Seber model (Lebreton et al. 1992) and analysis was 

conducted using the computer package POPAN 5 (Arnason et al. 1998). Standard errors 

of the abundance estimates were calculated from the variance formulae of Jolly (1 965) 

and confidence intervals (95%) determined assuming a normal distribution. Abundance 

estimates and their 95% confidence intervals were adjusted to linear densities (#-h-') by 

multiplying by two. Abundance could not be determined for the initial and final 

sampling occasions so I present density estimates for sampling occasions 2 to 28 only. 

5.3.2 Results 

The density of juvenile bull trout in the 500 m reach of Prairie Creek declined 

over the five years of this study (Figure 5.9). Uncertainty in these density estimates was 

large in the first year of the study, which is a direct result of the low number of marked 

fish recaptured at the start of the sampling program. After about the 4h sampling event 

(recall that no density estimate is available for the first sample), variability in our 

estimates decreased substantially. For the years 1996 to 1999, the variability associated 
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with our density estimates is comparably quite low due to the large portion of the juvenile 

bull trout population that was marked- Densities of bull trout in August of 1999 (the last 

sampling date for which I have an estimate) were less than one half the August densities 

between 1995 and 1997. 

The slope of the Iine connecting adjacent densities (Figure 5.9) is an estimate of 

the finite rate of population change over that interval; a negative slope indicates that 

population losses (mortality plus emigration) were greater than additions (recruitment 

plus immigration) whiIe a positive slope indicates population additions were greater. 

Given this, a recurrent pattern occurs among years. Negative slopes predominate 

following the last sampling in the fall to the second sampling event in the following year 

(which occurs in earIy July). In 1996 and 1997, this decline over the winter and spring is 

followed by an increase in popuIation size through the summer and fall. 

The increase in juvenile bull trout densities through the summer and fail period is 

a result of growth in smali fish (< 75 mm FL) that allows them to recruit into the tagged 

population. This is evident by the sudden presence of these smaller size classes in 

length-frequency distributions during the summer and fall (Figure 5.10). Based on otolith 

ageing of buIl trout from Prairie Creek (Chapter 4), these newly recruitdd individuals are 

likely of age-1. Recruitment of age- l individuals appears to have been particularly strong 

in 1995 and 1997. In contrast, their recruitment in 1998 was low and for 1999 apparently 

zero. The absence of age-1 recruitment in the later two years of the study resulted in a 

length-firequency histogram for October, 1999 consisting of individuals 2 140 mrn FL 

(Figure 9). This contrasts the length-frequency histogram for late-September, 1995 



which was dominated by individuals 5 150 mrn FL (sampling methodologies were 

identical between these two occasions), 

Assuming the modes of the length-frequency distribution represent different year 

classes, the growth and ageing of the population can be observed over the five years of 

study (Figure 5.20). Summer growth rates, measured £?om tagged individuals, differed 

significantly among year (Chapter 4) and varied over twofold (Table 5.2). Growth rates 

were greatest in the summer of 1996 when densities were low (Figure 5.8) and the 

population consisted of relatively small individuals. Growth rates were lowest in 1995 

and 1999. In 1995, there were high densities of small individuals; while in 1999, there 

were low densities but of relatively large individuals. A significant negative relationship 

existed between summer growth and the effective density of juveniles (where effective 

density accounts for size-dependent consumption; Chapter 4). 

5.4 Discussion 

Numerical simulations of the size-structured population model showed that 

exploitative competition coupled with seasonal periods of resource scarcity can result in 

large amplitude cycles in both adult and juvenile populations of bull trout. The 

mechanism that leads to these cycles is different than the recruit-driven cycles described 

for structured models of both fish and daphnids (de Roos et al. 1990; Persson et al. 1998). 

In contrast, the model presented here suggests that strong year-classes of juveniles can 

suppress the survival of age-0 in following years as these subsequent age-0 cohorts do not 

gain sufficient size to survive the winter. Only when the dominant juvenile year-class is 

reduced through background mortality or by maturing into adults (provided adults utilize 
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a separate food resource) does a new year-class of age-0 successfilly overwinter giving 

rise to the next dominant year-class. The process required to produce these cycles is that 

several year-classes of juveniles compete exploitatively for a limited food resource. 

Three other assumptions that are key to these year-class dominant cycles are: a) 

mass-specific metabolism scales to an exponent less than one, b) survival during 

starvation is related to metabolic demands and c) periods of starvation are predictable, 

sufficiently long that energy stores are depleted by individuals of all sizes and driven by 

the environment not the consumer. The first assumption is well-founded in the ecological 

literature and their is little reason to doubt its validity (Paloheirno and Dickie 1966; Peters 

1983; Shuter and Post 1 990). Empirical observations in age-0 survival and patterns of 

fish distribution support the second assumption. Shorter survival times for small age-0, 

compared to large age-0, fishes during conditions of winter starvation indicate that 

survival is related to metabolism (Post and Evans 1989; Bernard and Fox 1997). Also, 

observed patterns in the distribution of smalhouth bass (Micropterus dolornieui), yellow 

perch (Perca flavescens) and Eurasion perch (P. fluviatilis) can be predicted from the 

climatic conditions necessary to produce sufficient growth that age-0 survive their first 

winter (Shuter et al. 1980; Shuter and Post 1990). Although starvation may be a 

proximate cause of overwinter mortality, factors such as predation or spring flooding 

maybe directly responsible (Gardiner and Geddes 1980; Garvey et al. 1998; Hurst et al. 

2000), the second assumption only requires that survival during starvation be related 

(either directly or indirectly) to the metabolic demands of an individual. Finally, the third 

assumption is supported by theoretical and empirical observations in fish populations. 

Seasonal patterns in growth for temperate fishes (where growth stops through the winter) 



suggest that either energy stores are being depleted or consumption exactly balance 

metabolism during the winter months. Several studies (Gardiner and Geddes 1980; 

Griffiths and Kirkwood 1995; Bernard and Fox 1997; Hurst et al. 2000) have shown that 

energy stores of age-0 are depleted through the winter. Furthermore, theoretical analysis 

of overwinter energy depletion in fishes predicts that mass-specific energy stores will be 

positively related to size and negatively related to age (Chapter 4); and, this pattern is 

supported from empirical observations (Griffiths and Kirkwood 1995; Cargnelli and 

Gross 1997; Chapter 4). 

At high background mortality rates for juveniles, year-class dominance is replaced 

by growth-suppression cycles. The key mechanism to these cycles is density-dependent 

growth throughout the juvenile period which causes age- and size-at-maturity to fluctuate 

among years. However, survival of age-0 determines whether density-dependent growth 

occurs in older age classes. If too many age-0 survive, then growth-suppression is 

repIaced by year-class dominance and density-dependent growth is limited to the age-0. 

Only when juvenile survival is low enough that a year-class does not significantly affect 

the overwinter survival of subsequent age-0 cohorts can growth-suppression become of 

importance. At roughly intermediate values of adult and juvenile mortality (see Figure 

5.6), the period of year-class dominant cycles equals the discrete breeding interval (i-e., 

one year) which has a stabilizing affect on population dynamics. 

Field observations forjuvenile bull trout age-1 and older from Prairie Creek 

showed evidence of year-class dominance and density-dependent growth. The size- 

structure of the population shifted from small younger individuals in 1995 to large older 

individuals by 1999. This shift in size-structure is not unique to this population and has 



126 

been observed in other bull trout populations (Chapter 2). While this supports year-class 

dominance, growth in the Prairie Creek population was also density-dependent (Chapter 

4) which is the mechanism in force in growth suppression dynamics- Although the 

question seems posed as to whether I can distinguish between the two mechanisms, the 

model fails to account for one crucial observation that affects my ability to make this 

distinction. That is, density-dependent survival in my model was limited to the age-0 

individuals; whereas, density-dependent survival in age-1 and -2 bull trout has been 

observed in natural populations (Chapter 2). Furthermore, I did not have the capability to 

examine age-0 survival in the field. 

The inability of the model to explain density-dependent survival in year-classes 

other than the first is instructive; and, I propose two testable hypotheses for this lack of 

concordance. First, the assumption that all juvenile bull trout compete equally for a 

common resource may be false. The die1 behaviour between age-0 and older juveniles 

has been shown to be out of phase (Goetz 1997a), with the age-0 being active during 

daylight hours and older juveniles at night. While the mechanism behind this ontogenetic 

shift in behaviour is not understood, it has important implications to my model. Either 

age-0 are feeding on a different food resource that is available during the day or they are 

excluded fiom feeding (e.g., interference or predator avoidance) on a common resource 

that is more readily attained at night- Regardless of the mechanism, the effect is largely 

the same in that age-0 are removed from pool of juveniles that have equal access to a 

common resource; and, the density-dependent overwinter survival associated with year- 

class dominance would shift fiom age-0 to age-2 fish. Second, cannibalism by older 

juveniles on age-0 could also produce a shift in density-dependent survival fkom age-0 to 
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the age-1 individuals. Cannibalism on age-0 has been observed in bull trout populations 

(Goetz I997b) but as fish are gape-limited predators, cannibaIism among juvenile bull 

trout age-1 and older is unlikely (Chapter 3). The role of cannibalism in mediating 

population dynamics is not straightfonvard. Rather, the stabilizing, or destabilizing, 

effect of cannibalism will depend on energy acquisition and intensity (Persson et aI. 

2000; Claessen et al. 2000). A combination of in situ enclosure experiments (see Chapter 

3), dietary analysis and stable isotope analysis (e-g., France and Steedrnan 1996) that 

includes all juvenile ages could be effectively used to determine ontogenetic shifts in 

food sources that would address these interactions. 

The presence of multiple cohorts within year-classes (where cohorts are 

distinguished by the week at which they were spawned) was an interesting aspect of my 

model simulations. The majority of simulations indicated that few cohorts were likely to 

be present within a year-class. Cohorts that were always present were ones which started 

exogenous feeding first in the following year (see Figure 5.8). The survival of these 

cohorts depended on their ability to capitalize on the food resource and grow before 

competition with other age-0 cohorts reduced growth potentiaI. This may have important 

implications to the biology and management of bull &out populations. 

Studies have reported bull trout spawning to occur in specific habitat types within 

watersheds (Fraley and Shepard 1989; Baxter et al. 1999) which may promote the 

hypothesis that these areas represent critical habitat (i.e., habitat necessary for the 

successful incubation and hatching of spawned eggs). In contrast, my model suggests 

that optimal spawning habitats will arise if eggs spawned in certain areas are more likely 

to first initiate exogenous feeding the following spring. That is, eggs spawned in other 
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habitats are at a disadvantage not through survival at the larval stages but rather as age-0 

that compete for a limited resource. The difference between critical and optimal habitats 

lies in the notion that removal of optimal habitats can be compensated through utilization 

of new areas and selection of new optimal habitats. In contrast, the loss of critical 

spawning habitats is not compensated. The distinction between critical and optimal 

spawning habitats could be tested through field experiments that control access to 

spawning areas. 

Finally, the importance of year-class dominance or growth-suppression in setting 

the dynamics of a popuIation is not limited to salmonid fishes that compete for limited 

resources in stream environments. Rather, the described mechanisms should be of 

importance to populations with inter-cohort exploitative competition and 

environmentally-driven periods of resource scarcity, provided one fkrther caveat is met. 

The temporal scale for periods of resource scarcity must be less than the generation time 

of individuals but sufficiently long that starvation induced mortality becomes significant. 

McCauley et al. (1 996) presented structured population models for the cladocerans 

Daphnia guleata and Bosmina longivostris which successfully predicted the dynamics of 

laboratory cultures for both species when the period for food-transfer into the cultures 

was short (i-e., two days). However, when the period of food-transfer was lengthened to 

four days, the cultures experienced a significant starvation period and the population 

models failed to correctly capture the periodicity of observed cycles or changes in 

population structure. McCauIey et al. (2996) hypothesized that the model failure did not 

result from incorrect parameter estimation, but rather, from the model's inability to 

correctly describe processes that occur during long periods of starvation. My results, 
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which show novel mechanisms under conditions of environmentally driven resource 

scarcity, support this hypothesis. Although beyond the scope of this chapter, it would 

seem a beneficial undertaking to determine whether structured models similar to the one 

presented here can capture dynamics of other temperate populations faced with 

predictable periods of resource scarcity. 



Table 5.1 - Definitions of model variables and their assigned numerical values. Dynamic values 
indicate a state variable. 

Symbol Value Unit Description Source 

Individual Fish 

years Maximum age an individual can reach (i-e., 
mortality is certain after age am,J. 

CY 21.5 g( l‘bc'-~-l  Consumption constant. 1 

6, 0.69 Consumption scaling exponent for weight. I 

6, 0.7 1 Metabolic scaling exponent for weight, 1 

Swimming speed scaling exponent for 1 
weight. 

4 varied yeai' Constant per-capita background mortality 
rate for juveniles. Varied fiorn 0.2 to 1.0. 

4 varied year-' Constant per-capita background mortality 
rate for adults. Varied from 0.2 to 1 -0. 

FH 0.0 1 g-m" Half-saturation food constant. Derived 
assuming weight-specific search volume and 
maximum uptake scale identically, and the 
search volume of a 10 g fish is 10 000 m3-y- 
I 

Conversion factor incorporating assimilation 
and specific dynamic action. 

fC 0.0232 s-cm-I Coefficient for swimming speed dependent 1 
metabolism- 

8, 0.1225 
OC-I Water temperature coefficient for 

consump tion. 

8, 0.059 OC-I Water temperature coefficient for 

metabolism. 

k, 11.7 cm.s-~.g-~ Intercept for weight-specific swimming 1 

speed versus water temperature relation. 

k: 0.0405 O C '  Coefficient for swimming speed versus I 
water temperature relation. 



Table 5.1 Continued 

k, 3.90 x lo-' g - o c l  .yl Temperature dependent growth rate for 4 
developing bull trout embryos. Based on the 
observation that approximately 740 degree 
days are required for a larvae to reach 
exogenous feeding, the starting irreversibIe 
mass of the larvae is x- and the ending 
irreversible is x,. 

I 

0.2 

varied 

# individuals 

g " - b m ' - ~ - '  

week 

x dynamic g 

Mass of egg yolk and cost (in mass) of 
producing one egg. Estimated as the 
measured weight of individual bull trout 
eggs- 

Minimum number of individuals permitted 
within a cohort before that cohort was 
removed. Two was imposed as a 
requirement for sexual reproduction. 

Metabolic constant. 

Maximum ratio of reversible to irreversible 
mass for larvae and juvenile bull trout. 
Implies 42.9% is the maximum percent 
composition of reversible mass. 

Maximum ratio of reversible to irreversible 
mass for adult bull trout. 

Ratio of reversible to irreversible mass at 
which starvation mortality is induced. 

Week after which cohort i will commence 
spawning. The spawning week of a cohort is 
inherited by its parents. The initial 
population structure consisted of adult 
cohorts with spawning weeks ranging from 
13 to 30 (August to November). 

Irreversible illass of an individual at the stan 3,4 
of exogenous feeding. 

irreversi3le mass of a larvae at the time of 
fertilization. 

Irreversible mass of an individual at time of 6 
maturity. Produces an effective weight of 
175 g and corresponding length of 260 mm. 

Irreversible mass of an individual. 



-- 

Table 5.1 continued 

Y dynamic Reversible mass of an individua1. 

Resource 

F dynamic g Resource biomass. 

H 20 000 m3 Habitat size occupied by the consumer and 
food resource- Determined as a stream 5 m 
wide, 0.25 m deep and 16 km in length. 

K/ varies g -m" Seasonally varying food biomass in the drift 
available to juveniles. 

Kw 0.007 g *m" Average food biomass of the drift available 7 
to juveniles. Value chosen fiorn chapter 4 
which is similar to growth rates observed for 
juvenile bull trout in streams fiom Alberta, 
Canada. 

Amplitude of seasonal fluctuations in 
resource drift. 

Ratio of average food biomass available for 
adults to average food biomass available to 
juveniles. 

# 1.0 x lo7 m3-Y-~ Flow rate of stream. Estimated from base 
flows of a typical low-order mountain 
stream. 

Environment 

Y Offset value which determines when 
seasonal peaks in resource drift occurs. 

4 "C Average temperature over the year. 

Tamp 1.38 Amplitude of temperature variations 

0 "C Minimum seasonal temperature. 

10 "C Maximum seasonal temperature. 

r~ 0.75 Y Offset value which determines when 
seasonal peak in temperature occurs. The 
value of 0.75 ensures maximum 
temperatures are reached by August. 

1- Values for lake trout taken from Hewett and Johnson (1992), 2 - Persson et al. (1998), 3 - Estimated fiom Gould 
(1987,4 - Estimated from data presented in Fredenberg et al. (1995), 5 - Mushens, C.J., University of Calgary, 
Calgary, AB. unpublished data, 6 - Chapter 7 and 7 - Chapter 4. 



Table 5.2 - Specific summer growth among years for juvenile bull trout in Prairie Creek. 
Growth is in wet weight (g) and is based on the July to August period of maximum 
growth. Rates are for average sized individuaIs of 155 mm FL. The 95% confidence 
intervals assume a normal distribution around the mean and data is taken from Chapter 4. 

Year (%ad-1) Interval (* %*d-') size 



Figure 5.1 - Shape of the sine h c t i o n  raised to even powers ranging from 2 to 12. 



Background Juvenile Mortality (year') Background Juvenile Mortality (year-') 

Figure 5.2 - Amplitude (a) and kurtosis (b) in annual abundance estimates of age-1 
individuals at varying adult and juvenile background instantaneous mortality rates. The 
abundance estimates are taken in late July and over the simulated years 10 1 to 150. 
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Figure 5.3 - Age- and size-structure (ages L to 5) of the simulated population from years 
101 to 1 10 in late JuIy. Background instantaneous rates of adult and juvenile mortality 
are both 0.5. The dotted lines represent the mean fork Iength for individuals of a given 
age. 
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Figure 5.4 - Overwinter survival of age-0 individuals for the simulated years 10 1 to 109. 
Survival rates are finite and represent the proportion of age-0 fish present in year t during 
late July that survive to be age 1 the following July. The solid circles are for background 
adult and juvenile instantaneous mortality rates of 0.5 while the open circles are for 
respective mortality rates of 0.8 and 1.0. 
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Figure 5.5 - Age- and size-structure (ages 1 to 3) of the simulated population from years 
101 to 1 10 in late July. Background instantaneous rates of adult and juvenile mortality 
are 0.8 and 1 .O, respectively. The dotted lines represent the mean fork length for 
individuals of a given age. 



Figure 5.6 - Qualitative behaviour of the model in the phase space dictated by 
background instantaneous mortality rates in juveniles (x axis) and adults (y axis). The 
regions of year-class dominance, growth suppression or longevity result in periodic or 
quasi-periodic variability in adult abundance. The remaining region results in low- 
amplitude aperiodic variability in adult numbers. Annual adult abundance (late July) is 
shown over the frst I00 simulated years for each of the regions. Respective rates of 
adult and juvenile mortality for the time series are: a) 0.5 and 0.5, b) 0.8 and 0.2, c) 0.8 
and 1.0, d) 0.3 and 0.9, e) 0.4 and 1.0 and f) 0.2 and 0.4. 
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Figure 5.7 - Isoclines indicating the number of within year-class cohorts at varying rates 
of background instantaneous mortality in juveniles and adults. 
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Figure 5.8 - The schedule for an egg spawned at a particular time to develop through the 
larval stages and initiate exogenous feeding. Egg and larval development depends 
entirely on temperature which is fluctuates on a seasonal basis (see Chapter 4). 



Figure 5.9 - Numerical densities ofjuvenile bull trout in Prairie Creek from 1995 to 
1999. The 95% confidence intervals assuming a normal distribution are shown. The first 
day of the year has been assigned 1 January. 
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Figure 5.10 - Length-frequency histograms (10 mm size categories) for juvenile bull 
trout sampled in Prairie Creek, Alberta from 1995 to 1999. The respective dates from 
1995 to 1999 are: 10 July 1995,20 July 1995,3 August 1995,16 August 1995,26 
September 1995,30 June 1996,19 July 1996,16 August 1996, 13 September 1996,ll 
October 1996,28 October 1996, 15 May 1997,3 July 1997,2 August 1997,4 September 
1997,25 September 1997,7 May 1998, 16 July 1998,24 July 1998,19 August 1998, 10 
September 1998,27 September 1998,2 October 1998,23 October 1998, 17 May 1999,3 
August 1999,3 1 August 1999 and 8 October 1999. 
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Chapter 6 - Spatial distribution of native and non-native salmonids in streams from 

the Canadian Rocky Mountains 

6.1 Introduction 

The distribution of fishes in streams is the result of species interactions with their 

physical, chemical and biological environment; and, these interactions occur at different 

scales of time and space. For streams along the eastern slopes of the Canadian Rocky 

Mountains, the Late Wisconsinan glaciation and subsequent recolonization from glacial 

rehgia may be used to explain much of the distribution in native fishes among the major 

basins draining the cordillera (Nelson and Paetz 1992). However, the distribution of 

fishes within these major basins depends on habitat conditions at finer scales. 

Stream habitat at the scale of sites or reaches (10 - lo2 m) has been recognized to 

be related to the distribution of fish species (Bozek and Hubert 1992; Hawkins et al. 

1993; Watson and Hillman 1997). With respect to fisheries management, studies at these 

spatial scales have proceeded with three primary intentions: identify habitat which may 

be limiting, identify critical habitat necessary for population persistence (e-g., Rieman 

and McIntryre 1993; Watson and Hillman 1997) and determine if species segregate along 

gradients of habitat (Bozek and Hubert 1992; Parkinson and Haas 1996). These studies 

are becoming increasingly popular as management concerns switch from an ideology of 

enhancement to preservation of native species (Rahel 1997). 

The persistence of a population will depend not only on habitat at the site or reach 

scale but also at finer (< 10 m; Byorth and Magee 1998) and coarser scales (t 10) m; 

Schlosser 1995; Shepard et al. 1997; Dunham et al. 1997; Dunham and Rieman 1999). 
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Furthermore, patterns in the observed distribution of fishes at one scale are not 

independent of habitat at other scales (Dunham and Vinyard 1997). This presents a 

myriad of approaches, and associated caveats, for researchers who study the relationships 

between species distributions and habitat. While it may be true that these observed 

distributions are of limited value in testing causative relationships, they still have 

practical value to our understanding of population dynamics (Dunham and Rieman 1999) 

and community interactions. 

The primary purpose of this paper was to study patterns of occurrence between 

native and non-native salmonids in streams fiom the Canadian Rocky Mountains. The 

colonization of fresh waters by non-native species is likely to have resulted in more biotic 

impoverishment than any other anthropogenic stress (Schindler 1990). For lakes and 

streams of the western cordillera of North America, the purposeful introduction of 

non-native salmonids (e.g., brook trout; Salvelinus fontinalis) has occurred since the 

early 1900's (Donald 1987; Bahls 1992; Rahel 1997); and, numerous studies have 

associated declines in native salmonids with these introductions (Gresswell 1988; Kaya 

1992; Donald and Alger 1993). For stream-dwelling salmonids, studies conducted in the 

United States have resulted in a common pattern of native species occurring in more 

headwater (i-e., higher elevation) reaches than non-native species as has been observed in 

cutthroat trout (Oncorhynchus clarki; MacPhee 1966; Griffith 1972; Bozek and Hubert 

1992), Arctic grayling (Thymallus arcticus; Byorth and Magee 1998) and bull trout 

(SalveZinus confluentus; see Riernan and McIntyre 1993). These headwater reaches may 

represent a refuge for native fishes fiom non-natives found at lower elevations, I term 

this the elevation rehgia hypothesis. Interestingly, the same pattern has been observed in 
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the Appalachian Mountains of  the eastern United States between native brook trout and 

introduced rainbow trout (Larson and Moore 1985). I was interested in whether this 

general pattern were true for native and non-native fishes in stream reaches fiom the 

eastern slopes of the Canadian Rocky Mountains. 

As noted earlier, the presence of a species within a particular habitat will depend 

on interactions with its environment at varying scales. For a stocked species, the simplest 

mechanism explaining its distribution would be that it merely reflects where the species 

was originally introduced (I call this the stocking location hypothesis). Because causative 

mechanisms are not directly tested when observing patterns in species distributions, it 

would seem necessary to first rule out the stocking location hypothesis before proceeding 

to alternate mechanisms. However with respect to the elevation refugia hypothesis, I am 

aware of no studies that have formally ruled out the stocking-location hypothesis; simply 

stated, does the pattern of occurrence for non-native fishes to inhabit lower elevation 

reaches simply reflect where these species were originally stocked? Furthermore, if the 

stocking location hypothesis can not be ruled out then do higher elevation reaches really 

represent rehgia or zones that will be eventually colonized by non-natives? A second 

objective of this paper was to determine whether the occurrence of stocked salmonids in 

stream reaches was different from that which would be predicted by the stocking location 

hypothesis. 

Finally, I was also interested in patterns of occurrence for native salmonids at 

larger scales (s lo3 m) among streams fiom the eastern slopes of the Canadian Rocky 

Mountains. Studies have shown that occurrence of bull trout in the United States was 

positively related to watershed size (Rieman and McIntyre 1995; Dunham and Rieman 
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1999). For native cutthroat trout in Nevada, their occurrence within suitable watersheds 

was related to the connectivity of the watershed with others that also contained cutthroat 

trout (Dunham et al. 1997). This suggests that movements which occur among 

populations and over a relatively large geographical area are important for the persistence 

of these populations. Therefore, the final objective of the paper was to test whether 

patterns of occurrence for native species were related to habitat at the watershed scale. 

6.2 Methods 

6.2.1 Study Area 

The study was conducted along the eastern slopes of the Rocky Mountains in 

Alberta, Canada (Figure 6.1). Most stream reaches sampled were situated in an area 

referred to as Kananaskis Country (Mill and Mikalson 1982). While a small percentage 

of the area is protected from increased commercial development, much of Kananaskis 

Country contains resource commitments from hydroelectric reservoirs, timber harvesting, 

oil and gas exploration and development, domestic grazing, fur trapping, hunting and 

fishing (Mill and Mikalson 1982). The area is drained by two major rivers, the Bow and 

Oldman, which form the South Saskatchewan drainage basin within the province of 

Alberta (Figure 6.1 ). 

The stream reaches I sampled form eight different watersheds within the 

headwaters of the Bow and Oldman rivers (Figure 6.1). Only one of these watersheds 

(Willow Creek) drains into the Oldman River, while the remaining seven drain into the 

Bow River. The eight watersheds were physically isolated from each other by 

hydroelectric dams that prevent the upstream migration of fish into a watershed, 
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excepting the Fish, Sheep and Highwood watersheds (Figure 6.1). These latter three 

watersheds have no dams isolating them from each other; however, Fish Creek has 

numerous beaver dams and low flow conditions which could prevent the upstream 

movement of fishes (Wieliezko, J., Alberta Conservation Association, Cochrane, Alberta, 

personal communication), 

The Salrnonidae fishes native to Kananaskis Country include bull trout, cutthroat 

trout, and mountain whitefish (Prosopium williamsoni; NeIson 1965; Nelson and Paetz 

1992). Fishes from the families Cyprinidae, Catostomidae, Cottidae, Percopsidae and 

Gasterosteidae are also native to the area (Nelson 1965; Hendersen and Peter 1969; 

Nelson and Paetz 1992); although, their distribution has changed since the early 1900's 

due to the construction of hydroelectric reservoirs and illegal introductions by anglers 

(Nelson 1965). Non-native Salmonidae that have been stocked within Kananasksis 

Country include brook trout (Salvelinus fontinalis), brown trout (SaIrno trut~a), Dolly 

Varden (Salvelinus malma), rainbow trout (0ncorhynchu.s mykiss), golden trout 

(Oncorhynchus aguabonita), Arctic grayling (771ymalZu.s arcticus) and cisco (Coregonus 

artedi). In addition to these non-native fishes, both cutthroat trout and intentional 

stocking of cutthroat X rainbow trout hybrids has occurred (Nelson 1965; Nelson and 

Paetz 1992). Finally, lake trout (Salvelinus namaycush) which are native to a single Iake 

within the Bow River drainage but that lies outside Kananaskis Country have also been 

stocked (Donald and Stelfox 1997). 
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6.2.2 Distribution of Fishes among Stream Reaches 

Fifty three stream reaches were sampled in Kananaskis Country between 1995 

and 1997 to determine presence/absence of Salmonidae fishes- All sampling occurred 

during low summer flow conditions. The sampled reaches were a minimum of 300 m in 

length, excepting a few cases when the number of fish caught was extremeIy large and 

the reach length was shortened by 50 - 100 m. Fish were sampled by electrofishing using 

a Smith-Root Model 15-C generator powered backpack electrofisher. Either continuous 

DC (300-400 V) or pulsed DC (30 Hz, 4 ms pulse width, 500-600 V) was used while 

electrofishing. Because adult stream salmonids can be migratory (Northcote 1997), I 

only utilized fish s 150 rnm in fork length (FL), which I presumed to be juveniles or 

resident adults, as indicating the presence or absence of a species. All fish were used in 

accordance with the principles outlined in the most recent "Guide to the care and use of 

experimental animals" by the Canadian Council for Animal Care. 

The minimal detectable population size using our sampling methodology was 

assessed using Bayesian analysis assuming a binomial 1ikeIihood distribution and a 

uniform prior distribution in the probability of capture (Hilborn and Mangel 1997). 

Assuming a conservatively low capture probability of 0.20 by electrofishing, the 

maximum number of individuals that could go unnoticed at a 95% confidence level is 12. 

Therefore, if our sampling reaches are 300 m in length then I have a minimal detectable 

density of 40 individuals. km-I. 

Several measures of the physical habitat were taken at each sampling reach. 

Wetted width, maximum depth, bankfull width, bank height, substrate size, substrate 

heterogeneity and cover were measured at several transects along the reach and the mean 
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value and standard deviation in the measure recorded. Transect spacing was based on 

Simonson et al. (1994) so that a transect occurred approximately every 3 wetted widths. 

Bankfull width and bank height were based on visual clues as to the flood levels for a two 

year flood return. Substrate size and heterogeneity was based on the methodology of 

Bain et al. (1985). At each transect, a 2 m lead-line marked at 0.10 m intervals was 

randomly placed perpendicular to the current. The dominant substrate size was classified 

based on a modified Wentworth scale (see Bain et al. 1985) and recorded fbr each of the 

20 intervals. The mean classification and standard deviation in classification (a measure 

of substrate heterogeneity) were then recorded for each transect (Bain et al. 1 985). 

Cover was visually estimated as the percentage of available cover (with dimensions of at 

least 0.10 X 0.10 m) within a square with sides equal to the transect's wetted width and 

centered over the transect. Elevation and mean stream gradient were also recorded at 

each sampling reach. Gradient was recorded using a hand-held clinometer and measured 

over the entire reach by subdividing the reach into several straight-line segments. Mean 

reach gradient was then taken as the average of individual gradient readings weighted by 

segment length. 

Elevation was measured using the horizontal positioning information from a 

differential global positioning system (DGPS; see below) and a digital elevation model 

(DEM; 80 m resolution). The position of each stream reach was recorded using a DGPS. 

Reach location was determined by acquiring several points over the entire reach. These 

locations were then used to determine elevation from an existing DEM for Kananaskis 

Country (Kananaskis Country Parks Service, Alberta Environment, Canmore, AB.). 

Reach elevation was determined by overlaying the reach locations with the DEM and 
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recording the average elevztion from all points for a given reach. This was done using 

the geographic information system (CIS) IDRISI (Clark University, Worcester, MA.). 

We tested the hypothesis that elevation could be used as a surrogate measure for 

the thermal conditions of a stream reach. To test this hypothesis, I explored the 

relationship between mean summer stream temperatures as a function of elevation. I 

placed temperature recorders (Optic Stowaway, Onset Corporation, Pocasset, MA) in 13 

different locations from 8 different streams. The stream locations ranged in elevation 

fiom 1250 m to 1767 m above sea level (a.s.1.). The temperature recorders measured 

stream temperature at approximately 1 hour intervals throughout the summer period, I 

assessed the relationship between mean July and August stream temperatures with 

elevation using linear regression analysis and analysis of variance (ANOVA) to test the 

significance of the slope parameter. Analysis of covariance (ANCOVA) was used to 

assess whether the slope of the relationship or mean temperatures differed among the four 

years. The probabiiity (P) that results arose by chance alone are indicated; and statistical 

significance was set if P < 0.05. 

6.2.3 Relationship between Species Presence/Absence and Physical Habitat 

Before relating species presence to reach habitat, I used principal components 

analysis (PCA) to explore the interrelationship among habitat measures made for each 

stream reach. Bozek and Hubert (1992) proposed three general habitat dimensions to 

describe the physcial habitat of a stream reach: size, climate and energy. Therefore, I 

structured the PCA into three axes to assess how each of the individual habitat measures 

fit with the general dimensions of size, climate and energy. Furthermore, the PCA 
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allowed me to explore correlations among my habitat variables which could later 

influence the regression analysis. 

Logistic regression analysis was used to relate species presence/absence to each of 

the physical habitat variables measured for a stream reach. The logistic model is of the 

fo rrn 

where P ~ ( Y  I x,,x,.&) is the probability of species Y being present given the physical 

habitat measures 4, b, is a constant, bi is a coefficient for the independent variable 4. 

The analysis was conducted using the LOGIT module of SYSTAT (Steinberg and Colla 

1991). A general logistic model was first determined by forward selection using the 

Wald statistic (Steinberg and Colla 199 1). To avoid missing important independent 

variables (i.e., physical habitat measures), a variable was initially accepted with CY = 0.20 

(where a is the probability that a coefficient is significantly different fiom zero) and then 

removed at a = 0.10 (Steinberg and ColIa 199 1). I used both untransformed and 

log-normal transformed physical habitat measures as the independent variable for initial 

model selection. 

?'he general regression models (with all selected habitat variables) were then 

refined by sequentially eliminating variables (i-e., the coefficient bi = 0)  until the 

simplified model (one or more variables removed) was significantly different (a= 0.05) 

than the more general model (Trexler and Travis 1992). Statistical significance was 

based on the Iikelihood ratio test 



where D is the deviance or ratio of likelihoods, L, is the log-likelihood of  the more 

general model and L, is the log-likelihood of the simplified model where j coefficients of 

the general model are now equal to zero. The deviance (D) folIows a chi-square 

distribution with j degrees of freedom (Hilborn and Mangel 1997). 

Because the presence or absence of fishes among reaches that are within a stream 

or watershed are not independent (Dunham and Vinyard 1997), I tested for effects at 

coarser scales that may have confounded results determined at the reach level. 

Essentially, I was asking do the slopes and intercepts of statistical models determined 

fiom reaches differ among streams or watersheds. If there is a significant difference, then 

I cannot conclude that patterns observed at the reach level represent an artifact of coarser 

scale interactions. I did not test for stream effects as I had few reach measurements within 

a given stream. At most I sampled three reaches for a given stream; however, most 

streams had only one or two reaches sampled. I did test for watershed effects. This was 

done by creating a categorical variable indicating which of the eight watersheds for 

Kananaskis Country a reach was located. The categorical variable was included in the 

logistic regression model using dummy variables (Steinberg and Colla 199 1 ; Trexler and 

Travis 1993). I tested for direct watershed effects and interactions using the categorical 

variable with each of the final models selected fiom the previous reach level analysis. 

Significance was based on the likelihood ratio test (a= 0.05). 

Finally, I tested whether presenceiabsence of a species within a watershed was 

related to watershed area using logistic regression. Watershed area was measured only as 
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land greater than 1200 m in elevation as this was the lowest elevation for all reaches 

sampled. Watershed area was measured f?om the DEM for Kananaskis Country using the 

GIs software IDRISI. It is important to note that this analysis can be biased due to 

different sampling effort among watersheds. For example, if the probability of a species 

presence is low and more reaches are sampled in larger watersheds, then simply based on 

encounter probabilities I would expect a positive relationship between watershed area and 

species presence. To separate this sampling bias fiom a real watershed area effect, a 

significant watershed effect fiom the previous categorical analysis, which accounts for 

the distribution of reaches among watersheds, would be necessary. 

6.2.4 Modelled Distribution of Non-Native Fishes Based on the Stocking Location 

Hypothesis 

To assess the role of stocking on the distribution of species, I compiled a spatial 

database for the stocking record of Kananaskis Country. The stocking record was 

obtained fiom the files of Alberta Government (Stelfox, J.D., Alberta Environment, 

Calgary, PLB., unpublished data). A stocking location for each record was then digitized 

onto the DEM for Kananaskis Country using IDEUSI. In most cases, specific locations 

were given for a record (e-g., confluence of streams, bridge crossings, etc.); however, 

some earlier records did not give specific locations. In these cases I used our best 

judgement to assign a stocking location or in some cases several stocking locations. I do 

not feel that this compromises the accuracy of our stocking map as these cases were few. 

Furthermore, they occurred at an early date and on systems that continued to be 

intensively stocked when specific locations were given. Essentially, these systems were 

spatially "saturated" by fish stocking. 
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We then assumed that stocked individuals could colonize a given radius from the 

point at which they were released. Around each stocking location a 5 km buffer zone was 

created provided the zone did not cross watershed boundaries. The buffer zone represents 

the ability of stocked fish to colonize a five km radius around the point at which they 

were released. The colonization distance was chosen based on the spatial scafe of 

Kananaskis Country rather than on biological considerations. For instance, colonization 

distances much greater than 5 km would have resulted in complete distribution of a 

stocked species across Kananaskis Country; whereas, distances much less would have 

resulted in low probabilities of ever detecting a stocked species. 

We could then determine for each of the stocked species whether the observed 

relationship between species presence/absence and reach habitat observed from our field 

collections could be explained solely by past stocking. This was done by overlaying the 

colonization map (stocking locations plus colonization buffer zone) with a map showing 

the 53 sampling reaches I surveyed. If a sampled reach fell within the colonization buffer 

zone for a stocking record, then I assumed that I would have detected the stocked species 

during our field sampling. In essence, I created a hypothetical (or modelled) species 

distribution based on the colonization map and the reaches I sampled. I then used this 

modelled distribution to determine whether the relationships between species presence 

and physical habitat fiom the field surveys still occurred. This was also done using 

logistic regression analysis. 



6.3 Results 

6.3.1 Presence/Absence of Fishes in Kananaskis Country 

The most common species encountered in Kananaskis Country was cutthroat trout 

followed by brook trout (Table 6-1). Bull trout were the third most common species 

occurring in 17% of the stream reaches sampIed. Of the Sahonidae fishes, mountain 

whitefish and brown trout were the least common species encountered. Non-Salmonidae 

fishes occurred infrequently among the stream reaches. These fishes belonged to the 

Cyprinidae, Catostomidae and Cottidae families and included: longnose dace 

(Rh inichthys cataractae), emerald shiners (Notropis atherinoides), pearl dace 

(Margarisars rnargarita), longnose suckers f Catostomus catostomus), white suckers 

(Catostornzrs commersoni) and spoonhead sculpins (Cottus ricei). Cutthroat trout was the 

only species found in all eight watersheds sampled within Kananaskis Country (Table 

6.1). Brook trout was the second most widely distributed species, while all other species 

occurred in less than half of the watersheds surveyed (Table 6.1). Of the 53 reaches 

sampled in Kananaskis Country, fish were absent in six. Two of the reaches without fish 

were above impassable falls and all were 1 or 2"* order headwater reaches. Fish were 

present in the lower reaches of  the same stream for all reaches where fish were absent. 

6.3.2 Physical Habitat Dimensions 

The stream reaches sampled in this study ranged over 670 m in elevation (Table 

6.2) and were a representative sample of stream reaches within Kananaskis Country. 

Although the widest reach sampled was over 17 rn (Kananaskis River), the majority of 

streams were under 20 m in wetted width (Table 6.2). I excluded sampling the larger 

mainstem rivers (i-e., Elbow, Sheep and Highwood rivers; Figure 6.1). Principal 



components analysis revealed that 63.7% of the variation among physical habitat 

variables for a reach could be explained along three axes (Figure 6.2). The first axis was 

largely explained by wetted width, bankhll width, maximum depth and cover; the second 

axis consisted primarily of elevation, substrate heterogeneity, and bank height; and, the 

third axis of gradient and substrate size. 

There was a significant relationship between elevation and mean stream 

temperature for July (ANOVA, F,,, = 94.1, P c 0.00 1) and August (ANOVA, FlJ2 = 

7 1.7, P -= 0.00 1 ; Figure 6.3). On average, there was a 1 S°C cooling in the mean July or 

August stream temperature with a 100 m increase in elevation. The predicted mean (and 

95% confidence interval) for July and August stream temperatures at the average reach 

elevation of 1579 m is 8S°C (6.3 - 10.7OC) and 9-8°C (7.1 - 12.5"C), respectively. There 

was not a significant difference in the mean monthly temperature during July (ANCOVA, 

F,,, = 1.3 1, P = 0.29) or August (ANCOVA, F,,, = 2.05, P = 0.13) among the four years. 

6.3.3 Distributionmabitat Relationships 

Reach elevation was the only habitat measure that was significantly related to the 

presence/absence of salmonid fishes (excluding mountain whitefish and brown trout) in 

the reaches sampled during this study (Table 6.3). Mountain whitefish and brown trout 

were excluded fiom this analysis as they occurred too infrequently. Both bull trout and 

cutthroat trout were more likely to occur in higher elevation reaches with bull trout being 

completely absent from reaches c 1500 m in elevation (Figure 6.4 and 6.5). Brook trout 

and rainbow trout showed the reverse trend and were more likely to occur in the lower 

elevation reaches (Figure 6.4 and 6.6). Rainbow trout were the only Salrnonidae fish 
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found in the three lowest elevation reaches (Figure 6.4). Also, the non-Sahnonidae fishes 

were only encountered in lower elevation stream reaches. 

Cutthroat and brook trout presence/absence was also related to the natural 

logarithm of bank height at a given reach (Table 6.3). Cutthroat trout were more likely to 

be present in streams with greater bank heights (Figure 6.5) than were brook trout which 

showed the opposite trend (Figure 6.6). Neither bull trout nor rainbow trout 

presence/absence was related to bank height (Table 6.3). 

Watershed effects significantly affected only the reach level model for rainbow 

trout (Table 6.4). Watershed effects for brook trout were marginally non-significant; 

these effects for cutthroat and bull trout were not significant fiom our data (Table 6.4). 

Pooling the reach level data within a watershed indicated that bull trout presence/absence 

was significantly related to watershed area, with bull trout presence being more likely in 

watersheds of larger size. The presence/absence of the other three salmonids was not 

related to watershed area. 

6.3.4 Modelled Distribution of Fishes - the Stocking Location Hypothesis 

Stocking records for Kananaskis Country show that cutthroat, brook and rainbow 

trout have been stocked within each of the eight watersheds that I surveyed. The earliest 

record I obtained for stocking was from 1914 when cutthroat trout were stocked in Upper 

Kananaskis Lake within the Kananaskis River watershed. Rainbow trout were first 

stocked into the Elbow River watershed in 1929; and, brook trout were also first 

introduced into the Elbow River watershed eleven years later in 1940. Based on these 

records, there has been 1 052 stocking events at approximately 180 different locations 

among the eight watershed between 1914 and 1996. 
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The mean elevations of stocking locations for cutthroat, brook and rainbow trout 

were significantly different (ANOVA, F,,, = 3 1 7.5, P c 0.00 1; Figure 6.7). Mean 

stocking elevation was greatest for cutthroat trout at 1 940 m while elevations for brook 

and rainbow trout were similar at I 564 and 1 523 m, respectively. The modelled 

distributions for cutthroat and brook trout among our 53 sampling locations were 

significantly related to elevation only (Table 6.5). There was a marginally 

non-significant result for rainbow trout presencelabsence as related to elevation (Table 

6.5). Logistic regression models for all species predicted that the probability of presence 

should increase with increasing elevation (Table 6.5; Figure 6.5 and 6.6). These results, 

based on a 5 krn colonization radius fiom initial stocking locations, contradict our 

observed distributional data for brook and rainbow trout which show decreasing presence 

at increasing altitude (Figure 6.4 and 6.6). In contrast, the modelled and observed 

distributions for cutthroat trout differ little with respect to elevation (Figure 6.5). 

6.4 Discussion 

Elevation was the most important reach level habitat parameter related to the 

presence of bull, cutthroat, brook or rainbow trout within Kananaskis Country, Aiberta. 

Bozek and Hubert (1992) concluded that the presence of salmonid fishes in mountain 

streams of Wyoming could be predicted from three habitat dimensions of climate, energy 

and size. Results fiom the PCA on our physical habitat data support the presence of these 

three habitat dimensions. Measures of size (i-e., width and depth) were largely captured 

by the first axis of the PCA, while climate (elevation) and energy (gradient) were 

captured on the second and third axes, respectively. The strong negative relationship 
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between elevation and mean summer water temperatures support the use of elevation as a 

measure of reach climate. However, unlike Bozek and Hubert (1992), our results do not 

support the importance of habitat measurements other than stream climate in predicting 

the presence of salmonids among reaches. Although, the presence of cutthroat and brook 

trout was also related to the bank height; bank height did not show a clear orthogonal 

separation into one of the three PCA axes (Figure 6.2). That is, it is unclear as to the 

relationship between bank height and the three habitat dimensions. 

The significant negative relationship between elevation and presence of brook or 

rainbow trout (the non-natives) could not be explained through the spatial distribution of 

past stocking locations. Based on a finite colonization distance fiom the point of 

stocking, both brook and rainbow trout would be more likely to occur in higher elevation 

reaches if their current distribution only depended on where they were first stocked. As 

one may reason, this conclusion is biased toward the choice of the colonization distance, 

assumed in this analysis to be 5 km. However, this bias occurs in only one direction. For 

instance, if a smaller colonization distance was chosen, then the modelled brook trout 

distribution would have resulted in their absence in many stream reaches. The logistic 

regression analysis for this data would have shown no significant relationship between 

species presence and elevation. On the other hand if a larger colonization distance was 

chosen, then brook trout would have been present in the majority of stream reaches and 

again the regression analysis would have resulted in no relationship between elevation 

and presence. Only at intermediate colonization distances was a significant negative 

relationship observed; but more importantiy, there is no colonization distance that would 

result in the reverse positive relationship. Therefore, the observed distribution of brook 



and rainbow trout in lower elevation reaches could only result fiom the preferential 

downstream movement of these species following stocking. 

The increased likelihood of bull and cutthroat trout in higher elevation reaches 

supports the elevation refugia hypothesis. However, the presence of cutthroat trout in 

these reaches is not independent f?om its stocking history. Thus, the stocking location 

hypothesis can not be refuted for cutthroat trout and the observed distribution for this 

species may simply reflect past stocking practices. In contrast, bull trout were not 

stocked in Kananaskis Country prior to this study so their distribution does support the 

elevation rehgia hypothesis. The essential absence of bull trout in reaches below 1600 m 

(Figure 6.4) is similar to observations in Idaho (Rieman and McIntyre 1995; Dunham and 

Rieman 1 999). Although published studies are relatively lacking, the absence of native 

salmonids in at least some low elevation reaches has likely taken place only over the past 

100 years (Liknes and Graham 1988; Shepard et al. 1997; Chapter 7). 

Two hypotheses are often presented to explain the presence of non-native 

salmonids in stream reaches that likely once contained native fishes: interspecific 

competition (Griffith 1988; Fausch 1989) or angling harvest (MacPhee 1966; Griffith 

1988). The interspecific competition hypothesis has largely been supported by observed 

patterns in the distribution of cutthroat and brook trout which suggests that cutthroat trout 

are the superior competitor in higher elevation reaches where water temperatures are 

colder (Griffith 1988; Fausch 1989). However, as shown in this study, observed cutthroat 

trout distributions may not necessarily reflect interactions with their environment but 

rather be influenced by past stocking. Laboratory studies using brook and cutthroat trout 

(Colorado River subspecies) showed that brook trout were superior competitors at 
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temperatures of 20°C, but, at water temperatures of 10°C neither species had a 

competitive advantage (de S taso and Rahel 1 994). Although this supports the 

competition hypothesis, mean monthly water temperatures of  20°C were not observed 

among the streams of this study (Figure 6.3). The angler harvest hypothesis stems from 

the notion that native salmonids are depleted through overexploitation and non-natives 

then occupy these vacant niches (Griffith 1988). The non-native fishes are able to occupy 

these locations as they may be less susceptible to overexploitation (MacPhee 1966). 

Finally, to produce the spatial patterns among species, angling effort must also be 

distributed along an altitudinal gradient with higher effort at lower elevations. 

Unfortunately, the ability to distinguish between the competition versus angling harvest 

hypotheses is poor. There have been few manipulative experiments to directly test 

interspecific competition among native and non-native salrnonids (Fausch 1988; but see 

Byorth and Magee 1999). And although the potential for anglers to influence salmonid 

distributions has been recognized (MacPhee 1966; Griffith 1988), an evaluation of the 

mechanism is lacking (but see Chapter 7). 

Large-scale watershed effects were not detected in our data with respect to the two 

native species, bull and cutthroat trout. Although there was a significant positive 

relationship between watershed area and bull trout presence when the data was pooled 

among watersheds, the lack of a significant watershed effect using the reach level data 

indicates that the pooled result may simply have arisen from variable sampling intensities 

among watersheds. Since fewer reaches were sampled in the smaller watersheds, it 

would be expected that detection levels were also lower in these watersheds. This 

conclusion stresses the importance of incorporating interactions at varying spatial scales 
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into studies on observed habitat relations (Dunham and Vinyard 1997); however, it does 

not suggest watershed scale effects are not important for bull trout in Kananaskis 

Country. Rather, these large-scale effects require further sampling to be resolved. Using 

a sampling protocol that was not biased to patch area, Dunham and Rieman (1999) have 

shown that bull trout presence is related to patch size in the Boise River basin of  central 

Idaho. Although watershed scale interactions have been detected in other populations of 

cutthroat trout (Lahontan subspecies; Dunham et al. 1997); the absence of any watershed 

scale interactions for cutthroat trout in this study is not surprising. Quite simply, the 

current distribution of cutthroat trout in Kananaskis Country can not be separated fiom 

their stocking history. 

In summary, buH, cutthroat, brook and rainbow trout were the most common 

fishes encountered in stream reaches fiom Kananaskis Country, Alberta. Elevation 

(which was strongly related to mean summer water temperatures) was the most important 

reach level habitat variable in predicting fish presence for all four species. The two 

native species (bull and cutthroat trout) were more likely to be found in higher elevation 

reaches while the non-natives were more likely to be present in lower elevation reaches. 

However, our data could not rule out that the observed distribution of cutthroat trout was 

simply an artefact of past stocking. In contrast, the presence of non-native fishes in the 

lower elevation reaches could not be explained through the uniform distribution of fish 

fiom past stocking locations. Rather, their presence in lower elevation reaches has 

resulted tiom preferential downstream colonization. This supports the idea of higher 

elevation reaches being a rehgia for native bull trout. Future work should focus on 
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mechanisms that are responsible for these elevation refugia and in resolving the 

importance of  watershed-scale effects for bull trout in the Canadian Rocky Mountains. 



Table 6.1 - Presence of fishes fi-om the 53 inventoried reaches in Kananaskis Country, 
Alberta. The reaches where a species was present is also broken down among the 30 
streams and 8 watersheds sampled. 

Species Reaches (53) Streams (30) Watersheds (8) 
- - -- - - - - - - 

Bull Trout 9 

Cutthroat Trout 27 22 8 

Mountain Whitefish 2 

Brook Trout 20 

Rainbow Trout 6 

Brown Trout 1 

Non-Sahonidae 5 



Table 6.2 - Range in mean habitat parameters for the 53 reaches inventoried from 
Kananaskis Country, Alberta. See methods for a description of measured habitat 
variables, 

Habitat variable Mean SD Range 

Elevation (m a.s.1.) 1579 160 1225 - 1898 

Gradient (%) 2.6 1.2 0.7 - 7.0 

Wetted Width (m) 5.38 3 -40 0.73 - 17.9 1 

Baddkll Width (m) 8.1 1 5.70 0.98 - 34.59 

Bank Height (m) 0.28 0.09 0.13 - 0.63 

Max. Depth (m) 0-34 0.12 0.12 - 0.64 

Substrate 0.7 0.3 0.2 - 1.5 
Heterogeneity 

Cover (%) 10 10 2 - 56 

" - Based on a modified Wentworth scale (1 - smooth bedrock, 
2 - < 2 m m , 3 - 2 -  16mm,3-17-64mm,4-64-256mrn,5  
- > 256 mrn, 6 - irregular bedrock). 



Table 6.3 - Logistic regression models determined from the presence/absence of 
observed fishes (el SO mm) and habitat parameters (Table 6.2). Brown trout, mountain 
whitefish and non-saimonidae fishes were excluded from the analysis as they occurred 
infrequently. Elevation (e) and the natural Iogarithm of bank height (h)  were the only two 
habitat parameters that were significantly related to fish presence/absence. A constant 
(6,) was included in all models. For each species, the full model with no parameters 
removed is listed first and the coefficient values correspond to this model. Subsequent 
nested models have one or more parameters removed and the probability (f) of  a nested 
model not being different fiom the fit11 model is indicated. Probabilities are based on the 
likelihood ratio test which follow a chi-square distribution. The chi-square value (D) and 
degrees of Freedom (df) are shown. 

Coefficient Log- 
Species values Model likelihood D,df P 

Bull b, = -10.5 bo + b1(e) -2 1 -793 - -- 
Trout b, = 5.47 x lo5 b0 + -24.146 4.706,l 0.03 

0 + b1@) -25.13 1 6.676,l 0.0 1 

Cutthroat b, = -7.69 b,+b,(e)+b,(h) -29.312 -- -- 
Trout bI=7.52x10-' b,+O(e)+O@) -36.652 14.679,2 0-00 1 

b2 = 3.02 bo + we) + b,FI -3 5 -470 12.316,l <O-001 
bo + b1@) + OF) -32.592 6.560,l 0.0 1 
0 + b,(e) + b 2 F I  -32.124 5.624,l 0.02 

Brook b, = 3.33 b, + b,(e) + b,(h) -30.098 -- -- 
Trout b,  =-5.10 x b, + O(ej + 0 0  -35.126 10.056,2 0.007 

1 o - ~  b0 + O(e) + b,(hl -33.020 5.844,1 0.02 
b, = -3 -09 b0 + b/(e) + O(h) -33 -665 7.134,l 0.008 

0 + b,(e) + b2(h) -30.6 13 1.030,l 0.3 1 

Rainbow b, = 20.4 60 + bde) -13.675 -- -- 
Trout b, = -1.49 x b, + we) -22.490 17.629,l <0.001 

1 0-2 0 + Me) -20.802 14.254,l (0.00 1 



Table 6.4 - Significance of logistic regression models relating presencejabsence of 
salmonids to watershed effects and watershed area (area > 1200 m in elevation). 
Watershed effects are tested by introducing the categorical variable for watershed 
identification into the previous reach level models (Table 6.3). Watershed area was tested 
by relating the presence/absence of a species within a watershed to watershed area. In 
both cases, probabilities are based on the likelihood ratio test which follow a chi-square 
distribution. The chi-square value @) and degrees of freedom (df) are shown. A 
constant was included in ail models. 

- - -- -- - - .  

Watershed effects Watershed area 

Species D,df P D,df P 

Bull Trout 7.656,7 0.36 1 1.090,1 <O,OO 1 

Cutthroat Trout 5.096,7 0.65 0.396,1 0.529 

Brook Trout 13.446,7 0.06 0.047,L 0.828 

Rainbow Trout 17.728,7 0.0 1 0.0 15,1 0.901 



Table 6.5 - Logistic regression models for a hypothetical fish distribution derived from 
historical stocking records. The models relate predicted presence/absences of  stocked 
fishes in each of the 53 reaches with elevation (e) for a given reach. The analysis was 
limited to only brook trout, cutthroat trout and rainbow trout.. A constant (b,) was 
included in all models. For each species, the full model with no parameters removed is 
listed first and the coefficient values correspond to this model. Subsequent nested models 
have one parameter removed and the probability (P) of a nested model not being different 
fiom the full model is indicated. Probabilities are based on the likelihood ratio test which 
follow a chi-square distribution. The chi-square value @) and degrees of fieedom (df) 
are shown. Although the rainbow trout model was not significant, it is included in the 
table for completeness- 

Coefficient Log- 
Species values Model likelihood D,df P 

Cutthroat Trout 6, = -12.286 b, + b,(e) -29-586 - -- 
b, = 7.56 x 6,  + O(e) -36.273 13.374,l <0.001 

+ b/(e) -36.549 13.926,l <O.OO 1 

Brook Trout b,=-6.676 b,+b,(e) -34.034 -- -- 
b,  = 4.09 x lo" b, + O(e) -36-50 1 4.933,l 0.03 

0 + b,(e) -36.628 5.1 88,l 0.02 

Rainbow Trout b,=-5.335 bo+b,(e)  -34.824 - -- 
bI=3.45x10-'  b,+O(e) -36.652 3.656,l 0.06 

+ -36.558 3 -468,l 0.06 



Figure 6.1 - Location of Kananaskis Country in Alberta, Canada and the eight 
watersheds (with respect to the Bow or Oldman rivers) utilized in this study. 
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Figure 6.2 - Principal components analysis for the reach level habitat parameters 
measured during this study. Percentages indicate the amount of total variation explained 
aIong the given axis. 
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Figure 6.3 - Relationship between reach elevation and mean July or August water 
temperatures measured from 13 reaches in 8 different streams over four years. Closed 
circles are from data collected in 1995, open circles for 1996, closed triangles for 1997 
and open triangles are kom 1998. Linear regression lines and equations are shown. 
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Figure 6.4 - Frequency of occurrence for bull trout and rainbow trout as related to stream 
reach elevation. Numbers indicate the number of reaches in a given elevation group. 
Curves are the predicted probability of presence for each species as determined from the 
logistic regression models. 



1200 1400 1600 1800 1200 1400 1600 1800 

Elevation (m) Elevation (m) 

Figure 6.5 - Presence (solid circles) and absence (open circles) for cutthroat trout in 
relation to elevation and bank height for the 53 stream reaches sampled. The observed 
data is based on the actual sampling of 53 reaches. The modelled data is a hypothetical 
distribution based upon the uniform distribution of fish from past stocking locations (see 
Methods). Contour lines indicate the predicted probability of cutthroat trout presence as 
determined from the respective logistic regression model. 
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Figure 6.6 - Presence (solid circles) and absence (open circles) for brook trout in relation 
to elevation and bank height for the 53 stream reaches sampled. The observed data is 
based on the actual sampling of 53 reaches. The modelled data is a hypothetical 
distribution based upon the uniform distribution of fish from past stocking locations (see 
Methods). Contour lines indicate the predicted probability of brook trout presence as 
determined from the logistic regression model for each of the observed or modelled data. 
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Figure 6.7 - Distribution of stocking events for three species (cutthroat, brook and 
rainbow trout) in Kananaskis Country from 19 14 to 1996 along an elevational gradient. 
Stocking events count multiple stockings at the same location as individual events. 



Chapter 7 - Can anglers influence the distribution of native and non-native 

salmonids in streams from the Canadian Rocky Mountains? 

7.1 Introduction 

Non-native salmonids have been introduced into western North America since the 

latter part of the 1 9 ' ~  century (Rahel 1997). While some introductions were of limited 

success in establishing wild populations, many introductions established naturally 

reproducing populations (Rahel 1998). At about the same time fish introductions began 

in the Rocky Mountains of western Canada, population declines in native salmonids were 

also recognized (Prince et al. 1912). Factors noted as mechanisms behind the decline 

included overfishing, entrainment of fish in irrigation canals and pollution (Prince et al. 

1912). While these read as a litany of hypotheses that could have been drafted nearly 100 

years later, there is one notable exception: competition from non-native fishes. 

The replacement of native fish populations by non-natives may have been first 

recognized in western North America during the 1930's. This recognition is associated 

with the disappearance of  the once famous cutthroat trout (Oncorhynchus clarki) fishery 

in Lake Tahoe and simultaneous proliferation of non-native lake trout (Salvelinus 

namaycush) which took place during the late 1920's or early 1930's (Cordone and Frantz 

1966). Direct competition among fishes has been hypothesized as a mechanism behind 

such species shifts (Griffith 1988) but conclusive studies are lacking (Fausch 1988). 

More recent quantitative studies using individuaI based modeis are providing valuable 

insight into rainbow versus brook trout interactions in eastern North America (Clark and 

Rose 1997). Fausch (1988) argues that empirical experiments needed to test the effects 
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of introduced fishes on native species requires the comparison of interspecific versus 

intraspecific competition under relevant conditions and such studies are few (e-g., Byorth 

and Magee 1998)- 

In addition to direct competition, early studies noted that anglers may be 

important in shaping the distribution of native and non-native fishes (MacPhee 1966; 

Marshall and MacCrimmon 1970). Both authors identified that catches of  native fishes 

were disproportionately greater at a given level of angling effort and such an effect would 

favour the replacement of natives by non-native fishes. On the other hand, reduction of 

non-native fishes through their selective harvest by anglers has been proposed as a 

mechanism to enhance native fishes (Larson et al. 1986). Although angling harvest is 

acknowledged as a potential mechanism in determining species distributions (Fausch and 

White 198 1 ; Griffiths 1988), it has been rarely assessed directly in the fisheries literature. 

The objective of this study is to quantitatively assess the ability of anglers to 

reduce non-native brook trout (Salvelinus fontinalis) populations in streams from the 

Canadian Rocky Mountains. I utiIize both empirical data fiom a brook trout removal 

program (BTRP) and age-structured population models to address the question. The 

BTRP used anglers attending organized trips to selectively harvest brook trout fiom a five 

km reach of Quirk Creek in southwestern Alberta, Canada. The model then used data 

derived fiom the project (and other sources where necessary) to evaluate the potential 

success of the removal program, Success was defined as a decrease in brook trout 

populations with a subsequent increase in native populations. 



7.2 Methods 

7.2.1 Study Area 

Quirk Creek drains into the upper Elbow River which forms part of the Bow 

River drainage in southern Alberta. The creek originates at an elevation of approximately 

1640 rn and flows in a northerly direction for 11 -6 km before joining the Elbow River at 

an elevation of 1530 m (Figure 7.1). The lower reach of the creek (reach 1) flows 

through forest with overhanging willow and alder(Tripp et al. 1978). The upper two 

reaches (reaches 2 and 3) form the majority of Quirk Creek and flow through a large 

meadow dominated by grasses and shrubs. Mean wetted width in these upper reaches is 

approximately 3.6 m. Gradient of the upper reaches is 1.5% and increases in the lower 

reach (Paul, A.J., unpublished data). The fish community of Quirk Creek consists of two 

native species, cutthroat (Oncorhynchus clarki) and bull trout (Salvelinus confluentus), 

and non-native brook trout. Brook trout were first introduced into the Elbow River 

drainage in 1940 (Chapter 6) .  Despite their early introduction into the upper Elbow 

River, brook trout were present only in the lower reach of Quirk Creek in 1978 (Tripp et 

al. 1979). Cutthroat and bull trout were the only fish species present in the upper reaches 

at this time (reach 2 and 3). 

Angling regulations governing Quirk Creek have varied substantially over the 

years. The daily bag limit for all trout captured fiom Quirk Creek before 1974 was 10 

with no size limit. By 1987, a 40 cm size limit and two fish bag limit was implemented 

for bull trout. In 1995 province-wide regulations prohibited any legal harvest of bull 

trout. A 25 crn size limit was imposed on cutthroat trout in 1995. And finally, in 1998 
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the entire length of Quirk Creek was designated as catch-and-release fishing for all fishes. 

This latter regulation was implemented as part of the BTRP described below. 

7.2.2 Brook Trout Removal 

En 1998 and 1999, the BTRP was carried out to assess the efficacy of anglers in 

removing brook trout fiom Quirk Creek. During the summer period (July - September), 

groups of anglers were taken on organized trips to participate in the program. Only 

anglers who had passed a detailed fish identification test were allowed to participate in 

the program. The fish identification test consisted of 17 photographs (decreased to 16 in 

1999) of the three species (brook, cutthroat and bull trout) at various life stages. Anglers 

had to achieve a grade of 100% to pass the test. Anglers who had passed the test and 

were attending an organized trip could then harvest all brook trout they captured in the 

upper reach of Quirk Creek (reach 3; Figure 7.1). The remaining reaches (reach 1 and 2) 

were still catch-and-release only. At the boundary between reaches 2 and 3 were a series 

of beaver dams which were believed to possibly inhibit the upstream movement of fish. 

Anglers participating in the program kept carehl records o f  their total time fishing 

and the number and estimated length (nearest 5 cm) of all cutthroat or bull trout they had 

caught and released throughout the day. At the completion of the days fishing, all anglers 

reported to a designated station where they turned in their brook trout harvest for 

counting and measuring. Brook trout were measured for fork length (FL; nearest rnm) 

and weight (nearest 1 g). 



7.2.3 Population Estimates 

Population estimates were conducted at two sites on Quirk Creek by 

electrofishing (Table 7.1 ; Figure 7.1). Population estimates in reach 2 (Figure 7.1) were 

camed out in 1987 and £?om 1995 to 1999. Population estimates in reach 3 were done in 

1998 and 1999. The estimates all took place during mid-August to early September. In 

1987, a mark-recapture study design was used with five days separating the marking and 

recapture phases. The remainder of the estimates were done using a depletion design 

with a minimum of three removal passes completed for each estimate. Fish were 

identified and measured for FL (nearest mm). Brook and cutthroat trout sampled in 1987 

were collected for ageing and to determine age-at-maturity. Fish were aged using 

otoliths. All fish were used in accordance with the principles outlined in the most recent 

"Guide to the care and use of experimental animals" by the Canadian Council for Animal 

Care. 

Estimated abundance using the mark-recapture design was determined using 

Chapman's modification of the Petersen-Lincoln estimator (White et al. 1982). A 95% 

confidence interval for this estimate was determined using a likelihood-ratio test 

assuming the number of marked recaptures fbllows a binomial distribution (Chapter 2). 

Estimated abundances using the depletion design were based on the generalized-removal 

model of Otis et al. (1978). The 95% confidence intervals for these estimates were also 

constructed using likelihood-ratio tests; however, it was assumed that the observed 

captures over a series of removal passes followed a multinomial distribution (Otis et al. 

1978). 



An impact fkom the BTRP on larger fish (> 200 mrn FL) was assessed by 

comparing the difference in densities of large fish in reach 3 to reach 2 for both 1998 and 

1999. If the BTRP had a negative impact, we would expect a value that decreased 

through time. This analysis follows the same b e w o r k  as that proposed by Stewart- 

Oaten et al. (1986) for a before-after control-impact study design. Unfortunately, I could 

not employ a statistical assessment using this study design as no data existed on fish 

densities in reach 3 prior to the start of the BTRP. 

7.2.4 Popuiation Model and Parameter Estimation 

Age-structured population models were used to simulate effects of the BTRP on 

the three fishes present in Quirk Creek. The models were formulated in discrete time 

with each age-class being updated on a yearly basis. We assumed that my modelled 

population occupied a 5 km stretch of stream similar to the reach 3 of Quirk Creek 

(Figure 7.1). The biological component of the model consisted of essentially: growth, 

natural mortality, fecundity and egg survival. While the fishery component was 

comprised of: size-dependent vulnerability, catchability, total angling effort, legal harvest 

and hooking mortality. These components are discussed in detail below. 

Growth and fecundity schedules for each species were based on empirical data 

collected from Quirk Creek. I assumed that growth followed a von Bertalanffy growth 

curve (Ricker 1975). The growth curve was fit to age-at-length data collected by Tripp et 

al. (1979), during the 1987 popuIation estimates and from a sample ofbrook trout 

captured by angling in 2 998. Growth curves were fit to the empirical data using 

non-linear regression. Using the same data sources, age-at-maturity for each species was 

determined as the year in which >95% of the females reached maturity. I also noted the 
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proportion of females mature in the year previous and assumed a similar proportion of 

spawning females in the model. 

The length-fecundity relationship for female brook and cutthroat trout was based 

on the empirical data of Tripp et aI. (1979) collected fkom Quirk Creek and other nearby 

streams. Since there was not a statistically significant difference between the 

relationships for either species (Tripp et al. 1979), I used their equation for brook trout 

(eggs = 7.04FL(mm) - 8 19) for both species. Furthermore, this relation does not differ 

significantly fiom data reported in Goetz (1 989) for bull trout and Dolly Varden 

(Salvelinus maima). Therefore, the one equation was used as the length-fecundity 

relation for all three species. I also assumed a 2:1 sex ratio for each species and that all 

individuals spawn in consecutive years once mature- 

Natural mortality and egg survival were determined both fkom the literature and 

heuristically. Given that the finite yearly mortality for salmonids age-1 and older is on 

the order of 0.30 - 0.70 (c-f, Riernan and McIntyre 1993), I adjusted the mortality rates 

among the three species such that their average lifetime reproductive outputs were similar 

(C-lmey and Nisbet 1998). Essentially I imposed the condition that neither life history 

strategies (early maturity high mortality versus late maturity low mortality) would result 

in a reproductive advantage. The number of eggs that successfbl~y hatch to form a 

young-of-the-year (age-0) cohort was modelled as an asymptotic function of initial egg 

number. I assumed the maximum number of age-0 for a species in a given year to be 

3250 (or 650 age-0-km-'). This value was based on back-calculating age-0 densities from 

observed maximum densities of age-1 brook trout in Quirk Creek assuming mortality in 

the first year was 70%. The steepness of the curve was set such that !4 the maximum age- 
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0 density is achieved when egg deposition equals 62 500 eggs, which is the estimated egg 

production of 110 adult brook 200 mm in FL. I assumed the same egg survival curve for 

each species. 

My models assume that no interactions occur among species. The reasoning 

behind this assumption is simple. I wish to answer the primary question as to whether 

observed growth, fecundity and maturity when coupled with angling can result in 

differentia1 population effects among species. The introduction of inter-species 

interactions would result in an added level of complexity that is unwarranted. First, 

interactions among native and non-native salmonids are poorly understood (Fausch 

1988). This leaves us with little guidance when constructing functional relations that 

would describe species interactions. Secondly, I feel it informative as to what can be 

learnt form direct fish-angler interactions without introducing interactions among fishes. 

I assumed that the total angler's catch for a given species in a year could be 

described by the equation 

where q is catchability (fish caught-fish vulnerable"*unit effort-'), E is the measure of 

effort (rod hours-yew1) and V is the size of the vulnerable population. The vulnerability 

(V) of an individual fish to anglers was assumed to be size dependent and defined by the 

equation 
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where a: and yare empirically-fitted parameters and FL is an individuals fork length. 

I constrained size-dependent vulnerability to range fkom 0 to 1, with 0 being completely 

invulnerable and 1 fully vulnerable. With this condition, the fitted parameter &equals 1 

or at least should be very close. Parameters for equation 2 were determined using the 

size-distribution of brook trout in the electrofishing catch (reach 3 only) and the anglers 

catch taken within one week of the electrofishing. Specifically, brook trout were broken 

down into 10 mm size groups; for each group the number in the angling catch was 

divided by the electrofishing catch; this was repeated for all size groups; and, final 

proportions were standardized to range between 0 and 1. In cases where a size group 

appeared in the angling catch but not the electrofishing catch, the standardized proportion 

was set to one. Equation 7.2 was then fit to the standardized proportions using non-linear 

regression. Data for cutthroat trout and bull trout were not directly used for fitting 

equation 7.2 as sizes from the angling catches would have been based on imprecise visual 

estimates at 5 cm increments. However, I did plot standardized proportions for these two 

species to see if they were similar to the brook trout data. 

With the size-dependent vulnerability ( 13 determined the total vulnerable 

population (y) for a species can be determined fkom 

where s is the maximum number of size classes and Ni is the abundance of size class i. 

The values for Ni were determined from the electrofishing data. The catchability 

parameter q from equation 7.1 can now be solved directly for each species. However, to 

address both uncertainty in my species specific estimates of q and to effectively 
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incorporate data collected in 1998 and 1999, I used a Bayesian approach to define a 

probability density function (PDF) for q. Assuming that C, E and V for each year are 

known with certainty and C follows a Poisson process, then the posterior PDF for q can 

be determined (see Appendix B) as 

where y is the total number of sampling events for which C, E, and Vwere determined. 

My derivation of equation 7.4 assumes that the PDF for q remains stationary with repect 

to changes in V. The maximum likelihood estimate of q (q,J can be determined simply 

by differentiating equation 7.4 and solving at zero which leaves 

The q, for each species was used in the population models. Since q can be difficult to 

interpret, I defined one final parameter E, which is the effort required to catch the 

vulnerable population. The parameter E, is simply just the inverse of q and has the units 

Simulations were run such that prior to time zero the model was at equilibrium 

conditions under pre-BTRP harvest regulations and levels of angling effort (Table 7.1). 

After t = 0, the BTRP was implemented in the model (Table 7.2). The maximum effort 
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of 654 rod hours-years-' came directly from the actual angling effort used in 1999. The 

pre-program effort was arbitrarily set at one-third this maximum effort (Table 7.2). Size 

and bag limits were based on provincial regulations which governed the fishery in Quirk 

Creek prior to the start of the removal program. I allowed the hooking mortality rate for 

fish which were caught and released to range from 2.5 to 10%. I assumed no illegal 

harvest. Finally, the simulations were run for five years following start of the removal 

pro gram. 

7.3 Results 

7.3.1 Brook Trout Removal Program (BTRP) 

In 1998, a total of 436 rod hours of effort were used in the BTRP; total effort 

increased in 1999 to 654 rod hours. Anglers harvested 1076 and 1412 brook trout in 

1998 and 1999, respectively. For cutthroat trout, anglers caught-and-released 348 (1 fish 

was accidentally harvested) and 735 fish for the two consecutive years. While for bull 

trout, anglers caught-and-released 63 and 16 1 fish in 1998 and 1999, respectively. The 

percentage of brook trout that comprised angler's catches declined steadily over the 

course of the program f?om > 80% in early 1998 to around 50% by late 1999 (Figure 7.2). 

Although the percent brook trout in angler's catches declined, catch rates remained 

relatively constant at approximately 3.5 fish-rod how'  (Figure 7.2). 

7.3.2 Population Estimates 

Cutthroat trout were the most abundant species in 1987, followed by brook and 

then bull trout (Figure 7.3). From 1995 on, brook trout were the most abundant species, 

followed by cutthroat and then bull trout. Cutthroat trout densities ranged from a high in 
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1987 of 183 f i shoh- '  to only 8 f i sh*h- '  in 1995. However, the cutthroat population 

increased by 1997 to 130 fishkm-' in reach 2. Brook trout densities for reach 2 increased 

from 76 fish-km-' in 1995 to a peak in 1998 of 61 1 fishah-' (645 fish-km-' in reach 3). 

The 1995 density for brook trout was similar to that for 1987 which was 79 fish-h- ' .  

Bull trout densities ranged ftom below detection levels in 1995 and 1996 to 18 and 2 1 

fish-km-' for 1987 and 1998 (reach 3), respectively. 

Although I have only 2 years of data, estimated total fish densities and dynamics 

were similar between reaches 2 and 3 for all species (Figure 7.3a). Populations of both 

brook and cutthroat trout showed similar decreasing trends in both reaches. However, if I 

only look at fish > 200 mm FL I see that there were fewer large brook trout in reach 3 

than were present in reach 2 and that this difference increased in 1999 (Figure 7.3b). On 

the other hand, cutthroat trout > 200 mrn FL were more abundant in reach 3 than reach 2 

during 1998. However, by 1999 the reverse was true for large cutthroat trout as they 

were now more abundant in reach 2 than reach 3. A similar assessment for large bull 

trout could not be conducted as their numbers were too low, 

7.3.3 Population Modets - Parameterization 

Age-at-length data for Quirk Creek indicates that brook trout were faster growing 

than either cutthroat or bull trout (Figure 7-4). Aged-1 and -2 brook trout reached mean 

sizes greater than 100 and 200 mrn FL, respectively; whereas, simiIar aged cutthroat or 

bull trout were of a smaller size. The estimated mean asymptotic size for brook trout 

(297 mrn FL) was smaller than either cutthroat (3 17 mm FL) or bull trout (339 mm FL); 

although, the difference was not significant as the standard error for these estimates 
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ranged fiorn 20 - 30 rnm FL. Despite there not being a significant difference, the mean 

estimates for asymptotic size were used for each species. 

Age-at-maturity data for Quirk Creek shows that female brook trout mature at a 

much earlier age than either cutthroat or bull trout (Figure 7.4). Most (> 95 %) of the 

female brook trout matured by age-2. In contrast, female cutthroat trout matured by age- 

5 and bull trout by age-6. No female brook trout were mature at age-1. 1 utilized age-2 as 

a knife-edge recruitment limit for brook trout into the spawning population. Cutthroat 

and bull trout, on rhe other hand, showed a proportion of females (range 20 - 70%) 

maturing one age earlier. To account for this, we assumed in my models that 50% of the 

female cutthroat trout mature at age-4 and 50% of the female bull trout mature at age-5. 

There was no evidence of alternate-year spawning for females fiom any of the species. 

Size-dependent vulnerability for brook trout indicated they first become 

vulnerable to angling at a size of about 125 mm FL and had fully-recruited to the angling 

catch at a size just over 270 mrn FL (Figure 7.5). The pattern was similar for both 1998 

and 1999 with vulnerability increasing largely between the interval of 150 and 250 mm 

FL. Data for cutthroat and bull trout showed a similar relation to that for brook trout 

(Figure 7.5); thus, I utilized the relationship for brook trout to describe size-dependent 

vulnerability for all three species in the population models. 

The angler catch over a two week period indicates most of the vulnerable 

cutthroat and bull trout were caught during this period (Table 7.3). Only one third to one 

half of the vulnerable brook trout were caught during the same period. This difference 

results in the catchability of cutthroat and bull trout being 3-fold greater than for brook 

trout (Figure 7.6). The probability distributions for each species clearly indicate that this 
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difference is significant. However, the catchability of cutthroat and bull trout were 

similar. For brook trout, the maximum likelihood of EL, was 263 rod*hour~*~eaf~ .  In 

contrast, the maximum likelihood estimate of E, was 78 and 85 rod*hours*yeafl for 

cutthroat and bull trout, respectively. Although I had onIy two years of data, there was no 

indication that catchability for any species was showing a directional change. That is to 

say, q,, using only the 1998 data was similar to q,, using both data from 1998 and 

1999. 1 used q,, estimated f?om both years of data in the population models. 

7.3.4 PopuIation Models - Simulation 

Results from the model simulations show p-ercent brook trout in the angling catch 

decreases over the first two years of the simulated BTRP (Figure 7.7). Brook trout 

decreased from 3 1 % of the catch at time zero to only 25% after two years. Following 

year two, the percentage of brook trout in the angler's catch again increases to 30% by 

year five. Catch rates decrease slowly over the first five years of the project from a high 

of 10 fish per rod-hour of effort in the to 6 fish per rod-hour of effort by year five (Figure 

7.7). 

Densities of all fishes decrease under the simulated BTRP (Figure 8). Densities 

of age- 1 and older brook trout decrease by approximately 8% after five years, and the 

decrease occurs primarily within the first year. If I Iook at just aduIt brook trout, the 

decrease is greater at about 50% (Figure 7.8). However, despite more restrictive 

regulations on cutthroat and bulI trout (Table 7.2), both populations decline following the 

start of the program. At hooking mortality rates of 10 % or greater, both populations are 

extinct within five years. Even at hooking mortality rates of 2.5 and 5%, cutthroat and 

bull trout populations continuously decline under the BTEW. 



7.4 Discussion 

The observed decline in native cutthroat and bull trout populations and subsequent 

increase in brook trout for Quirk Creek is similar to trends observed in the United States 

(Gresswell 1988). In fact, it was this observed decline in native fishes from Quirk Creek 

that prompted the start of the BTRP in 1998. The mechanism behind the switch from 

native to non-native populations in Quirk Creek is not known and will likely never be 

known conclusively. Conditions in Quirk Creek may have favoured the competitive 

dominance of brook trout over cutthroat and bull trout (Griffith 1972; de Staso and RaheI 

1994). However, my results show that the high catchability of cutthroat and bull trout 

coupled with later maturity, and consequently size-at-maturity, renders them much more 

susceptible to overfishing than brook trout. My estimates of catchability indicated that 

only about 80 rod*hours*yeafl of effort are required to catch the entire vulnerable 

population of cutthroat or bull trout. Whereas, the vulnerable brook trout population 

requires on the order of 260 r o d * h o ~ r s ~ ~ e a i '  of angling effort to be caught. Therefore, at 

angling efforts intermediate to these two values, the vulnerable brook trout population 

would persist but the vulnerable populations for the native species would be eliminated. 

This mechanism has been referred to as the species replacement hypothesis (Griffith 

1988), which contrasts the displacement hypothesis that would arise from direct 

competition between species. Further experimental work will be required to decipher the 

importance of these hypotheses that are not mutually exclusive. 

An interesting aspect to the community structure of fishes in Quirk Creek is that 

brook trout were absent in reaches 2 and 3 (Figure 7.1) in 1978 (Tripp et al. 1979), yet by 

1987 they were present in at least reach 2 and by 1995 were the dominant fish in the 
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upper reaches. If the species replacement hypothesis were true, then why were brook trout 

not present in the upper reaches until sometime in during the 1980ts? Prior to the late 

1970ts, vehicle access to Quirk Creek was limited to off-road travel. Under these 

conditions, large populations of relatively unexploited cutthroat and bull trout may have 

prevented the successfu~ colonization of brook trout into these upper reaches. In the late 

1970ts, an oil-well road was constructed that paralleled Quirk Creek along much of its 

length (Figure 7.1). The road bridged the Elbow River and provided an easy means of 

vehicular access to Quirk Creek as it connected to a paved highway. Construction of the 

oil-well road may have eased access to Quirk Creek sufficiently that angling effort 

increased above sustainable levels for the native fishes allowing brook trout to occupy the 

vacant niches. The bridge crossing the Elbow River washzd out in the early 1980ts, was 

replaced, washed out again in the early 1990's and has since not been replaced. 

This hypothesized pattern can be fiamed using a variant of the Lotka-Voterra 

competition models. The rate of change in the first species (N,; say cutthroat trout) is 

and species 2 (4. say brook trout) is 

where r, is the intrinsic growth rate for a species, K, is its carrying capacity, a;, is the 

competitive effect of species 2 on species 1, a;, is the competitive effect of species 1 on 
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species 2, hi is the portion of the catch harvested (includes hooking mortality) for a 

species, qi its catchability and E the angling effort common to both species. Given the 

model, the outcome of competition between the two species is variable (Table 7.4). I 

hypothesize that the fish community of Quirk Creek may fbnction in either of two states 

(i.e., dominated by cutthroat or brook trout) that are both locally stable. Therefore, in the 

absence of angling effort (E = 0), both species must have strong competitive effects on 

the other. The species that dominates will depend on initial conditions; or perhaps more 

importantly, an established fish community will be resilient to invading species. This 

conclusion is independent of differences in intrinsic growth rates between species. 

However, with increased angling effort, the outcome of competition between species can 

change and depends on the ratio of h,q,/r, to hf l / r2 .  The intrinsic growth rate now plays 

a role in the outcome of competition and will itself depend on angling mortality. If h, = 

h2, then a species with high q and low r (e-g., cutthroat trout) may no longer be resilient to 

competitive exclusion fiom an invading species. 

For fish communities which have shifted to dominance by non-natives, the 

question becomes, "what tools does a resource manager have that could shift community 

structure back to dominance by the native species?" If both species are strong 

competitors in the absence of angling effort, then closing the fishery (E goes to zero) will 

have no affect as the non-native population will be resilient to reestablishment by the 

native community. However, the selective harvest of non-native fishes by anglers may be 

a cost-effective tool for managers to reduce populations of non-natives in mountain 

streams (Larson et al. 1986). If angling harvest (h,) for the native species goes to zero 

with selective harvest, then this technique can be used with IittIe wony. Angling effort 
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should simply be set as high as possible and everybody hope that it is sufficient to reduce 

the non-natives. However, angling harvest (A,) is unlikely to go to zero as hooking- 

related mortalities prevents this. The manager is now faced with a dilemma; the ratio 

h,q,/r, to h&r, will dictate the success of  the  project. Depending on this ratio, increased 

angling effort coupled with selective harvest of non-natives could have the reverse effect 

and drive the native population to extinction more quickly. 

Data fkom Quirk Creek suggest that brook trout populations may be extremely 

resilient to even substantial levels of angling effort given their ability to mature at small 

sizes and early ages (i-e., they maintain a hig-3 r under angling exploitation). This 

observation is supported by the work of others. Both Jensen (1972) and Donald and 

Alger (1 989) observed that exploited populations of brook trout shift their fecundity and 

maturity schedules to compensate for increased mortality. Donald and Alger (1989) also 

found that recruitment to age 1 increased under exploitation which would fbrther offset 

increased mortality fiom exploitation. Resulits fiom the model simulations indicate that 

the angling effort brook trout can sustain under the BTRP (where all brook trout caught 

are harvested) is sufficiently high that the native fish populations (under catch-and-release 

regulations) decline through hooking mortality. At hooking mortality rates r 2.5%. 

population declines in the native fishes occurred under catch-and-release regulations due 

to the substantial angling effort utilized in the BTRP (i-e., 100 rod*hoursekm-'myeaf' or 

279 rod*ho~rs*ha"*~eai'). Therefore, the sel ective harvest of brook trout by anglers may 

be ineffective in mountains streams of western North America due to the resilience of 

these fish to angling exploitation. Furthermo~e, levels of angling effort that may be 

utilized in these programs could have a detrimental affect on cutthroat and bull trout 
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through hooking mortality given the late age-at-rnaturity (effectively reduces r) and high 

catchability of these native species. However, I see at least one important mechanisms 

that if true could result in this conclusion being false. 

Selective harvest of brook trout by anglers could reduce brook trout populations 

in Quirk Creek provided catchability is density-dependent. The threefold difference in 

catchability I observed between native and non-native fishes may reflect density- 

dependent catchability. Density-dependent catchability is likely to be expected in many 

fisheries (Shuter et al. 1998). The high catchability of native fishes may reflect their 

aggregation in areas of Quirk Creek that are frequently and easily fished by anglers. 

Some brook trout, which occur at higher densities, may be forced to occupy areas 

(through aggressive interactions with conspecifics) that are infrequently or more difficult 

to fish by anglers. As brook trout are removed fiom the preferred areas through selective 

angler harvest, their densities at these locations could remain constant as fish fiom 

marginal areas move into the preferred areas (Rose and KuIka 1999). This would have 

the effect of maintaining CPUE and increasing catchability as brook trout populations 

decline. Presently, data fiom Quirk Creek does not support this hypothesis. However, 

given the wide spread occurrence of brook trout throughout the cordillera of  western 

North America, selective harvest of brook trout is likely to present itself as a management 

option in many different agencies. It would be highly prudent, then, to test its efficacy on 

a well-studied system. Therefore, the BTRP in Quirk Creek should continue to further 

test predictions of the current model and determine whether other mechanisms of  

importance (i-e., density-dependent catchability) occur- 
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In summary, two years of brook trout removal by anglers in a small low-order 

stream fkom the foothills of the Canadian Rocky Mountains and model simulations 

suggest that these populations may be highly resilient to overexploitation. In contrast, 

native cutthroat and bull trout have higher catchabilities and mature at older ages than 

brook trout which leaves them much more susceptible to overexploitation. These 

differences in susceptibility to overexploitation could have shaped patterns of distribution 

between native and non-native fishes at a regional scale, with native fishes persisting in 

areas that have always received low angling effort. The ability for selective harvest on 

brook trout by anglers to reverse this trend seems unlikely and may have an even fbrther 

detrimental affect on native populations. However, at least one mechanism (density- 

dependent catchability) may render this conclusion false and requires further study. 



Table 7.1 - Physical characteristics of sites used for populations estimates two reaches of  
Quirk Creek. 

- - - - - - - - - 

Reach Year Date Length (in) Width (m) 

2 1987 27 Aug/l Sep 1 033 -- 

2 1995 15 Aug 500 3 -6 

2 1996 14 Aug 500 3-7 

7 1997 2 Sep 500 3 -6 

7 - 1998 29 Aug 406 3 -6 

2 1999 17 Aug 406 3 -6 

3 1998 5 Sep 380 3 -2 

3 1999 16 Aug 380 3 -4 



Table 7.2 - Parameter values which change with implementation of the brook trout 
removal program (BTRP) during model simulations. Pre-BTRP and BTRP parameter 
values are shown for each of the three species. 

Brook Trout Cutthroat Trout Bull Trout 

Parameter Pre BTRP Pre BTRP Pre BTRP 

Effort (rod hours-year1) 200 654 200 654 200 654 

Size Limit (mm FL) none none 250 n.a. 400 n.a. 

Bag Limit none none 2 0 2 0 

n.a. - not applicable 



Table 7.3 - Catch, effort and size of vulnerable population (V) for brook, cutthroat and 
bull trout in Quirk Creek for 1998 and 1999. The vulnerable population was determined 
from the size-dependent vulnerability relation (equation 7.3) and population estimates 
from reach 3 expanded over the 6.5 km of that reach. Catch and effort are based on 
angler creels over a two week period centered on the date of the population estimate for a 
given year. 

Catch Effort V 
Species Year (# fish) (rodahours) (# fish) 

Brook trout 1998 203 79.5 687 

Cutthroat trout 

Bull trout 



Table 7.4 - Outcomes given the two-species competition models described by equations 
7.6 and 7.7. 

Competitive effect of species 2 on species 1 when E = 0 

weak strong 

Kt q<- + E(-q2  - K ~ h l q l )  q.- Kl + E(- 44% - Klh191) 

Competitive effect of species 1 E l 2  '2 r ~ a  u an '2 r1a12 
on species 2 when E = 0 

weak 

strong 

Coexistence: stable equilibrium 

Species 1 wins 

Species 2 wins 

Alternate stable equilibrium: 
either species 1 or 2 wins 

depending on initial conditions 



Figure 7.1 - Map of Quirk Creek (Alberta, Canada) showing location of reaches and sites 
used for population estimates. 



Figure 7.2 - Observed catch rates (triangles; measured as fish-rod hour-') and percentage 
brook trout in the angling catch (circles) for the first two years of the brook trout removal 
program in Quirk Creek. 



1987 1995 1996 1997 1998 1999 

Year 

Figure 7.3 - Estimated densities of fishes in Quirk Creek as determined by electrofishing 
(a). Error bars are 95% confidence intervals. Brook trout are represented by circles, 
cutthroat trout by squares and bull trout by triangles. Closed symbols are for estimates 
from reach 2 and open symbols are from reach three. The inset graph (b) shows the 
difference in large (> 200 mrn FL) brook or cutthroat trout between sections three and 
two for 1998 and 1999. 
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Figure 7.4 - Age-at-length and maturity for brook (a), cutthroat (b) and bull trout (c) in 
Quirk Creek. Error bars show the total range. Triangles are for data presented in Tripp et 
al. (1979). Squares are for brook and cutthroat trout collected from reach 2 during the 
1987 population estimate. Circles are for brook trout collected by anglers in 1998 from 
reach 3. The solid line is the von Bertalanffy model fit to the data. 
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Figure 7.5 - S ize-dependent vulnerability of fishes to anglers in Quirk Creek. Circles are 
for brook trout; closed circles show 1998 data and open circles 1999 data. Squares 
represent cutthroat trout and triangles bull trout. The line shows the non-linear regression 
fit of equation 2 to the brook trout data from both years. 
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Catchability (q) 

Figure 7.6 - Posterior probability distributions of catchability (q; fish caughtofish 
vulnerable"*(rod.hour~yearar')~') for each of brook, cutthroat and bull trout. Probability 
densities were scaled between 0 and 1 to facilitate comparison. 
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Figure 7.7 - Catch rates (CPUE; measured as fish-rod hour-') and percentage brook trout 
in the angling catch (Percent) for the first five years of simulated brook trout removal 
program. 
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Figure 7.8 - Densities of age-1 and older brook (circles), cutthroat (squares) and bull 
trout (triangles) for the first five years of the simulated brook trout removal program. 
Densities of cutthroat and bull trout are shown under three different levels of hooking 
mortality. Hooking mortality is irreIevant for brook trout as all brook trout caught were 
harvested. 



Chapter 8 - Conclusion 

Several questions or hypotheses have been posed throughout the thesis and I have 

structured this concluding chapter to respond briefly to each of these questions. While in 

some ways this represents a regurgitation of discussions associated with previous 

chapters, 1 have kept my responses brief and, more importantly, aimed towards fisheries 

management and species conservation. Furthermore, areas of fbture research are 

presented for each of the questions. 

I . )  Do interactions occur among cohorts ofjuvenile bull trout that rear in small 

headwaler streams of the Canadian Rocky Mountains? 

Density-dependent patterns in growth and survival were determined for juvenile 

bull trout through both observational and manipulative experiments. Growth and survival 

for an individual or age-class was related to the density ofjuveniles among age-classes 

which supports among cohort, or inter-cohort, interactions. Numerical densities 

(numbers of individuals per unit area) and biomass (mass of individuals per unit area) did 

not always capture these interactions. Rather, an index of total consumption, termed 

effective density (Post et al. 1999), was correlated with growth or survival in bull trout 

(Chapters 2, 3 and 4). Effective density was measured as the sum of fork lengths squared 

for all juvenile bull trout divided by area. Although this measure may seem strange to 

those more familiar with other measures of density, numerical densities can simply be 

viewed as the sum of fork lengths raised to the power of  zero and biomass the sum of fork 

lengths raised to the power of approximately three. Studies that assess density-dependent 
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growth or survival in bull trout need take this into account. Measures other than effective 

density or the effective density of single cohorts cculd result in erroneous conclusions 

being made about the importance of density-dependent interactions. 

Future research should focus on age-0 bull trout and establish experiments that 

test density-dependent survivaI. The exclusion of age-0 fish in the empirical studies of 

my thesis provides an essentially unexplored area of  research. Studies on the die1 

behaviour of age-0 and older juvenile bull trout indicate a temporal difference in habitat 

use exists between groups (Goetz 1997a), whether this translates to different utilization of 

resources and interactions is not known. Increasing the temporal scale of the growth 

experiments ftom this study (Chapter 3) should enable questions on density-dependent 

survival to be directly addressed. However, these experiments would need to last at least 

one year and could be logistically difficult to maintain. 

2.) m a t  is the nature of these density-dependent interactions for a size-swuctured bull 

trout population? 

Observational experiments conducted in different systems and a manipulative 

experiment a11 indicated that density-dependent growth or sunival in juvenile bull trout 

resulted fiorn exploitative competition on a limiting resource. That is, individuals of 

different sizes had equal access to a limiting resource. This contrasts much of the 

literature on stream-dwelling salmonids that report temtorial interactions with larger 

conspecifics being better able to acquire the limiting resource (i.e., interference 

competition; Grant and Krammer 1990; Grant 1997). The difference may arise from the 

unproductive nature of rearing habitat utilized by juvenile bull trout compared to systems 
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for which the other studies are based (Grant and Krarnmer 1990). The importance of my 

findings are twofold. First, exploitative competition is of major importance in 

determining the implications of density-dependent interactions on population dynamics 

(Chapter 2 and 5). Second, carrying capacities for juvenile bull trout predicted using 

minimum territory-sizes developed from other stream-dwelling salmonids (Grant and 

Krarnmer 1990) will likely be substantially overestimated (Chapter 3). 

My results call for a rather exciting experiment to be conducted. If exploitative or 

interference competition depends on a system's productivity and not behavioural 

differences among species, then a factorial experiment with a species (bull or brook trout) 

and productivity (fertilized or unfertilized) treatment would directly address the 

hypothesis. Also, the use of Ford-Walford plots to distinguish between exploitative and 

interference competition (Walters and Post 1993; Chapter 3) could be further explored for 

bull trout using tagging data, provided contrasts in effective densities occur among years 

3.) What are the implications of inter-cohort interactions to stock-recruirment 

dationships and population dynamics? 

Inter-cohort interactions dfect stock-recruitment relationships and population 

dynamics. If juvenile survival is dependent on the density of several age-classes, a single 

curve cannot capture the stock-recruitment relationship'and population cycles may occur. 

As the number of age-classes over which these interactions occur increases, the greater 

the likelihood for population cycles. With population cycles, stock-recruitment 

relationships are represented by areas (not curves) that cycle in counter-clockwise 
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directions (Chapter 2). The presence of random variability at an annual scale increases 

the region over which popuIation cycles (or quasi-cycles) may occur. 

Incorporating more detail into the mechanisms of growth and survival further 

supports the presence of population cycIes in this species. Two major processes were 

identified that give rise to these cycles, termed year-class dominance and growth 

suppression. Year-class dominant cycles require that the overwinter survival of age-0 

individuals is variable. Overwinter survival of the age-0's depends on summer growth 

that in tum depends on the effective density of all juveniles (Chapter 5). Growth 

suppression cycles depend on variability in growth (not survival) that determines the size 

and age at which an individual first reaches maturity. The switch fiom year-class 

dominance to growth suppression is a h c t i o n  of background mortality rates of juveniles. 

The presence of populations cycles has important implications to bull trout 

management and conservation. Analyses of bull trout time-series data need account 

whether observed patterns result from directional perturbations (e-g., population 

extinction or recovery) or a cycling population. Decisions based on population estimates 

&om a single point in time should be weighted with the appropriate uncertainty. It should 

be realized by managers and researchers alike that the interpretation of data which shows 

random variability will be different than data which cycles. 

Numerous areas of research are identified throughout Chapters 2,4 and 5 that 

relate to inter-cohort interactions and population dynamics. My research has focussed 

only on age-1 and older juvenile bull trout in essentially a single habitat type, small 

streams. A better understanding of bull trout dynamics will depend on the growth and 

survival of age-0 individuals and ofjuveniles in other habitats. Also, time-series data for 
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bull trout should be analyzed for the presence of population cycles and mechanistic 

relations using techniques that either compare mechanisms (e-g., Kendall et aI. 1999) or 

minimize the number of constraining hnctions (Wood 2000). Finally, designing 

management strategies for populations that show different types of dynamics remains and 

area of research (Hilborn and Walters 1 992). 

4.) What patterns exist in the distribution offishes among streams porn the Canadian 

RocAy Mountains and how might these patterns be explained? 

The distribution of fishes at the scale of stream reaches (lo2 m) in Kananaskis 

Country, Alberta, Canada was related to elevation. Cutthroat and bull trout were more 

Likely to occur in higher elevation reaches while non-native brook and rainbow trout were 

most likely to occur in lower elevation reaches. The presence of brook and rainbow trout 

in the lower elevation reaches could not be explained from their past stocking history, and 

thus, represents preferential colonization of these areas. On the other hand, the presence 

of cutthroat trout in high elevation reaches could not be separated fiom their stocking 

history. Bull trout were not stocked into Kananaskis Country as of 1999. At the scale of 

watershed basins (2 lo3 m), my data supports previous studies (Rieman and McIntyre 

1995; Dunham and Rieman 1999) that buI1 trout are more likely to be present in larger 

watersheds. However, I could not separate the influence of sampling intensity among 

watersheds on these positive results (Chapter 6). 

The presence of non-native fishes in the Iower elevation reaches may be explained 

through either of two hypotheses, displacement or replacement (Griffith 1988). Species 

displacement occurs through direct competition between native and non-native fishes 
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with the non-natives competitively excluding native fishes from the Lower elevation 

reaches- Species replacement arises fiom the reduction of native stocks (through 

exploitation for example) which allows invasion by non-natives. Distinguishing between 

these hypotheses is important to the conservation of bull trout and other native species. If 

displacement is the mechanism, higher elevation reaches may represent a refuge for 

native fishes through condition-specific competitive interactions (De Staso and Rahel 

1994). However, spatial isolation of these headwater rekgia may limit population 

viability (Dunham and Rieman 1999); and, recolonization by natives into low elevation 

reaches would be unlikely unless non-native populations could be continuousIy 

suppressed. If replacement is the mechanism, reaches currently occupied by natives 

should be adequately protected so that these populations are resilient to invasion by non- 

natives. Furthermore, the reestablishment of healthy native populations should resist 

future exclusion by non-natives. 

The importance of competition to colonization patterns provides an interesting 

link between the two major sections of the thesis (i-e., Chapters 2-5 and 6,7). 

Downstream drift of aquatic invertebrates in Lotic systems is a common phenomena 

(GiIler and Malmqvist 1998) and in itself implies that upstream reaches of streams should 

be depopulate of invertebrate species. The observation that upstream reaches are 

populated by invertebrates presents an apparent paradox that can be resolved if the 

invertebrates disperse randomly (e.g,, flying adults) and density dependence occurs 

( m o l t  1995). Density dependence is necessary as it provides the mechanism by which 

the upstream (depopulate) reaches increase an individual's fitness. With respect to fishes 

in the Canadian Rockies, mechanisms responsible for patterns in distribution need 
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account for density dependence within and among species coupled to the downstream 

displacement of individuals. 

5.) What role may angling exploitation have had in shaping current distributional 

patterns amongfishes or have in shaping future distributions? 

The differences in catchability (proportion of vulnerable population harvested per 

unit effort) and age-at-maturity between brook trout and cutthroat or bull trout leaves the 

two native fishes more vulnerable to overfishing. Therefore, the distribution of angling 

effort in Kananaskis Country rather than species tolerances to environmental conditions 

could explain observed patterns in fish distribution. As discussed previously, this 

hypothesis has not been tested and is an important area of kture research. 

The ability for anglers to reduce brook trout populations through selective harvest 

is also uncertain. Current data from Quirk Creek indicates that anglers may not reduce 

brook trout populations sufficiently without having a detrimental effect on the native 

populations through hooking mortality. However, the presence of density-dependence in 

my estimates of catchability could alter these predictions. The continued experimental 

removal of brook trout in Quirk Creek by anglers will be able to test for density- 

dependent catchability. Also, the theoretical implications of density-dependent 

catchability in equations 7.6 and 7.7 should be explored analytically. 
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Appendix A - Program and control variable files required for implementation of the 

bull trout population model. 

The following program files written in C are required by the EBT modelling too1 

of de Roos (1999) to implement the bull trout model of Chapter 5.  To understand these 

files requires an understanding of the EBT program which is best attained by reading de 

Roos (1999). However, for those that are familiar with the program the files below 

provide a means for utilizing, and improving, on the model used in this thesis. 

A.1 The Model Dimension File (b1trtmpl.h) 

NAME 
b1mpl.h 
PURPOSE 
This file contains the settings of the various constants that are 
necessary to tailor the Escalator Boxcar Train program to bull trout 
dynamics. 

NOTES 

HISTORY 
APaul - March 17,2000 : Created. 
AJfaul - March 22, 2000 : Revised last- 

***/ 

* Define the number of structured populations in the problem, the dimension 
* of the i-state and the number of constant variables that characterize a 
* cohort. These dimensions should be the same for all the populations. 
* Also define the number of variables characterizing the environment and 
* the number of quantities that have to be written to the output file each 
* time that output should be generated. 
* As a last quantity, define the number of free parameters in the problem. 
* These parameters can be changed between various runs without compilation 
* of the program. Parameters that are fuced in the problem can be defined 
* as constants in the problem-specific program file written by the user. 
* Changing of these constants requires a new compiIation of the program 
* before use. 
* 
* Optionally, the control macro TIME-METHOD can be set to either RK2, RK4, 



* RKF45, RKCK (which is the defauIt value), or DOPRIS, indicating the time 
* integration method to use: 
* 
* - the 2nd order Runge-Kutta integration method with fmed step size, 
* - the 4th order Runge-Kutta integration method with fxed step size, 
* - the Runge-Kutta-Fehlberg 4/5th order integration method with an 
* adaptive step size, or 
* - the Cash-Karp Runga-Kutta integration method with adaptive step size, 
* - DOPRIS: an explicit Runge-Kutta method of order (4)5 due to Dormand 
* & Prince with step size control and dense output. 
* 
* The DOPRIS method can detect and locate discontinuities/events. These events 
* are signalled by the routine EventLocation() in the program definition 
* file. Integration will be carried out exactly up to the moment that the 
* event takes piace and will be restarted subsequently. 
* 
* The macro DYNAMIC-COHORTS will determine when new cohorts are to be 
* generated. After a discontinuity/event has been detected on the basis of 
* the routine EventLocation(), the routine ForceCohortEnd() will be 
* called. This routine should return a value of 0 or 1, indicating whether the 
* current boundary cohort should be closed at the occurrence of the current 
* event or not. If DYNAMIC-COHORTS equals 0, new cohorts are formed whenever 
* the return value of the function ForceCohortEnd() equals 1, IN ADDITION TO 
* the usual formation of new cohorts at equidistant moments in time. If 
* DYNAMIC-COHORTS equals 1, new cohorts are only formed whenever the return 
* value of the function Forcecohofind() equals 1. 
* 
* NB: For dynamic cohort closure using the routine ForceCohortEnd() the DOPRIS 
* method is needed. If DYNAMIC-COHORTS is set to a non-zero, positive 

value, TIME-METHOD will automatically be changed to DOPRIS. 
*/ 

#defme POPULATION-NR I 
#define I-STATKDIM 3 
#define I CONST-DIM 2 
#defme E%VIRON-DIM 3 
#define OUTPUT-VAR-NR 5 
#defme PARAMETER-NR 35 
#define TIME-METHOD RKCK /* RK2, RK4, RKF45, RKCK or DOPRIS */ 
#define DYNAMIC-COHORTS 0 /* Exclusively dynamic or not (O/I) */ 



A.2 Model Definition File (b1trtmpl.c) 

/*** 
NAME 
bltrtmp1.c 

PURPOSE 
A template for the user-defied routines of the Escalator Boxcar Train 
integration program. 
NOTES 

HISTORY 
AJPaul - March 17,2000 : Created. 
m a u l  - March 28,2000 : Revised last. 

March 24,2000 model fiially working correctly as food must be 
converted to density 

***/ 

MCLUDING THE HEADER FILE 

* Include the header file for standard library prototyping and definition 
* of the data-structures. 

LABELLING ENVIRONMENT AND I-STATE VARIABLES 

* For convenience it is possible to label the environment and i-state 
* variables with a more meaninghl name by defining, for instance: 
* 

#define time env[O] 
#defme length istate(0) 

* Note in this respect again the zero based array indexing in the 
* C-language. 
* 

#define time 
#define week 
#define food 
#define age 
#define irrev 
Mefine rev 
#def ie  spawn-week 
#define spawned 



I* 
* 
* 
* DEFINmG AND LABELLING CONSTANTS AND PARAMETERS 
* 
* Define the constant names and vaIues used in the user-specified 
* routines. lMost parameters in the problem can be treated as constants for 
* this file. This seems the most easy way to specifj. the parameters. The 
* parameters that are free to change will be in a vector called 
* "parameterOW, defined elsewhere. As with the i-state variables it is 
* possible to label these parameters with a more meaningful name, e-g.: 
* 

#define ALPHA parameter[O] 

#define AMAX 20 
#define MAX-COHORT-SIZE 10000 
#define PI 3.141592654 

#define ALPHA 
#define BC 
#define BM 
#define BV 
#define FH 
#define EPS 
#define ZETA 
#define THC 
#define THM 
#define Kl 
Mefine K2 
#define MU 
#define QJ 
#define XO 
#define KAVG 
#define KAMP 
#define PHI 
#define TAUK 
#define TAVG 
#define TAMP 
#define TMIN 
#define TMAX 
#define TAUT 
#define DELTA-B 
#define IRREV-F 
#define QA 
#define QS 
#define S 
#define ADULT-F 
#define IRREV-EGG 
#defme DELTA-A 
#defme EGG-COST 
#define K3 

parameter[O] 
pararneter[l ] 
parameter[2] 
parameter[3] 
pararne ter[4] 
parameter [S] 

pararne ter[6] 
parameter[7] 
parame ter[8] 
parameter[9] 
parameter[ lo] 
pararneter[l 1] 
parameter[l2] 
parameter[ 131 

parameter[ 141 
parameterC151 

parameter[ 161 
parameter[ 17) 
parameter[l8] 
pararneter[l9] 
parameter[20] 
parameter[21] 
parameter [22] 

parameter[23] 
parame ter[24] 
pararneter[ZS] 
parame ter[26] 
parameter[27] 
parameter[28] 

pararneter[29] 
parame ter[30] 
parameter[3 11 
parameter[32] 



#define K4 
M e f i e  HABITAT 

* USER INITIALIZATION ROUTME ALLOWS OPERATIONS ON INITIAL POPULATIONS 
* 

void UserInit(argc, argv, env, pop) 

int argc; I* # and values of command */ 
char **argv; /* line arguments *I 
double *env; /* Environment values */ 
population *pop; /* Structured populations *I 

/* 
* The function header above should not be changed. 
* 
* In the routine below the user can specify some operations that are to 
* be performed before the actual integration starts. Initialization of 
* user defined variables can, for instance, be carried out here. 
* 
* NB : - The integer array "cohort-nou" is globally available and 
* denotes the number of internal cohorts present in each 
* structured population. 

*I 

return; 

4 SPECIFICATION O F  THE NUMBER AND VALUES OF BOUNDARY POINTS 
* 

void SetBpointNo(env, pop, bpointno) 

double *env; /* Environment values */ 
population *POP; /* Structured populations */ 



int *bpointno; /* Boundary point numbers */ 

I* 
* The b c t i o n  heiider above should not be changed. 
* 
* Specify below the number of boundary cohorts that should be created at 
* the start of the next cohort integration cycle. Fill the array 
* "bpoint-no[]" with the appropriate integer values. The length of the 
* array is "POPULATION_NR". 
* The state of the environment and the popuIation can be used to adapt 
* the number of the fixed points on the boundary to the current state. 
* 
* NB : - The integer array "cohort-non" is globally available and 
* denotes the number of internal cohorts present in each 
* structured population. 
*/ 

return; 
1 

void SetBpoints(env, pop, bpoints) 

doubIe *env; /* Environment values */ 
population *POP; /* Structured popu!ations */ 
population * bpoints; I* Boundary fmed points */ 

/* 
* The function header above should not be changed. 
* 
* Define below the f i e d  points at the boundary of the state space that 
* will characterize the boundary cohorts in the subsequent cohort cycle- 
* These boundary points should be addressed in the same way as the 
* population cohorts and the offspring cohorts, i.e.: 
* 

* to denote the fixed value of the 3rd i-state variable of  the 5th 
* boundary point in the 2nd population (Note again the base of 0 of an 
* array in the C-language). 
* Set the fixed value for all the i-state variables in all the boundary 
* cohorts for all populations. The number of populations is given by 
* "POPULATION-NR'l, the number of boundary cohorts is given by the 
* globally available vector "bpoint-nofl" of length "POPULATION_NR" and 
* the number of i-state variables is obviously determined by 
* "I-STATE-D IM". 
* The state of the environment and the popuIation can be used to adapt 
* the values of the fixed points on the boundary to the current state. 



* NB : - The integer m y  "cohort-nol]" is globally avaiIable and 
* denotes the number o f  internal cohorts present in each 
* structured popuIation. 
*/ 

( 
bpoints[O][O][age]=O.O; bpoints[O][O][irrev]=IRREV-EGG; 
bpo ints 101 [0] [rev] =QJ* IRREV-EGG; 

return; 
} 

SPECIFICATION OF DEWATWES 

void Gradient(env, pop, ofs, envgrad, popgrad, ofsgrad, bpoints) 

double *env; I* Environment values *I 
population *pop; I* Structured populations */ 
population *ofs; I* Their offspring */ 
double *envgrad; I* Environment gradients * I  
population *Popgrad; /* Population gradients *I 
population *o fsgrad; I* Offspring gradients */ 
population *bpoints; I* Boundary fixed points */ 

/* 
* The function header above should not be changed. 
* 
* Define the derivatives of the various environment variables, 
* which have to be returned to the main program in the array 
* "envgrad[J ". 
* Define also the derivatives of the various population variables, 
* which have to be returned to the main program in the matrix of cohort 
* variables "popgrad0 " for each population. 
* Finally define the derivatives of the various offspring variables, 
* which have to be returned to the main program in the matrix of cohort 
* variables "ofsgrad[][][]" for each population. 
* 
* NB : - The integer array "cohort-no[]" is globally available and 
* denotes the number of internal cohorts present in each 
* structured population. 
* - The integer array "bpoint-no[]" is globally available and 

denotes the number of boundary cohorts present in each 
* structured population during the current cohort cycle. 
I - The offspring number can be zero. If used in a division, check 
* for this equality to zero! ! 
*/ 



{ 
double fun~res,rnean~off~irrev,ec~ind,em~ind,~~act; 
double temp,drift_bio,ec~tot,w~eff,umax,~,gT,velo; 
double kappa,delta~s,delta_to~mass~rat,eg~ind,food~density; 
doubIe fin-res-adu 1 t; 
register int 1; 

if (food c 0) food = 0; /*catch negative values*/ 
food-density = food/HABITAT; /*calculate food density*/ 
fim-res = food-density/(FH+food-density); I* Determine F/(Fh+F) juvs*/ 

I* Determine the temperature and keep it in bounds*/ 
temp=TAVG*( 1 -TAMP*cos(2*PI*(time-TAUT))); 
if (tempTMAX) 

{ 
temp = TMAX; 
1 

if (tempCTMIN) 
{ 
temp = TMAX; 
1 /*temperature is now known*/ 

/*Determine time-dependent drift biomass (i-e., drift-bio) *I 
/*Providing KAMP is not greater than I you wilI not get negative drift4/ 
drift-bio=KAVG4(l -KAMP*cos(2*PI*(time-TALK))); 

/*Determine fbnctional response for adults*/ 
/*Dynamically unaffected depends only on season*/ 
hn-res-adult = ADULT-F*drift-bio/(FH+ADULT-F*drift-bio ) ; 

/*Determine total juvenile consumption*/ 
/*loop over internal cohorts*/ 
/*Cohort must be feeding exogenously to be included*/ 
for(i=O, ec-to t=0; iccohort-no[Oj; i++) 

{ 
if (pop[O] [i] [irrev] >= XO && pop[O] [i] [irrev]<IRREV-F) 

w-eff = pop[O][i][irrev]+QJ*pop[O][i][irrev]; 
umax = ALPHA*pow(w-eff,BC); 
ff = exp(THC*ternp); 
ec-tot +-= umax*fixn-res* ff *pop[Ol[i] [number]; 
1 

1 

envgrad[O] = I ; I* The time derivative *I 
envgrad[l] = 52; /* The week derivative */ 

/*The food derivative *I 
/*for juveniles */ 

envgrad[2] = PHI*drift-bio-PHI*food-density-ec-tot; 



for(i=O; iqohort-no[O]; it+) I* The derivatives for all */ 
{ I* internal cohorts */ 
/*Determine cohort characteristics*/ 
w-eff = pop[03[i] [irrev]+QJ*pop[O][~[irrev]; 
umax = ALPHA*pow(w-eff,BC); 
ff = exp(THC* temp); 

/* Energy consumed and ass. */ 
if (pop[O] [i][irrevj<lRREV-F) 

ec-ind = urnax*EPS*hn-res* ff-, /*for juveniles *I 
1 

else 
{ /*for adults */ 
ec-ind = umax*EPS*b-res-aduIPfT; 
} 

w-act = pop [O] [i][irrev]+pop[O] [i] [rev] ; 
velo = Kl *exp(K2*temp)*pow(w-eff,BV); 
g T  = exp(THM*temp+ZETA*velo); 
em-ind = MU*pow(w-act,BM)*gT; /*Energy metabolized */ 

mass-rat = pop[O] [i] [revjlpop [0] [il [irrev]; 
if (pop[O] [i] [irrev] < IRREV-F) /* Determine kappa */ 

{ 
kappa = I/( I +QJ)* I /(QJ)*rnass-rat; 

else 
{ 
kappa = 1/( 1 +QA)* l/(QA)*mass-rat; 
i 

eg-ind = ec-ind - em-ind; /*Net energy gain or Ioss excluding repro.*/ 

if (mass-rat <= QS) I* Total mortaIity rate */ 
{ I* Adjusts for Starv. */ 
if (mass-rat <=0) 

{ /*correct divide by zero*/ 
mass-rat = 0.000 1 ; 
i 

delta-s = S*(QSf l/mass-rat- 1); 
i 

else 
{ 
delta-s = 0; 
1 

if (pop[O][i][irrev]<IRREV-F) 
{ 
delta-tot = DELTA-B + deltas; 

else 

delta-tot = DELTA-A + delta-s; 

/*mortality for irnmatures*/ 

/*mortality for maturest/ 



/*Derivatives for the two easy i-states */ 
popgrad[O] [i] [number] = -delta-to t4pop[O] [i] [number] ; 
if (pop[O][i] [irrev]<XO) 

p0pgrad[0][i][agel = 0; /*cohort only ages if it has*/ 
1 /*hatched */ 

else 
{ 
popgrad[O][i][age] = 1 ; 
) 

/*Derivatives for the not so easy mass i-states */ 
/*First if considers pre-hatchling growth*/ 
/*Final EIse is for post-hatch*/ 

if (pop[O][i][irrev] c XO) 
{ 
popgrad[O][i][irrev] = K3*temp+lRREV_EGG; /*growth only dep. on temp*/ 
popgrad[O] [i] [rev] = EC4*temp+QJ*IRREV_EGG; 
1 

else 
{ 
if (eg - ind > 0) /*positive energy balance*/ 

popgrad(0 J [i] [irrev] = kappa*eg-ind; 
popgradfo] [i] [rev] = ( 1 -kappa)*eg-ind; 

else /*negative energy balance*/ 

popgrad[O] [i] [irrev] = 0; 
popgrad[O] [i] [rev] = eg-ind; 
1 

) 
) /*ends for loop which cycles through internal cohorts*/ 

/*Derviative for boundary cohorts foIlow. They do nothing as we have*/ 
/*discrete reproduction occurring. REMed out to speed things up*/ 

/*ofsgrad[O][O][number] = 0; 
ofsgrad[O] [O][age] = 0; 
ofsgrad[O] [O J [irrev] = 0; 
ofsgrad[O][O] [rev] = 0;*/ 

return; 
i 



/* 
* 
* 
* SPECIFICATION OF EVENT LOCATION AND DYNAMIC COHORT CLOSURE 
* 

double EventLocation(env, pop, ofs, bpoints) 

double *env; /* Environment values */ 
population *pop; I* Structured populations *I 
population *ofs; /* Their offspring */ 
population *bpoints; I* Boundary fixed points *I 

/* 
* The function header above should not be changed. 
* 
* When the DOPRIS integration method is being used, the current routine is 
* called to check whether a discontinuity in the time derivatives or an 
* event has occurred, Such a discontinuity or event is indicated by a zero 
* (0) return value of this routine. Hence, every time the return value 
* changes from positive to negative or vice versa, this is interpreted as an 
* event occurrence, If an event occurs, the integration will not step over 
* the time point of the event, but will localize the moment of its 
* occurrence by means of a root finding procedure. This localization will 
* stop when it has found a time, for which the return value of this routine 

is within the tolerance bounds, distinguishing values from zero, as set in 
* the CVF file, After the event time has been localized, integration will be 
* carried out exact!y up to the moment of event occurrence. Subsequently the 
* routine ForceCohortEnd() (see below) is called and the integration is 
* started from the moment of the event location onwards. 
* If no event location is required, this routine should return a constant, 
* negative value. The macro NO-EVENT can be used for this purpose. 
* 
* : - The integer array "cohort-non" is globally available and 
t denotes the number of internal cohorts present in each 
* structured population. 
* - The integer array "bpoint-noo" is globally available and 
* denotes the number of boundary cohorts present in each 
* structured population during the current cohort cycle. 
* - The offspring number can be zero. If used in a division, check 
* for this equality to zero! ! 
*/ 

{ 
register int 1; 

register double result; 

/*result = ofs[O][O][nurnber] - MAX-COHORT-SIZE; 
for (i=l ; icbpoint-no[0] ; i++) 

result = max(result, ofs[O] [i] [number] - MAX-COHORT-SIZE); 

return result; *I /*Disabled*/ 



return NO-EVENT; 

int ForceCohortEnd(env, pop, ofs, bpoints) 

double *env; /* Environment values */ 
population *pop; I* Structured populations *I 
population *ofs; /* Their offspring *I 
population *bpoints; I* Boundary €xed points */ 

I* 
* The function header above should not be changed, 
* 
* When the DOPRIS integration method is being used, the current routine is 
* called after an event has been localized on the basis of the 
* EventLocationO routine defrned above. This routine should then return 
* either COHORT-END (=I) or NO-COHORT-END (=O), indicating whether a cohort 
* closure is currently required or not, If the macro DYNAMIC-COHORTS in the 
* program header file is set to O (its default value) closing off boundary 
* cohorts and transforming them into internal cohorts, takes place both 
* at constant time intervals, as specified by the cohort cycle limit 
* variable in the .CVF file and whenever the current routine returns 
* COHORT-END. This allows for dynamic closure of boundary cohorts, for 

instance, to ensure a limited number of individuals per cohort. If 
* DYNAMIC-COHORTS is set to 1 in the program header file, closing off of 
* boundary cohorts is exclusively performed when the current routine returns 
* COHORT-END. 
* 
* NB : - The integer array "cohort-non" is globally available and 
* denotes the number of internal cohorts present in each 
* structured population. 
* - The integer array "bpoint-non" is globally available and 
* denotes the number of boundary cohorts present in each 
* structured population during the current cohort cycle. 
* - The offspring number can be zero. If used in a division, check 
* for this equality to zero!! 
*/ 

static int iter = 0; 

/*itertt; 
if ((iterDA3) = 0) return COHORT-END; 
else return NO-COHORT-END;*/ 

I* return COHORT-END; *I 
return NO-COHORT-END; 

1 



SPECIFICATION OF BETWEEN COHORT CYCLE DYNAMICS 

void InsbntDynamics(env, pop, ofs) 

double *env; /* Environment values *I 
population *pop; /* Structured populations */ 
population *ofs; I* Their offspring */ 

/* 
* The function header above should not be changed. 
* 
* This routine is called at the end of each cohort cycle. The routine 
* can be used to implement any type of instantaneous dynamics, occurring 
* between two subsequent cohort cycles. It can, for instance, be used 
* for a pulsed, instantaneous reproduction process or to set the number 
* of individuals in cohorts that have reached their maximum lifespan to 
* 0. 
* Note that the transformation of boundary cohorts into internal cohorts 
* has already been performed and that the boundary cohorts are hence 
* characterized by the number of individuals and their transformed 
* moments (usuaIly denoted by the symbol mu), 
* In an instantaneous reproduction process the i-state of the offspring 
* can therefore be simply specified in term of the mean i-state! 
* 
* NB : - The integer array "cohort-no[]" is globally available and 
a denotes the number of internal cohorts present in each 
* structured population. 
* - The integer array "bpoint-non" is globally available and 
* denotes the number of boundary cohorts present in each 
* structured population during the current cohort cycle. 
* - The offspring number can be zero. If used in a division, check 
* for this equality to zero!! 
*/ 

register int 1; 

double j,efind,ef-tot,avg-weeklast-week; 

/*Discrete Reproduction*/ 
for(i=O, ef-tot=O, j=O, avg-week=O; iccohort-no[O]; itr-) 

I* Determine available rep.*/ 
{ /* across all cohorts */ 
ef ind = pop[O][i][rev]-QJ*pop[O][i][irrev]; 
if (ef - ind > 1.0 && popIDcard[O][i][spawn_week]~= week && 

popIDcard[O] [i][spawned] = 0) 
{ 
ef-tot += ef-ind; /*total energy for reproduction 



j =j + 1.0; 
avg-week = popIDcard[O][i] [spawn-week] ; 
pop[O](i][rev] = pop[O][i][rev] - ef-ind; /decrement ind. rev. mass*/ 

popIDcard[O][i][spawned] = 1; /*cohort has spawned*/ 
1 } 

/*Next create offspring with 50% females in adult population*/ 
ofs[O][O] [number] = 00.5*ef-to t/(?RREV-EGc+QJ*IRREV-EGG+EGG-COST); 
ofs[O][O][age] = 0.0; 
ofs[O][O][irrev] = IRREV-EGG; 
o fs[O] [0] [rev] = Q.J*IRREV-EGG; 
ofsIDcard[OJ[Oj[spawn,week] = floor(week);/*assign spawning period*/ 
ofsIDcard[O J[O][spawned] = 0; /*a cohort of virgins*/ 

for(i=O; iccohort-no[0] ; i*) I* Empty cohorts that have * /  
{ I* reached maximum age *I 
if(pop[O] [i] [age] > AMAX) pop[O][i][nurnber] = 0.0; 

} 

if (week > 51.999) /*reset the week counter at the end of each year*/ 
/*and reset all cohorts to unspawned*/ 

{ 
week = 0; 
for (i = 0; iccohort-no[O]; i*) 

{ 
popIDcardCO] [i] [spawned] = 0; 
} 

} 

return; 
} 

SPECIFICATION OF OUTPUT VARIABLES 

void DefmeOutput(env, pop, output) 

double *env; 
population *pop; 
double *output; 

/* Environment values *I 
/* Structured populations */ 
I* Array of output values *I 

I* 
* The function header above should not be changed. 
* 
* Define below the values of the output variables in terms of the 



* population and environment statistics. These values have to be 
* returned to the main program in the array  output^". 
* 
* NB : - The integer array "cohort_noUW is globally available and 
* denotes the number of internal cohorts present in each * structured population. 
*/ 

{ 
register int 1; 

/* OUTPUT VARIABLES: */ 
/* 1: Food density */ 
/* 2: Total number */ 
/* 3: Total biomass */ 

if  @op[O][i][irrev]>=IRREV-F) 
{ 
output[l ] += pop[O][i][number]; 
1 

output(2]+= (pop [O][i] [irrev]+-pop[O] [i][rev])*pop[O] [i] [number]; 
if (~o~[0l[il[agel>0 && ~oPE0lril[agel<I 

{ 
output[3] += pop[OJ[i][number]; 
1 

if (pop[OJ[i][age]>= l && pop[O][i] [ age le )  
{ 
output[4] += pop[O][i] [number]; 
} 

1 

re turn; 
1 



A.3 Control Variable File (pararneters.cvf) 

"Fixed step size or integration accuracy when adaptive" 
"Cohort cycle time interval" 
"Tolerance value, determining identity with zero" 

"Maximum integration time" 
llOutput time interval" 
"Complete state output interval, 0 for none" 

"Minimum allowable number of individuals in cohort" 

"Relative tolerances for i-state variable #01' 
I1 i-state variable #1" 
11 i-state variable #2" 
"Absolute tolerances for i-state variable #Ow 
I I  i-state variable #I1* 
lt i-state variable #2" 

"Alpha consumption constant" 
"Consumption scaling exponent" 
"Metabolism scaling exponent" 
"Swimming speed scaling exponent" 
"Hal f-saturation food constant" 
"Assimilation coefficient" 
"Zeta coefficient for swimming" 
"Theta C temperature coef. for consump" 
"Theta M temperature coef. for metabol" 
"kl coefficient for swimming" 
"k2 coefficient for swimming" 
"MU metabolic constant" 
"QJ mass ratio for juveniles" 
"XO irrev. mass of newly hatch" 
"Average resource biomass in drift" 
"Amplitude of resource fluctuations" 
"Phi flow rate" 
"TauK offset for resource drift" 
"Tavg average temperature" 
"arnpIitude of temperature fluc." 
"minimum temperature" 
"maximum temperature" 
"TauT offset for temperature" 
"Delta b background juvenile death rate" 
"Irrev. mass at maturity" 
"QA mass ratio for adults" 
"QS mass ratio for starvation" 
"constant for starvation mortality" 
"Proportion of drift biomass for adults" 
"irrev mass of egg" 
"DELTA-A background adult mortality rate" 
"mass of egg not for used for embryo (i.e., egg cost)" 
"K3 egg growth constant" 
"K4 egg growth constant" 
"Size of habitat in mA3" 



Appendix B - Derivation of the probability density function for catchability 

Equation 7.4 arises from the notion that the gamma density function is the 

conjugate prior for a Poisson process (Hilbom and Mange1 1997). While conjugate 

relations are well-recognized in the statistical literature on Bayesian techniques, I feel it a 

useful exercise deriving equation 7.4 especially as it pertains to catch data. The 

probability density hnction for a particular catchability qi is 

C, E, V and q are defined as before, grepresents the likelihood of observing the data 

given a value of q and&,, is the prior probability density function for q. Assuming the 

likelihood of observing C catches follows a Poisson process and the prior probability for 

any q is uniform during the initial sarnp ling event, then B. 1 becomes 

Since the gamma hnction can be written as 
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and defining r = q VE such that dr = VE dq, then after some algebra equation B.2 can be 

written 

If  Equation B.3 is now used for the prior density hnction in B. 1 ,  we can derive the 

general probability density k c t i o n  of equation 7.4. 




