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Abstract 

 Naturally flowing rivers form a longitudinal gradient of physical conditions to which fish 

communities are adapted. Hydroelectric dams disrupt the river continuum, resulting in alterations 

to downstream hydrologic and thermal characteristics. Changes in physical conditions 

downstream from hydroelectric dams can have a variety of effects on local fish populations. 

However, the tendency for biological responses to be species- and system-specific complicates 

the development of broadly applicable management strategies. Therefore, it is necessary to 

conduct long-term, large-scale studies on the impacts of river regulation under different 

hydroelectric dam operating regimes, and to investigate the impacts on multiple species within a 

given system.  

In this thesis I report data from two long-term, large-scale field studies (in northern 

Ontario and northern Norway), and investigate the impacts of river regulation on downstream 

fish. Specifically, the effects of river regulation on an important recreational fish, Salvelinus 

fontinalis, the forage fish community (Cottus cognatus, Rhinichthys cataractae, and Percopsis 

omiscomaycus), the coldwater fish guild, and native-invasive species interactions (Coregonus 

lavaretus and Coregonus albula, respectively) are studied. Indicators of fish health used to assess 

the effects include growth, condition, survival, thermal habitat and field metabolism. Potential 

driving forces such as changes to river discharge and water temperature are investigated to 

identify the causal mechanisms behind the effects on fish health. 

 Fish growth was higher in a northern Ontario river with a 15 MW hydropeaking dam, 

relative to a nearby naturally flowing river, regardless of the dam operating regime. Condition 

and survival varied between and among species, and between the regulated and naturally flowing 

river. S. alpinus exhibited a higher field metabolic rate in the regulated river, which was 

positively correlated with time spent hydropeaking. The higher growth in the regulated river was 

likely a result of system-specific food increases resulting from impoundment, hydropeaking, or a 

combination of both, while the varying responses in condition and survival were likely driven by 

species and life-stage specific differences in behaviour, access to food and increased energetic 

costs associated with daily hydropeaking. Thermal habitat differed among the two coldwater 

species evaluated and is likely related to species-specific temperature preferences and behaviour. 

Hydrologic and thermal indices explained little of the variation in fish growth, likely as a result 
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of both the indirect and interacting effects associated with altering river discharge and 

temperature. 

 In a regulated system in northern Norway, the availability of different thermal habitats 

influenced the success of the invasive C. albula. Stable isotope evidence suggested that thermal 

habitat partitioning was occurring in a site where C. albula and C. lavaretus coexist, while 

dietary resource partitioning was occurring in a site where C. albula were outcompeting C. 

lavaretus, relegating them to the littoral zone.  

 This thesis highlights the variation in biological responses to river regulation amongst 

species and within systems, providing evidence for the species-specific effects of hydroelectric 

dam operation. The potential for both direct and indirect impacts, and the complexity of 

biological responses within the forage fish community, the coldwater fish guild, and between 

native and invasive species, necessitates the use of multiple species and multiple indicators of 

fish health to thoroughly characterize the effects of river regulation on fish species. Given the 

different habitat and temperature preferences and behavioural patterns exhibited within the fish 

community, it is important to manage river environments not just for specific thresholds, but to 

ensure the availability of a variety of different flow and thermal habitats. Maintaining the 

availability of a variety of habitats within the riverine environment should be considered as an 

important component of river management strategies.  
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Chapter 1 Introduction 

General context 

Hydropower is an important contributor to electricity grids around the world, including in 

Canada and Norway, where it contributes 60% and 96% of the total electricity generated, 

respectively (Statistics Canada 2015; Statistics Norway 2015). The damming of rivers and 

operation of hydropower facilities results in significant alterations to physical parameters in 

downstream river reaches (Baxter 1977), which in turn impacts downstream ecosystems (Ligon 

et al. 1995). While numerous studies have investigated the impacts of hydroelectric dam 

operation on river ecosystems, general trends in the response of fish populations to river 

regulation remain difficult to identify (Poff & Zimmerman 2010) as these responses may be 

species-specific (e.g. Korman & Campana 2009; Finch et al. 2015). Therefore, simple 

overarching environmental flow restrictions may not be broadly effective (Arthington et al. 

2006), and there is a need for long-term, large-scale studies aimed at identifying mechanistic 

relationships between physical alterations and biological responses (Mims & Olden 2013; Olden 

et al. 2014).  

In this thesis I examine the impact of hydroelectric dam operation on downstream fish 

using data collected during large-scale long-term studies in northern Ontario and northern 

Norway. Hydrologic and thermal indices are calculated and investigated alongside indicators of 

fish health including: growth, condition, survival, thermal habitat and field metabolism, to 

identify causal mechanisms between hydroelectric dam-driven physical alterations and biological 

responses.  The indicators of fish health are calculated for several morphologically diverse 

species with a range of behavioural characteristics and habitat preferences in order to gain a 

more complete understanding of the effects of river regulation on the fish community. The 

implications of this research are discussed within the context of river management. 

Physical parameters altered by hydroelectric dam operation 

A gradient of physical conditions exists along the length of a river, and aquatic 

communities are adapted to this gradient (Vannote et al. 1980). However, the barrier introduced 

by hydroelectric dams disrupts the gradient (Ward & Stanford 1983), with accompanying 

impacts on organisms living downstream. Specifically, the operation of hydroelectric dams can 

alter the five key components of the natural flow and thermal regimes: timing, magnitude, 
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frequency, duration and rate of change (Poff et al. 1997; Olden & Naiman 2010). Hydroelectric 

peaking operations, in particular, induce large daily fluctuations in discharge to meet daily 

patterns in electricity demand (Morrison & Smokorowski 2000), and these fluctuations have no 

parallel in natural freshwater systems (Poff et al. 1997). Alterations to the natural flow and 

thermal regimes can have important implications for the biology and ecology of fish in terms of 

growth (Korman & Campana 2009; Bond et al. 2015; Finch et al. 2015), life history traits 

(Alexandre et al. 2014; Bond et al. 2015), survival of specialist species (Quinn & Kwak 2003), 

and the success of invasive species (Marchetti & Moyle 2001; Brown & Ford 2002).  

Flow regime 

Hydroelectric dam altered flows can affect downstream fish both directly and indirectly. 

Increased flows during hydropeaking events can directly result in increased energy expenditure 

resulting from increased activity (Murchie & Smokorowski 2004). Dam operations and the 

resulting altered flows can also indirectly alter the food available for fish (Bond et al. 2015) by 

increasing the abundance of invertebrates (Jones 2013) and invertebrate drift (Lauters et al. 1996; 

Lagarrigue et al. 2002; Patterson & Smokorowski 2011). Changes in discharge from river 

regulation have been shown to increase the abundance of run and riffle habitat relative to pools 

(Bunn & Arthington 2002), or may eliminate riffles, increasing the amount of slow velocity 

habitat and lacustrine environments (Bøhn & Amundsen 2001; Gjelland et al. 2007), depending 

on how dam operations influence river morphometry.  The changes to food availability, habitat 

and fish behaviour all have the potential to influence fish life history characteristics and 

population health (Bøhn & Amundsen 2001; Alexandre et al. 2014; Bond et al. 2015).  

Thermal regime 

 Hydroelectric dam operation can affect the thermal regime of a river in a variety of ways. 

Fundamentally, the construction of a dam creates a barrier to fish movement, and, barring the 

construction of fish passages (see review by Schilt 2007), will reduce the ability of individual 

fish to access thermal refuges in different parts of the river system (Hillyard & Keeley 2012). 

Dams also alter downstream temperatures through water releases. A surface water draw from a 

reservoir results in warm water being released downstream, increasing water temperatures 

(Lessard & Hayes 2003), while drawing water from a deeper depth can result in a cool water 

draw, reducing temperatures downstream (Petts 1986). Changes to downstream water 

temperatures can have a number of negative impacts on fish, including the local extirpation of 
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fish species (Quinn & Kwak 2003), changes to the timing of spawning (Zhong & Power 1996), 

impacts to larval development (Clarkson & Childs 2000) and decreased growth rates (Saltveit 

1990). However, managing dams to release water of a desired temperature may also benefit 

specific fish species downstream (MacDonald et al. 2012) and could potentially be used to 

mitigate climate change-driven river water temperature increases (Isaak et al. 2012; Null et al. 

2013; Robson et al. 2013; Rheinheimer et al. 2014; Rheinheimer & Viers 2014). Given the 

importance of temperature on fish metabolism and physiology (Brett & Groves 1979; Kelsch & 

Neill 1990), growth (Neuheimer & Taggart 2007), and life-history traits (Coutant 1987), 

determining how altered thermal regimes impact individual fish species is an important aspect of 

characterizing the effects of river regulation.  

Indicators of Fish Health 

Growth 

 Growth is an important determinant of fish health, as it acts as an integrative measure, 

incorporating both energy inputs and outputs (Brett & Groves 1979), as well as biotic (e.g. 

competition) and abiotic (e.g. temperature) factors (Brett 1979). Fish growth rates and the 

resulting length-at-age can have important implications for inter-and intra-species interactions 

(Fausch & White 1981), overwinter survival (Hunt 1969) and life history traits such as age-at-

maturity (Roff 1984). Alterations to downstream river environments from hydroelectric dam 

operations can result in either decreases (Korman & Campana 2009) or increases (Bond et al. 

2015; Finch et al. 2015) to fish growth. However, impacts from river regulation on fish growth 

are species-specific, and, therefore, necessitate the characterization of effects on a variety of fish 

species with different morphologies and behaviours, as well as within different systems to more 

fully understand the impacts of river regulation.  

In this thesis, annual growth rates were determined for four fish species from four 

different families, and analyzed with respect to river discharge and temperature. First, fish age 

was determined by identifying and counting annuli in fish otoliths. Fish growth and length-at-age 

were then determined by applying otolith back-calculations according to the Scale Proportional 

Hypothesis method (Francis 1990).  

Condition 

 Condition is used as an indication of fish well-being and is an important tool when 

comparing fish populations from different environments (Bolger & Connolly 1989). It is 



   

4 
 

especially useful when impacts on a population are more subtle than mortality or extirpation.  

River regulation in general, as well as the restrictions under which dams operate, can impact fish 

condition (Weisburg & Burton 1993). In this thesis, I compare fish condition between a regulated 

and naturally flowing river, as well as between two different hydroelectric dam operating 

regimes in the regulated river. Condition was assessed using several methods, depending on 

sample suitability. Weight-length relationships were calculated, whereby fish with a heavier 

weight for a given length were considered to be healthier (Anderson & Neuman 1996). Fulton’s 

condition factor (Nash et al. 2006) and relative condition factor (Le Cren 1951) were also 

calculated to compare fish between and within populations, respectively. Caloric content of the 

muscle tissue of fish was measured, with higher caloric content indicative of higher energy 

storage and, therefore, better condition (Paine 1971).  

Thermal habitat 

Given the importance of water temperature for ectotherms such as fish, and the 

downstream alteration of water temperature by dams (Casado et al. 2013), quantifying the 

temperature at which fish live can provide valuable information on the effects of river regulation. 

Stable oxygen isotopes in fish otoliths can be used to provide estimates of fish thermal habitat. 

Oxygen isotope values in river water correspond well with values in precipitation (Kendall & 

Coplen 2001), which in turn are strongly correlated with temperature (Clark & Fritz 1997). 

Oxygen isotopes are deposited in the calcium carbonate of otoliths in equilibrium with the 

surrounding water, irrespective of metabolic or kinetic effects (Høie et al. 2003). Therefore, δ
18

O 

values can be used to estimate the water temperature at which fish have lived (Devereux et al. 

1967), if the isotopic fractionation between water and fish otoliths is known (e.g. Storm-Suke et 

al. 2007a). δ
18

O values have been used to compare thermoregulation and thermal habitat use in 

different environments, and the associated implications for fish growth and climate change 

adaptation (Murdoch & Power 2013; Sinnatamby et al. 2013). However, to date this technique 

has not been applied towards the study of sympatric native and invasive species, or the effect of 

river regulation on thermal habitat use. In this thesis, thermal habitat was quantified using 

oxygen isotopes over the course of individual growing seasons for four of the six study species to 

characterize thermal habitat partitioning between native and invasive species, and the influence 

of river regulation on two coldwater guild fish species. 
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Field metabolic rate 

 Alterations to river flow and temperature can alter fish metabolism through increased 

energetic expenditures for place holding or higher activity levels (Murchie & Smokorowski 

2004), or higher standard metabolism driven by higher water temperatures (Brett & Groves 

1979). The δ
13

C of otoliths can provide information on field metabolic rate, which is an estimate 

of the total energetic costs of standard metabolic rate, thermoregulation, locomotion, feeding, 

reproduction and growth (e.g. Nagy et al. 1987; Sinnatamby et al. 2015). The δ
13

C value of 

otoliths is derived from ambient dissolved inorganic carbon (DIC) and respired metabolic carbon 

(Weidman & Millner 2000). Higher metabolic rates result in a higher concentration of 

metabolically derived carbon in the fish bloodstream, which diffuses into the endolymphatic 

fluid surrounding the otoliths, becoming incorporated in the otoliths during calcium carbonate 

deposition (Solomon et al. 2006). Thus, calculating the proportion of metabolic carbon 

contributing to the δ
13

C otolith value provides information on the average energy expenditure of 

a fish, or field metabolic rate. The contribution of standard metabolic rate to field metabolic rate 

can be accounted for if the temperature at which fish live is known, allowing for inferences about 

fish activity levels. Given the potential for increased fish activity associated with the act of 

hydropeaking (Murchie & Smokorowski 2004), field metabolic rates are a valuable tool for 

investigating increased energy expenditure associated with this type of river regulation. 

Study Sites 

Large-scale experimental studies which investigate different flow regimes on 

downstream ecosystems can provide valuable information to river managers on how to restrict 

hydroelectric dam operations (Olden et al. 2014). To that end, in this thesis I report data obtained 

as part of two separate large-scale long-term studies (Amundsen et al. 1999; Smokorowski et al. 

2011), one of which was also experimental in nature (Smokorowski et al. 2011).  

Batchawana and Magpie Rivers, Ontario Canada 

Two boreal shield rivers in northern Ontario were sampled from 2002 through 2012: the 

Magpie River near Wawa ON (48°4’N; 84°44’W), which has a 15 MW peaking hydroelectric 

facility, and the Batchawana River near Sault Ste. Marie ON (47°0’N; 84°30’W), which has a 

natural flow regime and acted as an environmental control. These two rivers were chosen for 

comparison, as they have similar drainage areas, mean annual discharges, channel morphology 

and nutrient concentrations (Marty et al. 2009; Smokorowski et al. 2011). 
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The peaking hydroelectric facility in the Magpie River is located at Steephill Falls dam 

and has been operational since 1989. Over the course of the study, the hydroelectric facility 

operated under two different hydropeaking regimes: from 2002 to 2004, the rate of increase or 

decrease in flow was restricted, while from 2005 through 2012 it was not. During both periods a 

minimum flow requirement of 7.5 m
3
·s

-1
 was in place (Smokorowski et al. 2011). The collection 

of fish data under both hydropeaking regimes in the Magpie River and over the course of the 

experiment in the Batchawana River enabled the comparison of impacts between hydropeaking 

regimes as well as a comparison between a regulated and a naturally flowing river, using a BACI 

(before-after, control-impact) design.  

Pasvik Watercourse, northern Norway 

The Pasvik watercourse forms the border between northern Norway and Russia and 

contains seven hydroelectric dams ranging in size from 69 GWh to 272 GWh. The damming of 

the system has shifted the waterway from a predominantly riverine system, to a series of lakes 

and reservoirs connected by slow flowing rivers (Bøhn & Amundsen 2001; Gjelland et al. 2007). 

Whitefish (Coregonus lavaretus) was the predominant fish species in the system prior to the 

invasion of vendace (Coregonus albula) in the late 1980s (Bøhn & Amundsen, 2001), following 

their translocation and introduction into the Pasvik headwaters three decades earlier (Amundsen 

et al. 1999, Bøhn et al. 2004, Præbel et al. 2013). Vendace populations have developed 

differently in different parts of the system, becoming abundant and outcompeting whitefish for 

dietary resources at some locations, while remaining low in numbers and sharing dietary 

resources with whitefish at other locations (Bøhn & Amundsen 2001; Bøhn et al. 2008).Two 

lacustrine sites, Lake Skrukkebukta and Lake Tjærebukta which have similar areas (6.6 and 5.1 

km
2
, respectively) and chemical compositions, but differ in depth, were sampled to investigate 

the causal mechanism behind the different inter-species interactions between these two sites. 

Study Species 

 Impacts of hydroelectric dam driven changes to discharge and temperature are likely 

species-specific (e.g. Finch et al. 2015; Bond et al. 2015). Therefore, this study investigates the 

impact of hydroelectric dam river regulation on six study species which exhibit a range of 

morphological and behavioural characteristics as well as diet, temperature, and velocity 

preferences (Table 1.1). These six species each play an important role within their respective 

ecosystems, and, as a result of their differences, provide valuable and unique information on the 
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impacts of river regulation. Slimy sculpin (Cottus cognatus) is a known sentinel species 

(Edwards & Cunjak 2007) and can thus indicate the impact of altered discharge and temperature 

regimes at local spatial scales. Brook trout (Salvelinus fontinalis) is an important recreational fish 

species (Fisheries and Oceans Canada 2010) and the research conducted here can be used to 

contribute to the management of the recreational brook trout fisheries in the Batchawana and 

Magpie Rivers. Slimy sculpin and brook trout, as members of the coldwater fish guild 

(Magnuson et al. 1979) can provide information on the potential for hydroelectric dam 

management of downstream water temperatures as a climate change mitigation strategy. 

Longnose dace (Rhinichthyus cataractae) and trout perch (Percopsis omiscomaycus), in addition 

to slimy sculpin, are the three most abundant forage fish species in the Batchawana and Magpie 

Rivers. A comparison of the impacts of river regulation amongst these three species provides 

important information on the diversity of responses which fish within the same community can 

exhibit towards altered discharge and temperature regimes. Both whitefish (Coregonus 

lavaretus) and vendace (Coregonus albula) are important commercial species (Amundsen et al. 

1999; Salonen & Mutenia 2004). However, vendace is an invasive species in the Pasvik 

watercourse, thus an analysis of these two species can provide information on how hydroelectric 

dam driven river regulation affects native-invasive species interactions. These six study species 

together provide valuable information on the effects of hydroelectric dams on recreational and 

commercial fish species, coldwater fish, invasive species, and the forage fish community.   

Research Objectives 

Chapter 2: Slimy sculpin (Cottus cognatus) annual growth in contrasting regulated and 

unregulated riverine environments 

To assess the impact of hydroelectric dam-altered river discharge on fish, hydrologic 

indices representing the five components of the flow regime were calculated for both the 

Batchawana and Magpie Rivers and correlated with slimy sculpin growth using a linear model. 

The general hypotheses for this chapter were that slimy sculpin growth would be higher in the 

regulated river relative to the naturally flowing river, a gradient of growth effects with distance 

from the dam would be seen in the regulated river, and that the frequency and magnitude of 

hydropeaking events would be positively related to sculpin growth. These hypotheses were 

derived based on the potential for hydropeaking to increase food availability for fish (Jones 

2013; Bond et al. 2015), and the benthic behaviour of sculpin (Facey & Grossman 1992), which 
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may shield them from the negative effects of increased flow. The objective of the chapter was to 

assess the mechanistic relationship between fish growth and river hydrology. By identifying a 

correlation between specific hydrologic indices and fish growth, the chapter provides 

information which may be applied to the formulation of environmental flow management plans 

within regulated rivers. 

Chapter 3: Effect of hydroelectric dam river regulation on the growth, condition and survival 

of resident forage fish 

 Given the discrepancy amongst existing studies on the effects of river regulation by 

hydroelectric dams (Poff & Zimmerman 2010), and the likelihood of species-specific effects 

(e.g. Korman & Campana 2009; Finch et al. 2015), this chapter investigates the response of three 

forage fish species to two different hydropeaking regimes in the Magpie River, and relative to 

the naturally flowing Batchawana River. The general hypotheses for this chapter were that fish 

growth, condition and survival would differ between the Batchawana and Magpie Rivers and 

between hydropeaking regimes in the Magpie River, and that between-river differences would be 

species-specific. The hypotheses were based on the different morphological, behavioural and 

habitat preferences of the three study species (Table 1.1). The objective of this chapter was to 

characterize the diversity of responses to river regulation within the forage fish community. The 

data collected for this purpose will help to inform management decisions aimed at mitigating 

impacts on the fish community.  

Chapter 4: Downstream effects of hydroelectric dam operation on fish thermal habitat use: 

Implications for dam management in an era of climate change 

 Although hydroelectric dam operation alters the downstream thermal regime (Casado et 

al. 2013), fish are capable of thermoregulating by relocating within a river reach to microhabitats 

with more suitable temperatures (Petty et al. 2012). The objective of this chapter was to 

determine the impact of altered thermal regimes on fish thermal habitat use. A detailed analysis 

of the thermal regime in both the Batchawana and Magpie rivers was conducted with respect to 

the five components of the thermal regime and species-specific preference, avoidance and upper 

incipient lethal level temperatures. Thermal habitat use by slimy sculpin and brook trout were 

chosen for comparison, as both these species are part of the coldwater fish guild (Magnuson et al. 

1979), but exhibit different morphologies and behaviour. The hypotheses for the chapter were 

that fish thermal habitat would differ between rivers and between species, and that fish living at 
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temperatures closer to their preferred temperature would exhibit higher condition. The 

hypotheses were based on the difference in temperature and habitat preferences between species 

(Table 1.1) and the potential for the cool water draw at the Steephill Falls Dam to significantly 

reduce downstream temperatures in the Magpie River. The results are discussed within the 

context of the potential use of cool water releases from hydroelectric dams to mitigate climate 

change driven river water temperature increases.   

Chapter 5: Impact of river regulation on the growth, condition and field metabolism of brook 

trout (Salvelinus fontinalis) 

 Brook trout is an important recreational species in Canada (Fisheries and Oceans Canada 

2010) and both the Batchawana and Magpie Rivers support a recreational fishery for this species. 

The objective of this chapter was to determine the impact of both hydropeaking regimes in the 

Magpie River on the length-at-age, condition and relative metabolic rate of brook trout relative 

to the naturally flowing Batchawana River. The hypotheses for the chapter were that brook trout 

length-at-age and condition would be higher in the regulated river relative to the naturally 

flowing river, and that field metabolic rates would be higher in the regulated river and positively 

correlated to time spent hydropeaking. The hypotheses were based on the potential for an 

increased food supply related to impoundment and/or hydroelectric dam operation (Patterson & 

Smokorowski, 2011; Jones 2013), and the increased activity and movement during hydropeaking 

events (Murchie & Smokorowski 2004) exhibited by brook trout. The information reported in the 

chapter can be used to inform the management of the recreational brook trout fishery in the 

Magpie and Batchawana Rivers.  

Chapter 6: Thermal habitat segregation among whitefish morphotypes and invasive vendace: 

a mechanism for co-existence? 

This chapter investigates how river regulation from hydroelectric dam operation can alter 

the inter-species interactions between a native (whitefish) and invasive (vendace) fish species. 

Hydroelectric dam operation alters river morphology and influences the availability of different 

habitats within the riverine system. A natural flow regime favours native species, while altered 

flows resulting from hydroelectric dam operation can facilitate the establishment of non-native 

species (Marchetti & Moyle 2001). In this thesis, the thermal habitat, dietary resource use 

patterns and field metabolic rates of the native whitefish and invasive vendace were investigated. 

The general hypothesis for the chapter was that these two species would exhibit thermal habitat 
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partitioning where different thermal habitats were available and dietary partitioning would occur 

where different thermal habitats were not available. The chapter provides information on the 

mechanisms which contribute to the success of an invasive fish species. 
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Table 1.1 Morphology, substrate, velocity, temperature and feeding preferences of brook trout, longnose dace, slimy sculpin, trout 

perch, vendace and three morphotypes of whitefish. 
Species Morphology Substrate Preference Velocity Preference Temperature  

Preference 

Feeding 

Preferences 

brook trout Elongate trout-like body, 

terminal mouth
a
 

Boulder, cobble, 

rubble
b
 

Pool
c
 

30, 50 cm·s
-1

 for 

juvenile and adult, 

respectively
d
 

16.0-17.3
e
 Aquatic insect larvae, terrestrial insects, 

fish
a
 

longnose dace Round body, inferior 

mouth
a
 

Boulder, cobble, 

rubble, gravel
b
 

Riffle, rapid
b 

65 cm·s
-1d

 

5.4-22.7°C
f 

(entire range) 

Chironomids, algae, midge and diptera 

larvae
g
 

slimy sculpin Laterally compressed body, 

mouth has protruding upper 

lip
a
 

Boulder, cobble, 

rubble, bedrock, 

gravel, sand
b
 

Riffle
b 

30 cm·s
-1d

 

10-12 °C
h
 Aquatic insects, crustaceans, small 

fishes, aquatic vegetation
 g
 

trout perch Thick body, ventral mouth
a
 Gravel, sand, 

boulder, cobble, 

rubble
b
 

Pool
b
 10 – 16°C

i
 Chironomids, amphipods, mollusks, 

small crustaceans 
g
 

vendace Long thin closely spaced 

gill rakers
j
 

Pelagic habitat
j
 Lacustrine 9°C

k
 Zooplankton

j
 

whitefish,    

pelagic morph 

Comparatively small size, 

long thin closely spaced gill 

rakers
l
 

Pelagic habitat
j
 Lacustrine NF Zooplankton

m
 

whitefish,  

littoral morph 

Comparatively large size, 

intermediate size and 

spacing of gill rakers
l
 

Littoral habitat
j
 Lacustrine NF Benthic invertebrates

m
 

whitefish, 

profundal morph 

Large head, subterminal 

mouth, large widely spaced 

gill rakers
l
 

Profundal habitat
j
 Lacustrine NF Benthic invertebrates

m
 

a
Scott & Crossman 1973 

h
Otto & Rice 1977 

b
Portt et al. 1999 (preference refers to high usage) 

i
Coutant 1977 

c
Cunjak & Green 1983 

j
Bøhn & Amundsen 2001 

d
Peake 2008 cm·s

-1
 refers to the critical velocity criteria for fishway design 

above which species would be unable to swim for sustained periods 

k
Ohlberger et al. 2008 

l
Siwertsson et al. 2010 

e
Cherry et al. 1977 based on an acclimation temperature of 18°C 

m
Kahilainen & Østbye 2006 

f
Edwards et al. 1983 NF not found 

g
Richardson et al. 2001  
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Chapter 2  Slimy sculpin (Cottus cognatus) annual growth in 

contrasting regulated and unregulated riverine environments 
 

This is a pre-copy-editing, author-produced version of an article published in Hydrobiologia. The 

definitive publisher authenticated version is: Slimy sculpin (Cottus cognatus) annual growth in 

contrasting regulated and unregulated riverine environments. B. Kelly, K. E. Smokorowski, and 

M. Power. Hydrobiologia 768: 239-253. 

 

Introduction 
 

Hydroelectric dams are an important source of energy in Canada, providing over 60% of 

the country’s electricity (Statistics Canada 2013). Dams contribute significantly to the proportion 

of both total and renewable electricity produced, but can have major impacts on downstream 

physical conditions and biological communities (Sabater 2008). Hydroelectric dams alter river 

discharge patterns by reducing the variability of flows, changing the timing of flow events and 

dampening seasonal trends (Poff et al. 2007). Hydroelectric peaking operations, in particular, 

induce large daily fluctuations in discharge to meet daily patterns in electricity demand 

(Morrison & Smokorowski, 2000). While peaking gives electricity producers flexibility in 

responding to market forces, large daily fluctuations are a phenomenon that have no parallel in 

natural freshwater systems (Poff et al. 1997). Aquatic communities are adapted to the gradient of 

physical conditions along the length of a river (Vannote et al. 1980), and can adjust to the many 

discontinuities imposed by river regulation (Ward & Stanford 1983). Thus, hydroelectric 

operations in general (Baxter 1977), and peaking operations in particular, can have lasting 

impacts on downstream organisms (Cushman 1985; Moog 1993).  

A variety of impacts from altered flow regimes have been identified for fish, including: 

mortality as a result of stranding (Hvidsten 1985; Young et al. 2011), changes in abundance 

(Freeman et al. 2001), an increase in invasive species (Marchetti & Moyle 2001; Brown & Ford 

2002), changes in growth (Korman & Campana 2009; Bond et al. 2015), and changes in fish 

movement patterns (Dare et al. 2002; Murchie & Smokorowski 2004). The magnitude and 

direction of impacts on fish populations vary by study, and the identification of general trends in 

the response of biotic communities to flow alteration has proved elusive (Poff & Zimmerman 

2010). The inapplicability of simple overarching and straightforward flow rules (Arthington et al. 

2006) make it difficult to design and implement effective environmental flow regulations. Thus, 
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an increase in long-term experimental studies, which focus on hydrological alterations and their 

impacts on biological communities, are needed to identify mechanistic relationships and 

facilitate ecologically-based river management (Monk et al. 2007; Mims & Olden 2013).  

Fish growth is a useful individual based-metric for characterizing the effects of river 

regulation on downstream fish communities. The release of reservoir water from hydroelectric 

dams can indirectly influence fish growth as a result of altered water temperatures (Olden & 

Naiman 2010), increasing invertebrate drift (Lauters et al. 1996; Lagarrigue et al. 2002) and 

increased abundance of benthic invertebrate communities (Jones 2013). However, few studies 

assess the impact of river regulation on fish growth. Korman & Campana (2009) determined that 

reduced hourly flow fluctuations on weekends corresponded with increased daily growth in 

young-of-the-year rainbow trout (Oncorhynchus mykiss, Walbaum) in a hydropeaking river 

(Korman & Campana 2009), while Finch et al. (2015) found that growth of juvenile humpback 

chub (Gila cypha, Miller) had higher growth rates under hydropeaking flows relative to steady 

flows. Bond et al. (2015) found higher slimy sculpin (Cottus cognatus, Richardson) growth rates 

in two regulated rivers relative to eight naturally flowing nearby rivers. Given that responses to 

altered flow are likely species-specific, and most studies to date have been carried out over short 

time periods, we suggest that long-term temporal studies assessing fish growth under multiple 

hydropeaking regimes would provide further valuable insight into the impacts of hydropeaking 

on fish.   

To better understand the potential impacts of flow regimes altered by hydroelectric 

operations on fish, we determined annual growth rates for slimy sculpin collected along a 

longitudinal river gradient from a pair of boreal rivers in Ontario (ON), Canada, one with a 15 

MW peaking dam, the other with a natural flow regime. We assessed the impact of river 

regulation on fish growth under two different hydroelectric operating regimes and investigated 

the suitability of hydrologic indices for explaining differences in fish growth.  

Slimy sculpin (hereafter referred to as “sculpin”) is a small bodied benthic fish, common 

throughout Canada and has been proposed as a sentinel species (Edwards & Cunjak 2007) 

because of its small home range (Gray et al. 2004) and site fidelity (Cunjak et al. 2005). As a 

result, sculpin have been shown to reflect local conditions along a river continuum (Edwards & 

Cunjak 2007) and can be used to indicate environmental degradation (Galloway et al. 2003). In 

addition, the behavioural traits of sculpin make them an interesting species with which to assess 
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the impacts of altered flow regimes. For example, the closely related Mottled Sculpin (C. bairdii, 

Girard) have been shown to maintain position with no change in oxygen consumption at velocity 

ranges of up to 8 body lengths/second (Facey & Grossman 1992) by staying close to the 

substrate, a strategy facilitated by their large pectoral fins (Facey & Grossman 1990). Thus, 

sculpin may not be as susceptible as salmonids to the increased energetic demands associated 

with fluctuating flow regimes (Scruton et al. 2008; Cocherell et al. 2011), and may be able to 

take advantage of increased food availability in the regulated system. 

We formulated several hypotheses for the potential responses of sculpin growth to the 

altered flow regime created by a hydropeaking dam with a minimum environmental flow, based 

on the changes to food availability in hydropeaked systems (Lauters et al. 1996; Lagarrigue et al. 

2002; Jones 2013), the potential for sculpin to avoid increased energetic demands (Facey & 

Grossman 1992) and a previous study on sculpin growth (Bond et al. 2015). First, we 

hypothesized that sculpin annual growth would be higher in the regulated river than the natural 

river, and higher under the unrestricted ramping regime relative to the restricted ramping regime. 

Second, a gradient of growth effects with distance from the dam would be seen in the regulated 

river, with higher annual growth at sites closest to the dam, but no gradient with distance from 

the upstream valley segment would be seen in the naturally flowing reference river. Finally, we 

investigated a set of hydrologic indices proposed in the literature to identify the aspect(s) of the 

natural and hydropeaked flow regimes that may lead to differences in sculpin growth. Given that 

water releases from dams can increase lentic and lotic invertebrate abundance downstream 

(Jones 2013), we hypothesized that more frequent or higher discharge peaking events would 

indirectly increase the sculpin food supply and, therefore, hydrologic indices which capture the 

magnitudes and frequencies of peaking events would be positively related to sculpin growth. 

Methods 

Study Sites 

Samples were obtained from a pair of boreal shield rivers in northern Ontario selected to 

assess the impact of varying hydroelectric hydropeaking regimes on downstream systems 

relative to a proximate river with similar physical conditions and a natural flow regime (e.g. 

Smokorowski et al. 2011).  The Batchawana River near Sault Ste. Marie ON (47°0’N; 84°30’W) 

has a natural flow regime and was chosen as the comparative control to the regulated Magpie 

River near Wawa ON (48°4’N; 84°44’W), which has a 15 MW hydropeaking facility (Fig. 2.1). 
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The river reach sampled in the Batchawana River was selected on the basis of proximity and 

similar drainage area, geology, river geomorphology, fish species composition, historical mean 

annual discharge, and the availability of long-term flow gauge data (Marty et al. 2009; 

Smokorowski et al. 2011). We chose a section to sample within the control river that was not 

immediately downstream from a lake to simulate the placement of a dam within a river reach and 

to avoid the confounding factor of increased water temperatures often observed downstream 

from lake outlets (Wotton 1995). 

The Steephill Falls Dam and Generating Station (SHF) are located together on the 

Magpie River. The SHF facility is located at a natural falls, has been operational since 1989, 

draws water from a depth of 10 m and has a maximum passable flow of 44 m
3
·s

-1
. From 1989 

through 2004, regulations for the “restricted hydropeaking regime” required a minimum flow of 

7.5 m
3
·s

-1
, and ramping restrictions of ≤1 m

3
·s

-1·
hr

-1
 from October 10

th
 through November 15

th
, 2 

m
3
·s

-1·
hr

-1
 from November 16

th
 through the spring freshet, and no greater than a 25% increase or 

decrease from the previous hour’s flow from the spring freshet to October 9
th

 (Smokorowski et 

al. 2011). The ramping rate restrictions were removed in the fall of 2004 (“unrestricted 

hydropeaking regime”), although the minimum flow requirement of 7.5 m
3
·s

-1
, measured at SHF 

was maintained. The unrestricted hydropeaking regime enabled the hydro operator to increase 

from the minimum required flows to the maximum passable flow through the turbines and back 

down again on a daily or sub-daily basis, while under the restricted hydropeaking regime, daily 

discharge changes of this magnitude were not possible (Smokorowski et al. 2011). 

Sampling  

Sculpin were collected by backpack electrofishing during July and August of 2002 

through 2012 (resulting in growth estimates for the years 2002 through 2010) at randomly 

selected transects below SHF in the Magpie River. Randomly selected transects of 100 m in 

analogous river valley segments were sampled in the Batchawana River to ensure that similar 

habitats between rivers were sampled (Smokorowski et al. 2011). An additional site upstream of 

the SHF reservoir in the Magpie River was sampled as an in-river control. Sites were fished to a 

depth of 60 cm, which was a safe depth for backpack electrofishing in these rivers and which 

represents a significant proportion of the total area in both rivers. The longitudinal distance along 

which the river was sampled was 12 km on the Batchawana River, and 19 km on the Magpie 

River. Backpack electrofishing was standardized to a rate of 4 s ·m
2
. The majority of fish were 
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preserved in formalin (24-30 hrs) followed by ethanol, while a subset of fish were frozen to 

avoid preservation biases (Storm-Suke et al. 2007b; Kelly et al. 2006) for future stable isotope 

analysis. Species identification was confirmed in the lab following keys in Scott & Crossman 

(1973) and McAllister (1964); sex was determined by examination of the gonads, and length 

(mm) and weight (g) measurements were obtained. Sculpin density and biomass were calculated 

for each 100 m transect sampled as number of sculpin per m
2
, and the total weight (g) of sculpin 

per m
2
, respectively. 

Sagittal otoliths from sculpin were removed and stored dry in plastic snap cap vials. A 

preliminary study showed no difference in otolith diameter (µm), radius (µm) or weight (mg) 

between dried, frozen, or ethanol preserved otoliths (Student’s t test, p>0.05, data not shown). 

Aging was conducted with a dissecting microscope (Nikon SMZ 1000, Nikon Instruments Inc.) 

using whole otoliths placed in deionized water under reflected light. All otoliths were read twice 

by the same reader and where discrepancies existed, otoliths were polished or thin sectioned. If a 

discrepancy between ages persisted, the sample was removed from the analysis. Corroboration of 

ages included consultation with other sculpin age readers and examination of the length 

frequency diagram by age-class. Otolith increments consisting of an annual cycle were measured 

at 90 degrees from the rostral radius along a line from the nucleus towards the dorsal edge using 

NIS Elements software (Nikon Instruments Inc.). Only full annuli were measured, such that the 

partial growth during year of capture was not included in the analysis. Only the first and second 

full year’s growth could be included in the statistical analysis due to low sample numbers of 3+, 

4+ and 5+ aged fish. Growth (ΔL) was measured as the individual absolute increase in length for 

one annual cycle where length at age was determined by back-calculation using the scale 

proportional hypothesis as outlined in (Francis 1990): 

Li = -(a/b) + (Lc + a/b)(Si/Sc), 

where Li is the length of the fish at age i, Lc is the length of the fish at capture, Si is the radius of 

the otolith at age i, Sc is the radius of the otolith at capture, and a and b are the intercept and 

slope, respectively, of the regression of otolith radius on fish length. The regression of otolith 

radius on fish length was conducted separately by site within each river, given the potential for 

differences in growth rates and otolith formation rates amongst sites.  

River discharge data were measured with data loggers (Keller 173-L pressure transducer 

(2002-October 2004), and Solinst Leveloggers (October 2004 through 2010)) every half hour in 



 

17 
 

2002 and every fifteen minutes thereafter from 2003 through 2010 (Metcalfe, unpublished data). 

Data loggers were located upstream from the SHF reservoir and at three locations downstream 

from SHF in the Magpie River, as well as at two locations in the Batchawana River. In addition 

we accessed flow data from two Water Survey of Canada gauges, 02BD007 (Magpie River) and 

02BF001 (Batchawana River).  

Data Analysis 

Statistical analyses were completed in R (R Core Team 2014). Normal quantile-quantile 

plots were used to assess the normality of the data while Bartlett’s test was used to assess 

homogeneity of variance (Bartlett 1937). Individual fish were treated as replicates within each 

river for between river comparisons, and within each site for among-site comparisons. 

Differences in first and second year annual growth and length at ages 1 and 2 between male and 

female sculpin were tested within each river using a Welch’s t test. No significant differences 

were found (p>0.05) and male and female sculpin were pooled in subsequent analyses. A 

Welch’s t-test (Welch, 1947) was used to test for differences in ΔL between hydropeaking 

regimes in the regulated river and between the regulated and natural rivers for first and second 

year growth. A difference in ΔL between the time periods encompassed by the two hydropeaking 

regimes was also tested with Welch’s t test in the natural river to control for potential weather 

and climate related impacts. Linear regression was used to assess differences in ΔL with distance 

from the dam in the regulated river and distance downstream in the natural river. Distance 

downstream in the naturally flowing river was measured from the beginning of the river valley 

segment within which the randomly selected sampling transects were located. Pearson’s partial 

correlation coefficient was used to assess whether sculpin density and biomass were significantly 

correlated with sculpin growth when distance downstream was controlled for. 

A linear model was used to investigate more directly the impact of discharge on ΔL. 

Numerous hydrologic indices have been applied in the literature to characterize river flow 

patterns and have been used to explain differences in macroinvertebrate assemblages (Monk et 

al. 2007; Konrad et al. 2008; Kennen et al. 2010), fish diversity and abundance (Yang et al. 

2008) and fish recruitment (Nicola et al. 2009). Here, hydrologic indices were chosen to 

represent each of the fundamental components of the flow regime: magnitude, timing, duration, 

frequency and rate of change (Richter et al. 1996; Poff et al. 1997). Nine hydrologic indices were 

chosen in total, corresponding to each of the nine flow regime components outlined by Olden & 
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Poff (2003). Each of the chosen indices is known to have a large absolute loading in a 

statistically significant principal components analysis for streams in the US (Olden & Poff 2003). 

Slight modifications from the calculations in Olden & Poff (2003) were sometimes necessary to 

suit study and data availability (Table 2.1.) For example, flow indices were calculated for the 

growing season (June 1
st
 to September 30

th
) of each year in the study, rather than for the entire 

period of record. As well, the absolute rate of change of discharge was calculated in this study 

instead of a separate calculation for the rate of increase and the rate of decrease. Discharge data 

used to calculate the nine hydrologic indices were taken from the data logger 2.5 km below SHF 

in the Magpie River and from the Water Survey of Canada station 02BF001 in the Batchawana 

River. Multi-collinearities were identified and removed by running the model using a correlation 

matrix based on the Pearson product-moment correlation coefficient (R Core Team 2014). The 

Akaike information criterion (AIC) (Hirogutu 1974) was used to refine the linear model, 

balancing goodness of fit and prediction power (R package MASS; Venables & Ripley 2002). 

The relative importance of each of the variables included in the final model was approximated 

following Lindeman et al. (1980) using a ranking based on standardized regression coefficients 

(R package relaimpo; Grömping 2006). 

Results 

Sculpin (n=1163) collected from 2002 through 2012 ranged in length from 12 to 126 mm 

and resulted in first and second year  ΔL estimates for the years 2002 through 2010. However, 

degradation of some otoliths from fish preserved in formalin followed by ethanol resulted in no 

ΔL estimates for second year growth for 2006 and only one estimate for 2008 in the Magpie 

River. Average sculpin ΔL ± standard deviation in the Magpie River (regulated) for first and 

second growth years was 47.9±8.0 and 18.6±7.3 mm·yr
-1

, respectively, during the restricted 

ramping period, and 47.5±8.1 and 19.1±7.0 mm·yr
-1 

during the unrestricted ramping period. In 

the Batchawana River (natural) sculpin ΔL for first and second growth years was 41.5±4.2, and 

13.6±5.1 mm·yr
-1

, respectively, during the period of restricted ramping in the regulated river, and 

42.1±4.9 and 15.7±5.2 mm·yr
-1 

during the period of unrestricted ramping in the regulated river 

(Fig. 2.2). 

There was no difference in ΔL between hydropeaking regimes for first year growth 

(Welch’s t165.2=0.16, p>0.05) or second year growth (Welch’s t21.8=1.68, p>0.05) in the regulated 

river (Fig. 2.2). There was also no difference in ΔL between the time periods encompassed by the 
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hydropeaking regimes for first year growth (Welch’s t223.7=1.19, p>0.05) or second year growth 

(Welch’s t37.2=1.84, p>0.05) in the naturally flowing river (Fig. 2.2). As such, the remainder of 

comparisons were computed using growth data from all years combined. There was a significant 

difference between ΔL in the regulated and natural river for first year growth (Welch’s 

t507.8=10.3, p<0.05) and second year growth (Welch’s t113.4=3.04, p<0.05), with growth in the 

regulated river being higher (Fig. 2.2). Variance in annual growth was significantly different 

between rivers for first year ΔL (Bartlett’s test, K-squared1=49.82, p<0.05) and second year ΔL 

(Bartlett’s test, K-squared1=26.11, p<0.05) and was higher in the regulated river (Fig. 2.2).   

Both first and second year ΔL in the regulated river were significantly related to distance 

from the dam (p<0.05, r
2
=0.12 and 0.19 for first and second year growth, respectively) (Fig. 2.3), 

with ΔL decreasing with distance downstream. A between-site ANOVA followed by Tukey’s 

post hoc test showed that both first and second year sculpin growth in the regulated river 

decreased to rates not significantly different from the upstream control site at a distance of 4 km 

downstream from the dam (F8,396=10.68, p<0.05).  First year ΔL in the natural river was also 

significantly related to distance (p<0.05, r
2
=0.03), but in contrast to the regulated river increased 

with distance downstream. There was no significant relationship between growth and distance 

for second year ΔL in the natural river. There was also no significant correlation between growth 

and density or biomass in either river when distance downstream was controlled for (Pearson’s 

partial correlation coefficient, p>0.05).  

Growth season values for the nine flow regime components included in the multiple 

regression are listed in Table 2.2. Consistent dam operations, and thus consistent values for the 

flow regime components, were expected within each flow regime. However, there were two 

anomalous years in the unrestricted ramping period on the regulated river: 2008 was an 

uncharacteristically wet year, leading to higher discharge, while 2010 was an uncharacteristically 

dry year, leading to lower discharge. In both those years, ramping was reduced relative to other 

years throughout the study period.  

When explanatory power of the model relating sculpin growth to the tested hydrological 

indices was significant, it was low and the pattern of hydrologic indices contributing to the 

explanatory power was not consistent among sites. The variation in sculpin ΔL explained by the 

flow regime components was significant for first year ΔL in the regulated river (r
2
=0.12), but not 

for second year ΔL. Upstream from the reservoir in the regulated river, the model was significant 
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for both growth years (r
2
=0.25 and 0.33, respectively) (Table 2.3). The model was also 

significant for both first and second year ΔL in the natural river, but explained only a small 

proportion of the variance in ΔL (r
2
=0.11 and 0.11, respectively). The hydrologic indice 

responsible for the highest proportion of variation explained by the model differed between 

upstream from the reservoir (FL1) and downstream from the dam (DH15) in the regulated river 

and between the regulated and natural river (MH1) (Table 2.2). Rate of change was positively 

related to ΔL in the regulated river, but negatively related to ΔL in the natural river. When the 

anomalous years 2008 and 2010 were removed from the data set used to estimate the model, 

there was no longer a significant relationship between hydrologic indices and first year ΔL in the 

regulated river. An ANOVA and Tukey’s HSD showed that first year ΔL in 2008 was 

significantly higher than in years 2002 and 2010, and first year ΔL in 2009 was significantly 

higher than in 2010 (F7, 220=4.07, p<0.05) (Fig. 2.4). There were no significant differences in 

second year ΔL between years in the regulated river (F5, 44=1.71, p>0.05), however, no second 

year growth samples were available for 2008. 

Discussion 

Sculpin annual growth rates did not differ between the periods encompassed by the two 

different ramping rate regimes in either the regulated Magpie River or the naturally flowing 

Batchawana River. Growth rates differed between the rivers, with higher average annual growth 

rates observed in the regulated river. A decrease in growth rates for both growth years was 

detected with increasing distance from the dam in the regulated river, while an increase in 

growth rates for first year growth was observed in the naturally flowing river. Sculpin density 

and biomass did not account for any variation in growth beyond that which was explained by 

distance downstream. Tested hydrologic indices accounted for only a small proportion of the 

explained variation in sculpin growth in either river, and significant hydrological indices were 

not consistent among sites. Thus, while data obtained for sculpin indicate there are impacts 

associated with changing river flow regimes (natural versus regulated), sculpin in general do not 

indicate strong growth-flow correlations under either natural or altered flow conditions. 

Flow patterns resulting from a hydropeaking regime could be expected to increase 

energetic costs, and thus lower growth as a result of increased movement during peak flow 

events (Murchie & Smokorowski 2004; Scruton et al. 2008; Cocherell et al. 2011), exposure to 

higher velocities (Korman & Campana 2009) and/or changes in foraging behaviour (Cocherell et 
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al. 2011). In contrast, our higher sculpin growth in the hydropeaking river relative to the 

naturally flowing river could be explained by potential benefits provided by the dam and its 

operations, such as increased nutrient delivery (Hildebrand 1980), increased benthic invertebrate 

abundance (Jones 2013), changes to the thermal regime (Olden & Naiman 2010) which shift 

water temperatures closer to the optimum for sculpin, and maintenance of a minimum flow 

requirement (Weisberg & Burton 1993). In addition, sculpin display life-history traits and 

behaviour that may enable them to cope with increased peaking without reducing the resources 

allocated to growth. Below we explore the validity of these possibilities within the context of our 

study systems. 

In the regulated river sampled in this study, the metalimnetic dam draw (Smokorowski et 

al. 2011) results in cooler water temperatures throughout the summer (by an average of 2.2°C) 

and slightly warmer temperatures throughout the winter (by an average of 1°C). While the 

preferred water temperature for sculpin is 10°C (Otto & Rice 1977), temperatures in both rivers 

routinely exceed this point in the summer and can also exceed the upper incipient (21°C; Otto & 

Rice 1977) and ultimate incipient lethal (26°C; Otto & Rice 1977) levels for sculpin. However, 

the regulated river remains cooler in the growing season relative to the natural river (1.7°C 

cooler on average during restricted ramping and 2.4°C cooler on average during unrestricted 

ramping 2.5 km below the dam). High temperatures in the natural river would cause an increase 

in standard metabolic rate and a reduction or cessation of feeding (e.g. Elliott 1994), resulting in 

less assimilated energy being allocated towards growth. The cooling effect of the metalimnetic 

draw in the regulated river would maintain a thermal environment conducive to sculpin feeding 

throughout more of the growing season, while sculpin would maintain a lower standard 

metabolic rate. As such, the more favourable water column temperatures in the regulated river 

may have reduced fish energetic costs and increased feeding opportunities, contributing to higher 

growth. 

Food availability and foraging success, which are key determinants of fish growth, are 

impacted by river impoundment in general, as well as by the different hydropeaking regimes in 

our regulated river. Although we did not measure invertebrate abundance directly in this study, 

several publications have reported on this topic in detail for our two study rivers for the years 

encompassed by our study (Patterson & Smokorowski 2011; Jones 2013; Tuor et al. 2014; Bond 

et al. 2015).  In our hydropeaking river, there was a higher abundance of invertebrates in the 



 

22 
 

benthos (Jones 2013) relative to nearby naturally flowing rivers. In addition, stomach contents of 

small bodied fish (including sculpin) had a higher abundance of invertebrates in the regulated 

river relative to the naturally flowing river (Tuor et al. 2014). A higher abundance of 

invertebrates in the benthos, an important food source for sculpin (Petrosky & Waters 1975), 

coupled with a higher abundance of invertebrates in stomach contents suggests a higher foraging 

success in the regulated river, resulting in the higher observed growth. Indeed, Bond et al. (2015) 

found a positive correlation between sculpin growth rates and invertebrate density for a set of 

rivers including both the Magpie and Batchawana Rivers. 

However, Tuor et al. (2014) also found a higher abundance of invertebrates in the 

stomach contents of small bodied fish during the unlimited ramping regime in the regulated river 

relative to the restricted ramping regime, and a change in the species composition of stomach 

contents to a higher proportion of primary consumers relative to predatory macroinvertebrates. 

The lack of difference in growth between the two hydropeaking regimes, despite the increase in 

stomach contents, suggests that increased energy intake during unlimited ramping was offset by 

increased energy outputs, or nutritional quality was decreased by the shift in taxonomic 

composition in stomach contents, or a combination of both. The possibility of increased 

energetic costs suggests a response threshold exists for sculpin where positive forage-related 

gains from increased variable flows are ultimately outweighed by the associated energetic costs 

of standard metabolic rate. Thus, the absence of a significant difference in sculpin growth 

between the two hydropeaking regimes does not mean that the two hydropeaking regimes were 

equivalent in their impacts on sculpin. 

Invertebrate abundance in the regulated river was highest at the site closest to the dam, 

but decreased to levels found in natural rivers 5-8 km below the dam (Jones 2013). This 

coincides well with our finding that sculpin growth was highest near the dam, with growth 

decreasing to levels not significantly different from upstream at 4 km below the dam. In the 

naturally flowing Batchawana River, benthic invertebrate abundance increases with distance 

downstream (Jones 2013), as do our first year annual growth rate measurements for sculpin. 

These results may be expected based on current stream ecological theory. Cooler water 

temperatures, increased particulate drift and increased abundance of filter feeding invertebrates 

below dams (Ward & Stanford 1983; the serial discontinuity concept) would produce conditions 

beneficial for sculpin growth. As river water temperatures are attenuated and benthic invertebrate 
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abundances decrease to levels similar to naturally flowing rivers with distance downstream, 

sculpin growth would be expected to, likewise, decrease with distance downstream. Conversely, 

in the middle reaches of a naturally flowing river without a significant input of particulate 

organic matter, the filter feeding invertebrate community may have a lower abundance relative to 

river reaches below a dam. As the river shifts from heterotrophy to autotrophy with distance 

downstream and the benthic community of collectors and grazers increases in abundance 

(Vannote et al. 1980, the river continuum concept), food availability for sculpin may increase, 

driving an increase in sculpin growth with distance downstream.     

While invertebrate abundance can increase immediately below dams (Spence & Hynes 

1971; Jones 2013), with consequences for productivity at higher trophic levels, the same 

phenomenon can occur in riverine habitats below naturally occurring lakes (Richardson & 

Mackay 1991; Jones 2010). The river reach sampled in the Batchawana River as a control for our 

regulated Magpie River was not immediately downstream from a lake. Yet, given that our study 

dam has a cool water draw, the ideal environmental control may not be obtainable. The outlet 

water from natural lakes is composed of lake surface water, which is often warmer than 

downstream river temperatures, increasing water temperatures immediately downstream (Wotton 

1995). As discussed above, the alteration of downstream water temperatures is an important 

factor for coldwater species such as sculpin. Higher water temperatures from the outlet of a 

natural lake would increase sculpin metabolic costs relative to a lake-less river reach, potentially 

offsetting benefits from an increased food supply. Therefore, we chose to compare our study 

river with a lake-less river reach to determine the impacts of a hydroelectric dam built within a 

river reach as opposed to at the outlet of a lake.   

During both experimental periods, the requirement of a minimum discharge (7.5 m
3
·s

-1
) 

in the regulated river remained in place, which has demonstrated benefits to fish (Weisberg & 

Burton 1993; Travnichek et al. 1995). The requirement often resulted in a mid-summer discharge 

in the regulated river above that which was experienced in the naturally flowing river (see 

discharge parameter ML1, Table 2.2). In general, discharge parameters positively correlated with 

the frequency and duration of high discharge events were important components of the explained 

variation in annual growth in both rivers, suggesting that higher discharge provides benefits 

realized in higher sculpin growth rates. For example, Weisberg & Burton (1993) noted an 

increase in invertebrate abundance and increased foraging success, once a minimum flow 
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requirement was instituted below the Conowingo Dam in Maryland, US. Therefore, continuation 

of the minimum discharge requirement, as well as higher mean flows (Table 2.2), may in part 

explain the higher annual sculpin growth rates in the regulated river relative to the natural river.  

Variance in growth rates was higher in the regulated river relative to the natural river. 

Variability in discharge (Rand et al. 2006) and resource availability (Nislow et al. 2004) can lead 

to variability in energy allocation, resulting in differential growth. Invertebrate abundance and 

community composition differs along both lateral and longitudinal gradients in both the rivers in 

this study with depth and velocity being important factors contributing to the gradients in the 

regulated river (Jones 2013). The longitudinal gradient in invertebrate abundance in the regulated 

river likely contributes to the longitudinal gradient in growth in the regulated river, as discussed 

previously above, driving the higher variation in growth rates seen in the Magpie River.  

Higher annual growth rates of sculpin in the regulated river and decreasing growth rates 

with distance from the dam coincide with trends between rivers reported for sculpin by Bond & 

Jones (2015), but not the specific growth-flow relationships reported by Korman & Campana 

(2009) for rainbow trout. While Korman & Campana (2009) reported an increase in daily growth 

with reduced ramping, sculpin growth was not higher under the restricted regime in the regulated 

river. The closely related Mottled Sculpin are most often found underneath the cover of rocks or 

clinging to substrate (Facey & Grossman 1992), with the tactical use of substrate necessitated by 

their poor swimming ability (Facey & Grossman 1990). Field observations in this study suggest 

that slimy slimy sculpin behave similarly to Mottled Sculpin, with the apparent advantage of 

reducing energetic expenditure even under high, hydropeaking induced discharge rates and rates 

of change. Thus, sculpin likely avoid the negative consequences of increased discharge by taking 

refuge in the substrate, while juvenile rainbow trout which maintain position during peaking 

events do not (Korman & Campana 2009). However, it cannot be presumed that the higher 

growth rates in the regulated river relative to the naturally flowing river are a beneficial response 

to river regulation or will necessarily lead to higher relative abundance in the regulated river, as 

higher sculpin growth rates in the Magpie River led to younger age at maturity and higher 

instantaneous mortality rates (Bond et al. 2015). To understand the impacts of hydropeaking on 

fish growth more fully, investigations specific to particular fish body morphologies, age-class 

and behavioural strategies are needed (e.g. Scruton et al. 2003; Murchie & Smokorowski 2004).  
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Weak correlations between hydrologic indices and annual sculpin growth rates, despite 

significant differences in growth rates between rivers, highlight the importance of the indirect 

effects of altering flow regimes on fish species. Indeed, when two anomalous years during which 

peaking operations were suspended are removed from our analysis, there was no significant 

relationship between first or second year sculpin growth and hydrologic indices in the regulated 

river. However, changes in flow regimes do not have ubiquitous effects for all species, as not all 

fish species respond equally to flow, and indirect impacts associated with flow alteration may 

compensate for negative impacts. Therefore, it is imperative that both biotic (Bunn & Arthington 

2002) and abiotic (Cushman 1985) factors be included in study designs to properly understand 

the impacts of altered hydrologic regimes, and how such alterations interact with species-specific 

life history traits. This paper provides valuable insight into the effects of two different 

hydroelectric peaking regimes on the growth of a little studied but widely distributed forage fish 

species with benthic behaviour. Our detailed hydrologic analysis highlights the importance of 

direct and indirect effects of flow alteration and lends support to current ecological theories, 

shedding light on how the ecological impacts of hydroelectric dams are manifested by a benthic 

fish species.  
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Table 2.1 Hydrologic indices chosen for the multiple regression analysis of flow on slimy sculpin growth. All metrics were calculated 

for the growing season (June 1st to September 30th) for each year of the study. Metric names and definitions from Olden & Poff 

(2003). 

Category 
 

Component 
 Olden & 

Poff Metric 

 
Definition 

 
Study Calculation 

Magnitude 

 Average  MA1  Mean daily flow  Mean daily flow  

 
Low flow 

 
ML1 

 Mean minimum 

monthly flow 

 mean for all months of minimum 

daily flow 

 
High flow 

 
MH1 

 Mean maximum 

monthly flow 

 mean for all months of maximum 

daily flow  

Frequency 

 

Low flow 

 

FL1 

 

Low flow pulse count 

 number of events where daily flow 

dips below the 25th percentile for all 

years 

 

High flow 

 

FH1 

 

High flood pulse count 

 number of events where daily flow 

rises above the 75th percentile for 

all years 

Duration 

 
Low flow 

 
DL16 

 Low flow pulse 

duration 

 mean number of days for events in 

FL1 

 
High flow 

 
DH15 

 High flow pulse 

duration 

 mean number of days for events in 

FH1 

Timing 
 

 
 

TL1 
 Day of year with annual 

minimum 

 
day of year with lowest daily flow 

Rate of change 
 

  
 

RA1/RA3 
 

Rise/Fall rate 
 mean of absolute value of hourly 

change 
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Table 2.2 Hydrologic indices and the proportion of variation explained by each in a multiple regression for slimy sculpin first and second year growth in the 

naturally flowing river, the regulated river and upstream of the reservoir in the regulated river. Hydrologic indices are defined in Table 1. 

           

Proportion of 

variation explained 

  Metric 2002 2003 2004 2005 2006 2007 2008 2009 2010 1st year 2nd year 

Natural 

Flow 

MA1 8.82 9.26 7.82 3.71 3.98 8.01 7.96 12.65 12.33  - 0.28 

ML1 4.5 3.30 3.84 1.86 2.06 3.12 7.81 6.63 2.70 *  - 

MH1 17.14 26.40 15.64 7.91 10.09 23.20 14.98 24.13 61.31 0.36 0.41 

FL1 6 3 3 1 3 1 3 1 4  -  - 

FH1 2 5 2 91 28 37 8 10 10 0.05 0.1 

DL16 4.67 7.67 9.00 1.00 1.00 2.00 2.00 7.00 2.00  - * 

DH15 18.5 5.80 10.50 7.00 4.00 8.50 13.50 8.71 7.50 0.15 0.13 

TL1 224 255 221 238 259 249 250 269 213 0.27 0.07 

RA1/RA3 0.12 0.08 0.05 0.03 0.04 0.133 0.175 0.13 0.08 0.18  - 

Growth 

1st year 

± SD 43.1±4.7 37.7±4.8 39.2±7.7 39.5±3.2 40.5±3.8 36.7±1.2 38.4±4.7 40.2±5.8 42.8±4.2   

2nd year 

± SD 22.7 16.0±4.9 11.8±4.6 14.1±3.5 12.9±3.1 13.6±4.8 17.2±2.8 15.9±2.7 17.0±4.0     

             

Regulated 

Down- 

stream 

MA1 14.97 12.48 17.30 13.42 12.41 18.30 23.48 12.68 2.93 0.21 not sig. 

ML1 6.98 8.19 8.79 7.34 5.63 9.37 10.42 5.62 1.78 0.16 * 

MH1 29.44 20.65 27.18 20.08 22.48 28.38 42.33 20.82 5.69 * * 

FL1 7 3 11 9 14 0 5 14 2 0.07 not sig. 

FH1 8 4 12 5 5 10 8 8 0 0.10 not sig. 

DL16 1.43 4.67 1.91 1.89 2.79 0.00 2.60 2.79 60.00 0.11 not sig. 

DH15 3.13 3.50 4.83 3.80 3.20 4.80 9.00 2.50 0.00 0.23 not sig. 

TL1 166 266 234 153 186 182 228 176 239  - not sig. 

RA1/RA3 0.56 0.33 1.24 1.8 2 2.4 1.8 1.7 0.08 0.12 not sig. 

Growth 

1st year 

± SD 44.1±8.0 46.0±8.7 44.5±5.0 44.4±7.7 45.2± 10.5 47.3±9.5 52.4±6.8 49.4±9.9 44.5±6.9   

2nd year 

± SD 15.7±4.4 19.8±6.6 11.6±1.6 12.9±1.5 ND 17.97±5.8 20.7 23.4±8.9 19.2±5.6     
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Table 2.2 continued 

 

          

Proportion of 

variation explained 

  Metric 2002 2003 2004 2005 2006 2007 2008 2009 2010 1st year 2nd year 

             

             

Regulated

- upstream 

MA1 ND 4.94 5.72 4.42 5.59 6.08 16.84 7.68 2.08  - 0.3 

ML1 ND 4.05 4.65 3.06 4.03 4.18 10.17 5.54 1.36 * * 

MH1 ND 9.94 7.49 6.06 8.23 9.38 33.58 11.61 1.77 * * 

FL1 ND 2 0 1 1 0 1 0 1 0.64  - 

FH1 ND 2 1 1 2 0 1 2 0  - * 

DL16 ND 3 0 76 24 0 10 0 124  - * 

DH15 ND 4 5 21 13 0 82 24 0 * 0.36 

TL1 ND 256 220 270 265 249 272 232 220 0.24 0.34 

RA1/RA3 ND 0.014 0.011 0.022 0.026 0 0.081 0.035 0.0082 0.12 * 

Growth 

1st year 

± SD ND 51.1±4.2 44.7±5.6 43.1 ND 48.3±5.9 46.5±7.4 44.5±4.5 54.5±3.6   

2nd year 

± SD ND ND 10.2±4.6 15.6±1.8 ND ND 23.1 18.3±3.7 18.8±2.5     

*removed because of a singularity with another independent variable as identified by a correlation matrix     

 - removed by AIC            

bold numbers in the last two columns denote a positive relationship 

ND denotes no data        
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Table 2.3 Multiple linear regression relating first and second year annual slimy sculpin growth to 

hydrologic indices. The linear regression results are for the models outlined in Table 2. 

  

Growth 

year 

F 

statistic 

degrees of 

freedom p-value 

Multiple 

r
2
 

Natural Flow 1 5.47 5, 230 <0.05 0.11 

2 2.81 5, 116 <0.05 0.11 

      

Regulated 

downstream 

1 4.79 7, 252 <0.05 0.12 

2 0.76 7, 54 >0.05  NA 

      

Regulated 

upstream 

1 5.62 3, 50 <0.05 0.25 

2 3.75 3, 22 <0.05 0.33 
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Figure 2.1 Magpie (regulated) and Batchawana (natural) Rivers in Ontario, Canada (A). 

Sampling sites are denoted by solid circles (●) and data logger locations are denoted by hollow 

circles (○) in the Magpie (B) and Batchawana (C) Rivers. 
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Figure 2.2 Annual first (A) and second (B) year growth (mm·year 
-1

) with error bars indicating ± 

standard deviation for the naturally flowing Batchawana River (circles) and the regulated Magpie 

River (triangles). Closed symbols indicate growth for the period of restricted hydropeaking 

regime, while open symbols indicate growth for the unrestricted hydropeaking regime in the 

regulated river. The same time periods were analyzed in the naturally flowing river and are 

similarly represented with open and closed symbols. 
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Figure 2.3 First and second year growth for Sculpin in the naturally flowing Batchawana River 

(A) and the regulated Magpie River (B) along a longitudinal gradient. Distance is measured from 

the dam in the regulated river and from the beginning of the river valley segment in the naturally 

flowing river. Regression lines are included where the relationship between growth and distance 

is significant. 
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Figure 2.4 Sculpin first and second year growth ± standard deviation by year in the regulated 

Magpie River. First year ΔL in 2008 was significantly higher than in years 2002 and 2010, and 

first year ΔL in 2009 was significantly higher than in 2010 (F7, 220=4.07, p<0.05)
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Chapter 3 Effect of hydroelectric dam river regulation on growth, 

condition and survival of resident forage fish 
 

Introduction 
 River regulation resulting from the construction and operation of hydroelectric dams can 

have significant impacts on downstream ecosystems (Sabater 2008). Physical parameters such as 

river discharge (Cushman 1985), and water temperature (Lessard & Hayes 2003) are affected by 

hydroelectric dam operation, and biological communities adapt to those physical alterations 

(Vannote et al. 1980). Biological responses can be manifested at the population and community 

level, resulting in changes to fish abundance (Bain et al. 1988; Moog 1993; Freeman et al. 2001) 

and diversity (de Mérona et al. 2005; Smokorowski et al. 2011; Freedman et al. 2014), with less 

tolerant species becoming extirpated from downstream river reaches (Quinn & Kwak 2003). 

However, responses to physical alterations may also be manifested at the individual level 

through changes in growth rates (e.g. Korman & Campana 2009; Kelly et al. 2015a) and life 

history traits (e.g. Alexandre et al. 2014; Bond et al. 2015), with significant consequences for 

both species population dynamics and aquatic ecosystems. 

 Recent studies have focused on the impacts of river regulation on individual level 

metrics, noting species-specific effects. For example, river regulation and peaking operations 

have been found to decrease the growth rate of young-of-the-year rainbow trout (Onchorynchus 

mykiss) (Korman & Campana 2009) and Iberian barbel (Luciobarbus bocagei) (Alexandre et al. 

2014), and increase the growth rates of slimy sculpin (Cottus cognatus) (Bond et al. 2015; Kelly 

et al. 2015a) and humpback chub (Gila cypha) (Finch et al. 2015). River regulation can also 

result in earlier maturation and higher instantaneous mortality rates in slimy sculpin (Bond et al. 

2015), but has also been found to decrease gonadal activity and increase longevity in Iberian 

barbel (Alexandre et al. 2014). The causal mechanisms attributed to observed changes in growth 

rates and life history traits vary among studies, but include: discharge rates and patterns (Korman 

& Campana 2009; Kelly et al. 2015a), river water temperature (Kelly et al. 2015a) and nutrient 

delivery and food supply (Bond et al. 2015). Despite differences in biological responses and the 

driving forces behind them, studies to date have largely focused on single species within a given 

river. Investigating the effects of river regulation on the growth, condition and survival of 

multiple species simultaneously will provide a more comprehensive understanding of the impact 



 

35 
 

of river regulation on the fish community, and would provide valuable information on how best 

to modify hydroelectric dam operations to minimize possible negative effects on downstream 

ecosystems.   

 To address this knowledge gap, the growth rates (mm·yr
-1

), condition and survival of 

three fish species were investigated over a ten year period in a river regulated by a 15 MW 

hydropeaking dam, and a nearby similarly sized naturally flowing river. During the study, the 

dam operated under two different hydropeaking regimes: one where the hourly rate of change in 

discharge was restricted, and one where it was not. The three fish species chosen: slimy sculpin, 

longnose dace (Rhinichthys cataractae), and trout perch (Percopsis omiscomaycus), are the three 

most abundant forage fish species in both rivers and represent three different families of fishes 

(Cottidae, Cyprinidae, Percopsidae), thus they constitute an important component of the fish 

community and the riverine ecosystem. The species differ in their body morphology, 

temperature, habitat and feeding preferences (Table 3.1), and thus may reflect the impact of river 

regulation on taxa that occupy different ecological niches.  

Our objective was to test for between-river and between-hydropeaking regime differences 

in growth, condition and survival within species and, where differences exist, investigate the 

consistency of the differences amongst species. In addition, given that hydroelectric dams 

significantly alter downstream discharge patterns (Smokorowski et al. 2011) and river water 

temperature (Olden & Naiman 2010; Casado et al. 2013), whether discharge and temperature 

impact species differently within the study systems was tested. In general, it was hypothesized 

that growth, condition and survival would differ between rivers for each species. Specifically, it 

was hypothesized that (i) growth and condition of slimy sculpin and longnose dace would be 

higher in the regulated river and under the unrestricted ramping regime, given their preference 

for rapidly flowing water (Bradbury et al. 1999; Portt et al. 1999) and the potential for increased 

food supply resulting from hydropeaking (Bond et al. 2015), while the growth and condition of 

trout perch would be lower in the regulated river and under the unrestricted ramping regime 

given their preference for pools (Portt et al. 1999). Also hypothesized was that (ii) survival 

would be lower for longnose dace and slimy sculpin in the regulated river, given that high 

growth and condition may be related to altered life history characteristics and shorter life spans 

in these two rivers (Bond et al. 2015). Trout perch survival would also be lower in the regulated 

river, resulting from a less favourable flow regime based on this species’ preferences.  As well, it 
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was hypothesized that (iii) longnose dace and slimy sculpin growth would be positively related 

to mean discharge given the possibility of increased food availability related to hydropeaking 

(Bond et al. 2015), the preference of the former for areas of swift flowing waters (Bradbury et al. 

1999) and the demonstrated ability of the latter to avoid the energetic costs of faster flowing 

waters (e.g., Kelly et al. 2015a). However, it was hypothesized that trout perch growth would be 

negatively related to discharge given their preference for pools (Portt et al. 1999), where access 

to an increased food supply from hydropeaking induced invertebrate drift may be limited. Lastly, 

it was hypothesized that (iv) slimy sculpin and longnose dace growth would be negatively related 

to river water temperature given their preference for cooler water (Otto & Rice 1977; Bradbury 

et al. 1999), while trout perch growth would not be related to river water temperature.   

Methods 

Sampling sites 

 Sampling took place during the summer months from 2002 through 2012 in the 

Batchawana River near Sault Ste. Marie, ON (47°0’N; 84°30’W) and the Magpie River near 

Wawa, ON (48°4’N; 84°44’W) (Fig. 3.1). The two rivers were chosen for comparison because of 

their proximity, their similarity in terms of drainage area, mean annual discharge, chemical 

composition, and fish community composition (Smokorowski et al. 2011). The Magpie River has 

a 15 MW hydroelectric peaking dam, while the Batchawana River has a natural flow regime. 

During the period encompassed by this study, the hydroelectric dam at the Steephill Falls 

Generating Facility operated under two different hydropeaking regimes. From 2002 through 

2004, regulations for the “restricted hydropeaking regime” required ramping restrictions of ≤1 

m
3
·s

-1
·hr

-1
 from October 10

th
 through November 15

th
, 2 m

3
·s

-1
·hr

-1
 from November 16

th
 through 

the spring freshet, and no greater than a 25% increase or decrease from the previous hour’s flow 

from the spring freshet to October 9
th

 (Smokorowski et al. 2011). The ramping rate restrictions 

were removed in October 2004 (“unrestricted hydropeaking regime”). During both operating 

regimes a minimum flow regulation of 7.5 m
3
·s

-1
 was in place.  

Sampling 

 Randomly selected 100 m transects in analogous river valley segments were fished in 

both rivers (Smokorowski et al. 2011). Eight sites were sampled downstream from the 

hydroelectric dam in the regulated river and within an analogous reach in the naturally flowing 

river. As a result of unforeseen circumstances (e.g. road washouts during major weather events), 
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not all eight sites were sampled each year in each river. Fish were captured by backpack 

electrofishing to a depth of 60 cm, with depths ≤60 cm representing the majority of the area 

encompassed by these shallow, partially wadeable rivers (Smokorowski et al. 2011). A standard 

shocking rate of 4 s·m
-2

 was used. In addition to the routine random sampling, additional fish 

were caught for a separate stable isotope study (Marty et al. 2009). The samples were used to 

increase the sample size of aged fish used in this study, but were not included in annual survival 

calculations. Fish for the stable isotope study were frozen, while all others were preserved in 

formalin followed by ethanol. Fish were weighed and measured in the lab, dissected and sexed, 

and their otoliths were removed for aging. No significant differences were found between male 

and female specimens of slimy sculpin and trout perch in terms of growth or length at age in 

either river (Welch’s t test, p>0.05) and therefore, male and female specimens were pooled in 

subsequent analyses. Given the difficulty of determining sex for the longnose dace caught, a test 

for sex related differences in growth and length at age for this species was not conducted. In 

order to maintain consistency, male and female specimens of longnose dace were pooled for 

subsequent analyses. 

Physical parameters 

 Mean daily river discharge was obtained from two Water Survey of Canada gauges, 

02BD007 (Magpie River) and 02BF001 (Batchawana River). River water temperature data were 

obtained from study placed Solinst Leveloggers located at the Water Survey of Canada gauges in 

both the Magpie and Batchawana Rivers (Fig. 3.1) that recorded every half hour in 2002 and 

every 15 min thereafter from 2003 through 2010 (Smokorowski et al. 2011). Discharge and 

temperature parameters were calculated for each year by averaging mean daily discharge and 

mean daily water temperature from June 1
st
 to September 30

th
. 

Aging 

 Aging was completed by immersing whole otoliths in a 50% by volume glycerol-

deionized water solution and viewing the otoliths under a dissecting microscope (Nikon SMZ 

1000, Nikon Instruments Inc.). Only sagittal otoliths were used for slimy sculpin and trout perch, 

while sagittal and lapilli otoliths were used for longnose dace, depending on availability. All 

otoliths were read at least twice by the same reader and where discrepancies between aging 

existed (<5%), otoliths were not used.  
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Measurements for growth back calculations were made along the clearest radius (which 

was consistent within species) using NIS Elements software (Nikon Instruments Inc., Melville 

NY). Length at age i was back-calculated for each species using the scale proportional 

hypothesis (Francis 1990): 

Li = -(a/b) + (Lc + a/b)(Si/Sc), 

where Li is length at age i, Lc is length at capture, Si is otolith radius at length i, Sc is otolith 

radius at capture, and a and b are the intercept and slope of the otolith radius-on-length 

relationship, respectively.  In order to standardize otolith back-calculations, otolith 

measurements obtained from longnose dace lapilli otoliths were converted to sagittal 

measurements using the linear relationship between the lapilli and sagittal radii (p<0.05, 

r
2
=0.75). Average annual growth rate (ΔL) was calculated as the difference in fish length for one 

annual cycle from the beginning of spring to the end of winter. 

Estimates of annual survival were conducted using the R package fishmethods (Nelson 

2015). Annual survival ± 95% confidence intervals were estimated using the Chapman-Robson 

method (Chapman & Robson 1960). 

Statistical analysis 

 All statistical analyses were conducted in R (R Core Team 2014). Heterogeneity of 

variance was determined using Bartlett’s test (Bartlett 1937), while normality was confirmed 

with the Shapiro-Wilks test (Royston 1982). Given the recently documented and pronounced 

effect of ramping impacts on fish and invertebrate community characteristics immediately below 

the dam on the Magpie River (Bond et al. 2015; Kelly et al. 2015a), data for the sample transect 

closest to the dam (2.5 km downstream) were removed from all subsequent analyses to avoid 

biasing river comparisons. Estimates of ΔL were compared between rivers and hydropeaking 

periods for each species using a two-way ANOVA with a significant interaction between river 

and hydropeaking period signifying an impact on fish growth from the hydropeaking regime 

(e.g. Marty et al. 2009).  Fish condition (weight-length relationship) was assessed for each 

species using an ANCOVA with river and hydropeaking regime as categorical variables. To 

balance the sample sizes used in the statistical comparisons, a maximum of 200 specimens per 

species, river and hydropeaking period were randomly sampled from the dataset to complete the 

ANCOVA analysis. To avoid the confounding factor of including fish with a lifespan that 

encompassed both hydropeaking periods, condition estimates were conducted using fish caught 
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in 2002-2004 for the unrestricted period, and fish caught in 2009 to 2012 for the restricted 

period. Partial correlation analysis was used to assess the significance of the correlation between 

ΔL and mean summer daily discharge and water temperature when the effect of the other variable 

was controlled. An ANCOVA was used to determine if the correlations between ΔL and mean 

summer daily discharge and water temperature differed between species, by including species as 

the categorical variable.  

Results 

Longnose dace and slimy sculpin were caught in all transects sampled within each river, 

most frequently in habitats characterized as runs or riffles with fast flowing water. Trout perch 

were caught less frequently, mainly in pools and slow moving water. Within the subset of aged 

fish, longnose dace attained ages of 5 and 3 in the Magpie and Batchawana Rivers, respectively 

(n=697), slimy sculpin attained ages of 4 and 5, respectively (n=1076), while trout perch attained 

the age of 3 in both rivers (n=633).    

Otolith derived back-calculations yielded a high enough sample size of first and second 

year ΔL estimates for statistical analysis for each species. Longnose dace ΔL was significantly 

higher in the Magpie River relative to the Batchawana River for both first and second year ΔL 

(Table 3.2). Hydropeaking regime was not a significant factor in determining longnose dace ΔL 

and there was no significant interaction between river and hydropeaking regime. Slimy sculpin 

ΔL was significantly higher in the Magpie River relative to the Batchawana River for first year 

ΔL, while hydropeaking regime and the interaction between river and hydropeaking regime were 

not significant (Table 3.2). For slimy sculpin second year ΔL, there was no significant difference 

between rivers, and no significant interaction between river and hydropeaking period. First year 

trout perch ΔL was significantly higher in the Magpie River and significantly higher during the 

unrestricted hydropeaking regime in both rivers, while the interaction between river and 

hydropeaking regime was not significant (Table 3.2). There was no significant difference in ΔL 

between rivers or hydropeaking regimes for second year trout perch ΔL. 

Analysis of the weight-length relationship for longnose dace and slimy sculpin resulted in 

significantly different slopes and intercepts between rivers (Table 3.3). There was a significant 

interaction between river and hydropeaking regime for both species, such that during the 

unrestricted hydropeaking regime smaller fish were lighter, but gained weight faster relative to 

during the restricted ramping period in the regulated river and both periods in the naturally 
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flowing river. The trout perch weight-length relationship slope and intercept also differed 

between rivers such that smaller fish in the regulated river were lighter, but gained weight faster 

relative to the naturally flowing river (Table 3.3). Hydropeaking regime did not have a 

significant impact on the trout perch weight-length relationship, and there was no interaction 

between river and hydropeaking regime.   

Annual survival was calculated for the unrestricted hydropeaking period only, as some 

sample sizes during the restricted hydropeaking period were insufficient for the calculation. 

Annual survival was higher in the Batchawana River relative to the Magpie River for both slimy 

sculpin and longnose dace, with no overlap in the 95% confidence intervals within species (Fig. 

3.2). Annual survival was similar between rivers for trout perch.  

River mean summer discharge and temperature, where significant (p<0.05), explained 

little of the variation in first and second year ΔL in the three species in this study (Table 3.4; Fig. 

3.3, 3.4). Mean summer discharge was significantly correlated with first year ΔL in the Magpie 

River, while mean water temperature was significantly correlated with first year ΔL in the 

Batchawana River for all three species. In general, second year ΔL was less often correlated with 

either mean summer discharge or river water temperature. All correlations, where significant, 

were positive except for the correlation between longnose dace first year ΔL and mean summer 

discharge. The slope and intercepts of the linear relations for first year ΔL varied by species for 

mean summer discharge, while only the slopes varied by species for mean summer temperature 

(Table 3.5). For second year ΔL, the slope and intercept varied by species for mean summer 

discharge but not mean summer temperature. 

Discussion 

 The three forage fish species investigated in this study exhibited differences in ΔL, 

condition and survival between rivers; however the differences were not always consistent 

among species. ΔL was higher in the regulated Magpie River relative to the naturally flowing 

Batchawana River for both first and second year ΔL for longnose dace, but only first year ΔL for 

trout perch and slimy sculpin. River and hydropeaking regime were significant factors for the 

weight-length relationship of longnose dace and slimy sculpin, while only river was a significant 

factor for the trout perch weight-length relationship. Survival was higher in the naturally flowing 

Batchawana River relative to the Magpie River for both longnose dace and slimy sculpin, but 

similar between rivers for trout perch. River discharge and temperature, where significant, 
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explained little of the variation in ΔL. Discharge was more often significantly correlated with ΔL 

in the Magpie River, while temperature was more often significantly correlated with ΔL in the 

Batchawana River for all three species. Significant differences among species in the slopes of the 

discharge- and temperature- ΔL relationships indicate that the effects on fish of hydroelectric 

dam altered hydrologic and thermal regimes can differ amongst species. 

Fish species evolve life-history traits in response to environmental variability 

(Winemiller 2005) and can exhibit phenotypic plasticity in traits based on physical conditions 

(e.g. Blanck & Lamouroux 2007). For example, higher environmental variability within a natural 

riverine environment can lead to a fish community dominated by species with a shorter life span, 

a smaller body size and earlier sexual maturation (Schlosser 1990). However, the practice of 

hydropeaking results in discharge patterns which have no corollary in natural systems (Poff et al. 

1997). Variability in discharge in hydropeaked systems can increase at the sub-daily scale but 

decrease inter- and intra- annually. Meanwhile, variability in both daily and annual temperature 

can decrease as a result of hydropeaking (Casado et al. 2013). And as demonstrated here, such 

differences in the variability of physical conditions can result in changes to fish life-history traits 

(e.g. survival) and individual-based metrics (e.g. growth and condition). 

A decrease in flow variability driven by river regulation resulted in a decrease in growth 

rates and condition, and an increase in longevity in Iberian barbel (Alexandre et al. 2014), while 

hydropeaking resulted in decreased survival, longevity and size in Andalucian barbel (Barbus 

sclateri) (Del Mar Torralva et al. 1997). As well, hydropeaking can result in either a decrease 

(Korman & Campana 2009), or an increase in fish growth (Bond et al. 2015; Finch et al. 2015; 

Kelly et al. 2015a). In our study, although growth was higher for all three species in the regulated 

river, differences in fish condition and survival between rivers did not show similar trends 

among species. Thus, while previous studies have demonstrated that the response of fish to river 

regulation can differ between river systems, our study demonstrates that fish species within the 

same system can exhibit different biological responses to the same river regulation regime. 

 The differences in ΔL and condition between rivers may be related to food availability. 

Invertebrate abundance was found to be higher in the regulated river relative to the naturally 

flowing river (Jones 2013), and Bond et al. (2015) found a significant relationship between slimy 

sculpin growth and invertebrate density in the Magpie River. Thus, higher food availability may 

have led to the higher growth rates exhibited by all three species in the regulated river. And 
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while slimy sculpin and trout perch showed higher ΔL in the unrestricted ramping period for 

second, and first year ΔL, respectively, the same trend was seen in the naturally flowing river for 

both species over the same time period. Thus, while hydropeaking in general did have an impact 

on growth, there was no detectable difference in impact between hydropeaking regimes.  

In contrast, river regulation and hydropeaking regime did have a significant impact on the 

weight-length relationship of longnose dace and slimy sculpin, while river regulation alone had a 

significant impact on the weight-length relationship of trout perch. Specifically, river regulation 

altered the allometric nature of the weight-length relationship, increasing the value of the 

exponent, b, relative to the naturally flowing river for all three species, while unrestricted 

hydropeaking increased b relative to restricted hydropeaking for longnose dace and slimy 

sculpin. The differences in the weight-length relationships between rivers and hydropeaking 

regimes may be related to a difference in both the abundance and accessibility of food resources 

between rivers. Condition indices can be correlated with different prey items for fish of different 

lengths, as a result of ontogenetic diet shifts (Liao et al. 1995). And, although invertebrate 

abundance was higher in the regulated river (Jones 2013), and hydropeaking can increase 

invertebrate drift (Lauters et al. 1996; Lagarrigue et al. 2002; Patterson & Smokorowski 2011), 

food resources may not be equally available to all fish size classes. Jones (2013) found that the 

nearshore varial zone in the Magpie River generally had lower invertebrate abundance relative to 

areas in the permanently wetted zone, while in the Batchawana River, invertebrate densities 

tended to be highest in the nearshore zone. Small (YOY) longnose dace and slimy sculpin are 

most frequently caught along the river margins (B. Kelly, unpublished data), where invertebrate 

density is highest in the Batchawana River, while longnose dace migrate to the variable zone in 

the Magpie River during hydropeaking events, where invertebrate abundance is lower (Bond & 

Jones 2015). Thus, the difference in the weight-length relationships between rivers and between 

hydropeaking regimes is likely reflective of the changing accessibility of food resources during 

the hydropeaking cycle on a daily basis, and on a more long-term basis as fish grow.   

 The comparable annual survival of trout perch between rivers but higher growth in the 

regulated river, suggests that hydropeaking did not have a negative impact on this species, 

despite their habitat preference of slower moving water (Portt et al. 1999) and the tendency for 

river regulation to increase the amount of run and riffle habitat relative to pools (Bunn & 

Arthington 2002). Thus, despite the sub-daily changes in discharge in the regulated river, 
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sufficient areas of slow moving water or pools may remain during hydropeaking periods that 

provide trout perch with a refuge in order to avoid the potential negative impacts of being 

routinely exposed to high discharge events.  

Although trout perch exhibited similar annual survival between rivers, longnose dace and 

slimy sculpin showed lower survival in the regulated river relative to the naturally flowing river. 

The lower survival in the regulated river may be driven by higher mortality of fish which are less 

able to deal with large flow fluctuations (Del Mar Torralva et al. 1997), given that both these 

species inhabit riffles (Portt et al. 1999) where they would be more exposed to hydropeaking 

events relative to trout perch.  For example, newly emerged longnose dace are most often found 

in slower velocity water along stream margins (Gee & Northcote 1963), which are areas that 

would shift or disappear daily under a hydropeaking regime.  It is also possible that these two 

species are exhibiting a shift in life-history characteristics in the Magpie River, whereby more 

rapid growth and higher condition are coupled with younger age-at-maturity and decreased 

longevity, relative to the Batchawana River. The mechanism was suggested by Bond et al. 

(2015) for slimy sculpin in the Magpie River, and is consistent with the lower survival of 

longnose dace and slimy sculpin in the Magpie River. 

Where the relationship between ΔL and river discharge and temperature was significant, 

it explained little of the variation in ΔL. In general, given the heterogeneous nature of riverine 

environments (Fausch et al. 2002), mean summer discharge and river water temperature 

estimates likely fail to characterize the full range of habitats available to fish. As well, increased 

metabolic costs driven by altered discharge (e.g. Murchie & Smokorowski 2004; Korman & 

Campana 2009) and temperature may be offset by increases in food availability associated with 

river regulation (Patterson & Smokorowski 2011; Jones 2013) and hydropeaking (Lauters et al. 

1996; Lagarrigue et al. 2002), resulting in a weak correlation between fish growth and river 

discharge and temperature. Increased food availability may also be driving the positive 

correlation between temperature and fish growth in the naturally flowing Batchawana River. 

Warmer water temperatures in a given year can increase invertebrate production (e.g. Plante & 

Downing 1989) as long as species-specific upper thermal thresholds are not exceeded (Sweeney 

and Vannote 1978), increasing food availability for fish. Species-specific preferences and 

behaviours likely play a role as well. For example, the negative relationship between discharge 
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and Magpie River longnose dace first year ΔL may be related to the sensitivity of small longnose 

dace to high velocity environments (Gee & Northcote 1963).  

 River regulation can decrease the diversity of downstream fish communities (Freedman 

et al. 2014), and this was found for the regulated Magpie River relative to the naturally flowing 

Batchawana River (Smokorowski et al. 2011). While the effect of river regulation on multiple 

fish species was documented, this study does not take into account species which may have been 

extirpated after the dam first became operational (e.g. Quinn & Kwak 2003). As well, the three 

forage fish species chosen all have a wide distribution, ranging from eastern Canada to British 

Columbia and north to the Yukon and Northwest Territories (Scott & Crossman 1973). The 

ability of these species to persist across such a wide range of geographical and climatic 

environments is indicative of an ecological plasticity that allows them to thrive under a variety of 

temperature and flow conditions. Therefore, while information on multiple species was provided, 

these results may underestimate the impacts of hydropeaking in this case given that specialist or 

sensitive species were not included.  

While previous papers have shown the impacts of river regulation on the growth and 

condition of individual species, this study provides information on the species-specific 

differences in responses within a given fish community. Our results highlight the need to 

consider the impact of river regulation on multiple fish species within a given system when 

attempting to determine effective management strategies to maintain ecosystem integrity. Given 

the species-specific response to hydropeaking, management strategies aimed at maintaining flow 

and habitat heterogeneity within the riverine environment may best ensure that species with a 

variety of habitat preferences and life-history strategies can persist in this environment.
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Table 3.1. Morphology, substrate, velocity and temperature preferences of longnose dace, slimy sculpin and trout perch. 

Species Morphology 
Substrate 

Preference 

Velocity 

Preference 

Temperature  

Preference 

Feeding 

Preferences 

longnose 

dace 

Round body, inferior 

mouth
a
 

Boulder, cobble, 

rubble, gravel
b
 

Riffle, rapid
b 

65 cm
-s
 

5.4-22.7°C
c 
(entire 

range) 

Chironomids, algae, 

midge and diptera 

larvae
f
 

slimy 

sculpin 

Laterally compressed 

body, mouth has 

protruding upper lip
a
 

Boulder, cobble, 

rubble, bedrock, 

gravel, sand
b
 

Riffle
b 

30 cm
-s
 

10-12 °C 
d
 

Aquatic insects, 

crustaceans, small 

fishes, aquatic 

vegetation
 f
 

trout 

perch 

Thick body, ventral 

mouth
a
 

Gravel, sand, 

boulder, cobble, 

rubble
b
 

Pool
b 

NA* 
10 – 16°C 

e
 

Chironomids, 

amphipods, 

mollusks, small 

crustaceans 
f
 

a
Scott and Crossman (1973) 

   

 
b
Portt et al. 1999 (preference refers to high and 

medium usage),  cm
-s
 give critical velocity critieria for 

fishway design above which species would be unable 

to swim for sustained periods as given in Peake (2008) 

  

 

c
Edwards et al. 1983 

   

 
d
Otto and Rice 1977 

   

 
e
Coutant 1977 

f
 Richardson et al. 2001 

*No estimate available 
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Table 3.2. Results of two way ANOVA for first year and second year growth within species using river and hydropeaking regime as 

independent factors.  

Parameter Species River 
Hydropeaking 

Regime 

Annual 

Growth 

(mm·yr
-1

) 

ANOVA F  

Degrees 

of 

freedom 

p-

value 

First year 

annual growth 

longnose dace Regulated Restricted 38.1±5.6 River 18.0 1 <0.01 

 Unrestricted 38.4±5.4 hydropeaking period 0.3 1 0.58 

Natural Restricted 35.8±4.0 Interaction 0.0 1 0.98 

  Unrestricted 36.1±4.8     

slimy sculpin Regulated Restricted 44.9±5.3 River 39.6 1 <0.01 

 Unrestricted 45.1±5.9 hydropeaking period 0.8 1 0.37 

Natural Restricted 41.8±4.2 Interaction 0.2 1 0.68 

  Unrestricted 42.4±4.5     

trout perch Regulated Restricted 45.1±5.8 River 32.3 1 <0.01 

 Unrestricted 47.3±6.1 hydropeaking period 11.1 1 <0.01 

Natural Restricted 40.6±5.2 Interaction 0.0 1 0.99 

  Unrestricted 42.3±4.4     

Second year 

annual growth 

  

longnose dace Regulated Restricted 21.5±3.1 River 38.0 1 <0.01 

 Unrestricted 20.9±4.8 hydropeaking period 0.3 1 0.61 

Natural Restricted 16.9±3.0 Interaction 0.0 1 0.90 

  Unrestricted 16.6±3.7     

slimy sculpin Regulated Restricted 15.1±4.3 River 2.0 1 0.16 

 Unrestricted 16.5±4.7 hydropeaking period 4.0 1 0.05 

Natural Restricted 13.6±5.1 Interaction 0.1 1 0.74 

  Unrestricted 15.5±5.1     

trout perch Regulated Restricted 17.2±4.4 River 2.3 1 0.13 

 Unrestricted 15.6±5.2 hydropeaking period 1.9 1 0.17 

Natural Restricted 15.8±3.0 Interaction 0.6 1 0.45 

   Unrestricted 15.0±3.2     
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Table 3.3. ANCOVA results for the comparison of weight-length relationships for longnose dace, slimy sculpin and trout perch, using 

river and hydropeaking regime as categorical variables. 

Species Comparison F  
t 

statistic  

Degrees of 

freedom 

p-

value 

longnose 

dace 

 

6295.00 
 

7, 557 <0.01 

 
River intercept 

 

2.49 
 

0.01 

 

Hydropeaking regime intercept 

 

1.32 
 

0.19 

 
River slope 

 

3.09 
 

<0.01 

 
Hydropeaking regime slope 

 

0.92 
 

0.36 

 
River x regime intercept  

 

2.87 
 

<0.01 

 
River x regime slope 

 

2.86 
 

<0.01 

 
     

slimy sculpin 
 

12190.0 
 

7, 634 <0.01 

 
River intercept 

 
8.33 

 
<0.01 

 
Hydropeaking regime intercept 

 
0.78 

 
0.44 

 
River slope 

 
9.35 

 
<0.01 

 
Hydropeaking regime slope 

 
0.13 

 
0.89 

 
River x regime intercept  

 
5.13 

 
<0.01 

 
River x regime slope 

 
5.00 

 
<0.01 

      
trout perch 

 
2890.0 

 
7, 433 <0.01 

 
River intercept 

 
3.43 

 
<0.01 

 
Hydropeaking regime intercept 

 
0.80 

 
0.42 

 
River slope 

 
3.20 

 
<0.01 

 
Hydropeaking regime slope 

 
0.38 

 
0.71 

 
River x regime intercept  

 
1.24 

 
0.22 

  River x regime slope   1.16   0.25 
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Table 3.4. Pearson partial correlation coefficients for the correlation between first and second 

year growth and mean summer discharge (m
3
·s

-1
) and temperature (°C) for longnose dace, slimy 

sculpin and trout perch. Mean summer temperature was controlled for in the correlation 

coefficient calculation between growth and discharge, while mean summer discharge was 

controlled for in the correlation coefficient calculation between growth and temperature. Bold 

lettering indicates a significant correlation. 

Parameter Species Growth year River 

Pearson partial 

coefficient p-value 

Test 

statistic 

Discharge 

longnose 

dace 

First 
Natural 0.004 0.95 0.06 

Regulated -0.17 0.05 -1.99 

Second 
Natural 0.15 0.06 1.87 

Regulated -0.069 0.68 -0.4 

slimy 

sculpin 

First 
Natural 0.05 0.41 0.83 

Regulated 0.38 <0.01 6.16 

Second 
Natural 0.13 0.16 1.39 

Regulated 0.12 0.38 0.87 

trout 

perch 

First 
Natural -0.07 0.22 -1.22 

Regulated 0.32 0.03 2.19 

Second 
Natural 0.26 0.03 2.25 

Regulated 0.28 0.28 1.07 

 
  

    

Temperature 

longnose 

dace 

First 
Natural 0.28 <0.01 4.65 

Regulated -0.006 0.95 -0.064 

Second 
Natural -0.01 0.90 -0.12 

Regulated 0.13 0.45 0.76 

slimy 

sculpin 

First 
Natural 0.19 <0.01 3.18 

Regulated 0.08 0.25 1.15 

Second 
Natural 0.22 0.01 2.51 

Regulated 0.07 0.59 0.53 

trout 

perch 

First 
Natural 0.15 <0.01 2.62 

Regulated 0.44 <0.01 3.17 

Second 
Natural 0.25 0.03 2.13 

Regulated -0.14 0.60 -0.52 
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Table 3.5. ANCOVA results for comparison of the relationship between annual growth and 

discharge and temperature among species. 

  

F statistic p-value 

first year annual growth discharge intercept 39.01 <0.01 

 

discharge slope 189.82 <0.01 

 

temperature intercept 2.74 0.09 

 

temperature slope 7.71 <0.01 

    second year annual 

growth discharge intercept 74.97 <0.01 

 

discharge slope 7.64 <0.01 

 

temperature intercept 1.32 0.25 

 

temperature slope 0.04 0.96 
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Figure 3.1. Magpie (regulated) and Batchawana (natural) Rivers in Ontario, Canada (A). 

Sampling sites are denoted by solid circles (●) and locations where discharge and temperature 

data were collected are denoted by triangles (▲) in the Magpie (B) and Batchawana (C) Rivers. 

The Steephill Falls (SHF) dam and generating facility in the Magpie River is indicated with a 

star. 
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Figure 3.2. Annual survival ± 95% confidence intervals of longnose dace, slimy sculpin and trout 

perch in the naturally flowing Batchawana River (●) and the regulated Magpie River (○). Annual 

survival was calculated using fish caught in the unrestricted ramping period only. 
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Figure 3.3. Longnose dace (A), slimy sculpin (B), and trout perch (C) first (solid symbols) and 

second (open symbols) year annual growth and mean summer discharge (m
3
·s

-1
) in the naturally 

flowing Batchawana (○) and regulated Magpie (Δ) Rivers. Lines indicate significant correlations 

where mean summer temperature was controlled for (p<0.05). 
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Figure 3.4. Longnose dace (A), slimy sculpin (B), and trout perch (C) first (solid symbols) and 

second (open symbols) year annual growth and mean summer temperature (°C) in the naturally 

flowing Batchawana (○) and regulated Magpie (Δ) Rivers. Lines indicate significant correlations 

where mean summer discharge was controlled for (p<0.05).
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Chapter 4 Downstream effects of hydroelectric dam operation on 

thermal habitat use by brook trout (Salvelinus fontinalis) and slimy 

sculpin (Cottus cognatus)  

Introduction 

 Hydroelectric dam operations alter river discharge and temperature downstream 

from dams (Baxter 1977; Ward & Stanford 1983), and these physical alterations can 

affect aquatic communities living in downstream river reaches (Sabater 2008; Poff & 

Zimmerman 2010). Temperature is a particularly important parameter for ectotherms 

such as fish, given its influence on metabolism and physiology (Brett & Groves 1979; 

Kelsch & Neill 1990), growth (Neuheimer & Taggart 2007), and life-history traits 

(Coutant 1987). In addition to increases or decreases in downstream water temperatures 

(Baxter 1977), dam operation can shift the timing and magnitude of thermal events 

relative to a natural flow regime (Petts 1986). Given the influence of temperature on fish 

physiology and the extent to which downstream water temperatures are impacted by 

hydroelectric dam operation, a detailed analysis of altered thermal regimes is a 

prerequisite for understanding the impacts of river regulation on fish communities 

(Caissie 2006; Olden & Naiman 2010). 

 A number of negative effects on fish resulting from cold water releases from dams 

have been documented, such as the local extirpation of warm water fishes (Quinn & 

Kwak 2003), delays in spawning (Zhong & Power 1996), impacts to larval development 

(Clarkson & Childs 2000) and decreased growth rates (Saltveit 1990). However, 

temperature preferences and avoidance thresholds are species and life-history stage 

specific (Cherry et al. 1977), and positive impacts of coldwater releases from dams 

documented for stenothermic species will support fisheries management objectives for 

those species (Clarke et al. 2008). Given the conservation value of many coldwater fish 

species (e.g. Connelly & Brown 1991) several recent studies have proposed the 

management of hydroelectric dams for cold water releases as a potential mitigation 

strategy for climate change (Isaak et al. 2012; Null et al. 2013; Robson et al. 2013;  

Rheinheimer et al. 2014; Rheinheimer & Viers 2014), given the increases in stream 
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temperature already measured (Kaushal et al. 2010; Isaak et al. 2012) and the projected 

future increases in stream temperatures (van Vliet et al. 2013).  

Assessing the feasibility of managed river temperatures for providing benefits to 

downstream fish communities is difficult given the complex nature of temperature 

dynamics in these systems. Rivers are heterogeneous environments, where water 

temperature is driven by both external forcing and internal structure (Poole & Berman 

2001). Longitudinal (Casado et al. 2013) and lateral (Clark et al. 1999) temperature 

gradients exist as well as depth gradients within pools (Neilsen et al. 1994). Groundwater 

inputs can also have significant localized influence on temperature (Ebersole et al. 2003; 

Dugdale et al. 2015) as does riparian cover (Theurer et al. 1985).  

 The availability of different thermal habitats within rivers enables fish to 

thermoregulate by migrating to areas with more suitable temperatures when needed 

(Berman & Quinn 1991; Petty et al. 2012). When preferred thermal habitat is unavailable, 

or unattainable as a result of habitat fragmentation, fish can spend short periods of time at 

temperatures above their upper incipient lethal levels (Dickerson & Vinyard 1999; 

Wehrly et al. 2007) provided periodic temperature decreases occur to enable fish 

recovery (Schrank et al. 2003). Therefore, commonly used parameters such as daily mean 

and maximum river channel temperature may not be representative of the realized 

thermal habitat of a given fish, or predictive of fish densities, given that they do not 

accurately represent the variability in available thermal habitat (Hillyard & Keeley 2012; 

Butryn et al. 2013; Snyder et al. 2015). Determination of the water temperatures used by 

fish below dams and a detailed characterization of the riverine thermal regime are, 

therefore, both necessary for understanding how fish respond to the thermal alterations 

caused by hydroelectric dam operation.   

In this study, water temperature data and realized fish thermal habitat 

(temperature use) were examined in a regulated and a naturally flowing river. The 

regulated river has a 15 MW peaking hydroelectric dam with a metalimnetic (cool water) 

draw. Frequently used temperature metrics such as mean, minimum and maximum daily 

temperature (Butryn et al. 2013), as well as metrics representing species-specific 

thresholds for preferred, avoidance and upper incipient lethal temperatures were 

calculated. Temperature use analysis of two coldwater species (brook trout (Salvelinus 
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fontinalis) and slimy sculpin (Cottus cognatus)) found in the same river reaches (Scott & 

Crossman 1973), but exhibiting different behavioral and life-history strategies was 

conducted. Oxygen stable isotope analysis of fish otoliths was used to determine the 

mean temperature experienced over the course of the growing season. The objective was 

to determine the effect of river regulation on fish thermal habitat use within the context of 

current river management questions, namely the feasibility of using hydroelectric dams to 

mitigate water temperature increases associated with climate change. It was hypothesized 

that: (i) the thermal regime downstream from the cool water draw in the regulated river 

would result in lower water temperatures and a more suitable thermal regime for both 

species, as determined by species-specific thresholds. Accordingly, (ii) the thermal 

regime in the regulated river would result in lower temperatures experienced by both 

species relative to the naturally flowing river, but (iii) brook trout and slimy sculpin 

would inhabit significantly different temperatures based on species-specific temperature 

preferences and behavior. As well, it was hypothesized that (iv) Brook Trout would 

inhabit consistent temperatures through the growing season, given their propensity to 

thermoregulate (Petty et al. 2012), while Slimy Sculpin temperature experienced would 

reflect seasonal changes in river water temperature. It was hypothesized that these 

behavioural tendencies would result in a lack of detectable ontogenetic shift in 

temperature use in either species between mean first and second growing season. Given 

that temperature alterations can become attenuated with distance from the dam (e.g. 

Webb & Walling 1993), and slimy sculpin are a proven sentinel species for local 

conditions (e.g. Galloway et al. 2003; Gray et al. 2004), it was hypothesized that (v) 

slimy sculpin living further from the dam would inhabit warmer water temperatures. 

Finally, it was hypothesized that (vi) fish condition would be correlated with temperature 

use such that fish with a realized thermal habitat closer to the species-specific thermal 

preference would have higher condition.    

Methods 

Study Sites 

 The regulated Magpie River near Wawa ON (48°4’N; 84°44’W), with a 15 MW 

dam, and the naturally flowing Batchawana River near Sault Ste. Marie ON (47°0’N; 

84°30’W) were sampled for this study (Fig. 4.1). The Batchawana River was chosen as a 
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field control given the similar discharge volumes, water chemistry and fish communities 

in the two rivers (Smokorowski et al. 2011). Over the time span encompassed by this 

study, the Steephill Falls waterpower facility (SHF) on the Magpie River had operating 

restrictions consisting of a minimum flow requirement of 7.5 m
3
·s

-1
, and a maximum 

passable flow through the turbines of 44 m
3
·s

-1
. The SHF has a metalimnetic water draw 

and operates as a hydropeaking facility, increasing and decreasing river discharge within 

those restrictions to align hydroelectricity production with daily patterns of electricity 

demand in Ontario.  

Sampling 

Sampling for slimy sculpin and young-of-the-year (YOY) brook trout was 

conducted in July of 2011 and 2012 in the Batchawana River, and August of 2011 and 

2012 in the Magpie River. Sampling transects of 100 m length were chosen randomly 

from analogous valley segments in each river (Smokorowski et al. 2011). Distance 

downstream in the regulated river was measured from the SHF, while distance 

downstream in the naturally flowing river was measured from the beginning of the river 

valley segment within which the sampling transects were located. Fish were caught by 

backpack electrofishing to a depth of 60 cm at a standard rate of 4 s·m
-2

. Sampling for 

adult brook trout was conducted in both rivers in October of each year by angling. Fish 

specimens were identified to species using keys in Scott & Crossman (1973) and 

McAllister (1964), then weighed (g) and measured (mm) prior to freezing for storage 

until dissections were conducted. Water samples were collected from the thalweg of the 

river at a depth of 30 cm for oxygen stable isotope analysis (Storm-Suke et al. 2007a) at 

each sampling site on the day of sampling during July and August, as well as on one 

sampling date during winter. 

Temperature Data 

 Water temperature was measured year round approximately 30 cm from the 

substrate in the thalweg of the river. Solinst Leveloggers (Solinst, Canada) were used to 

log temperature at 15 minute intervals. Four data loggers were placed in the Magpie 

River, with one upstream of the SHF reservoir, and the remaining three placed at 2.5, 7.5 

and 13.5 km downstream from the dam (Fig. 4.1). The data logger in the Batchawana 

River was located at the Water Survey of Canada Station (02BF001).  
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Mean Temperature Experienced 

 Oxygen stable isotope measurements obtained from otoliths were used to quantify 

thermal habitat use (e.g. Murdoch & Power 2013; Kahilainen et al. 2014; Sinnatamby et 

al. 2013), as this method enables the determination of temperature use in YOY and small-

bodied fishes that have not attained sufficient size for tagging or telemetry methods. In 

addition to analyzing otoliths from YOY fish, which provided temperature estimates from 

otolith formation to date of capture, otoliths from fish aged ≥ 2+ were subsampled to 

estimate temperature experienced during full growing seasons from 2008 to 2011. By 

using fish ≥ 2+, samples from multiple growing seasons per specimen were obtained, 

enabling us to check for ontogenetic shifts in temperature use. The comparison between 

YOY and first full summer estimates was used to deduce whether thermal habitat use was 

consistent over the growing season. For simplicity, temperature estimates from YOY 

otoliths will be referred to as “partial” season estimates, while estimates produced for 

entire growing seasons from fish ≥ 2+ are referred to as “full” season estimates.  

Sagittal otoliths were removed from slimy sculpin and brook trout using forceps, 

rinsed with deionized water, dried at room temperature, and then stored in plastic snap 

cap vials.  YOY otoliths were weighed and then either analyzed whole for δ
18

O, or, if too 

large, were homogenized using a mortar and pestle then subsampled. Otoliths from ≥ 2+ 

aged fish were placed in epoxy, sulcus side down, on a glass microscope slide and 

polished to expose inner annuli. Aging was conducted under reflected light using a 

dissecting scope and each otolith was aged at least twice by the same reader. In addition, 

brook trout ages were corroborated by a second, independent reader and the age and 

seasonality of deposition zones in slimy sculpin otoliths were confirmed by analyzing 

alternating opaque and translucent zones using oxygen stable isotopes (e.g. Høie et al. 

2004a). Ultimately, only first and second growing season (as defined above) could be 

analyzed for fish ≥ 2+ as a result of small sample sizes for 3+ slimy sculpin, and 

insufficient otolith material for the third growing season in brook trout otoliths. 

 First and second summer otolith material deposited during the growing season 

were delineated in Image J (Schneider et al. 2012), then milled with a MicroMill 

Sampling System (New Wave Research, Fremont, California, US). A minimum of 50 μg 

of otolith material was analyzed per growing season. Otolith oxygen isotope (δ
18

Ooto) 
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samples and water oxygen isotope (δ
18

OH2O) samples were analyzed on an IsoPrime 

multiflow isotope ratio mass spectrometer (GV Instruments/Micromass, Manchester, UK) 

with a precision of ±0.2‰, at the University of Waterloo Environmental Isotope 

Laboratory (UWEIL). A precision of ±0.2‰ equates to a temperature range of ±0.8°C. 

The epoxy used to embed the otoliths produces no δ
18

O signature (B. Kelly unpbl. data) 

and therefore would not contaminate the otolith isotope values. δ
18

OH2O values were 

measured relative to Vienna standard mean ocean water (VSMOW) and converted to 

Vienna Pee Dee Belemnite (VPDB) following Coplen et al. (1983). Temperature 

experienced was estimated using a linear salmonid-specific fractionation equation 

(Storm-Suke et al. 2007a) that included samples originally collected in the Magpie River. 

Mean δ
18

OH2O values for 2011 and 2012 in each river were used in the fractionation 

equation for otolith samples corresponding to those years. For otolith samples from 

earlier years, the relationship between air temperature and the δ
18

O value of precipitation 

developed for Eastern Canada by Fritz et al. (1987) was used to estimate δ
18

OH2O values 

such that  

δ
18

O i = δ
18

O0 + 0.43 * ΔT, 

Where δ
18

O i represents the δ
18

O value for year i, δ
18

O 0 represents the river specific mean 

of δ
18

O values for 2011 and 2012, and ΔT represents the difference in mean annual air 

temperature between year i and the mean of 2011-2012.    

Statistical Analysis 

 Daily and hourly summer water temperature data were analyzed for the years for 

which growth season temperature estimates were obtained from fish otoliths (2008 

through 2012). Data logger malfunction in low water levels in 2010 prevented the 

computation of diagnostics calculated with hourly data beyond July 27
th

 for this year. 

Thus, for inter-year comparison purposes, daily mean, minimum and maximum 

temperatures for all years were calculated from May 1
st
 through July 27

th
. Among-site 

differences downstream in the regulated river in minimum, mean and maximum water 

temperatures were tested with an ANOVA followed by Tukey’s HSD post hoc test. 

Significant differences in thermal metrics were tested with a two-way ANOVA with year 

and river as categorical variables.  
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Hourly water temperature data were used to characterize the thermal regime (e.g. 

Olden & Naiman 2010), of both rivers using species-specific temperature thresholds in 

relation to the five components of the natural flow regime (frequency, magnitude, timing, 

duration and rate of change; Poff et al. 1997). For slimy sculpin, the lab derived 

preference (10-13°C), avoidance (21°C), and upper incipient lethal level (UIL=23.5°C) 

from Otto & Rice (1977) based on an acclimation temperature of 15°C were used in the 

calculations. For brook trout, a large number of temperature parameter estimates are 

available in the literature and are summarized by Coutant (1977) and Wismer & Christie 

(1987). Estimates were chosen based on the similarity of the lab or field conditions in the 

cited studies to those in our study, resulting in a preference range of 16.0-17.3°C (Cherry 

et al. 1977, based on an acclimation temperature of 18°C), an avoidance temperature of 

20°C (Smith & Saunders 1958), and an upper incipient lethal level of 25.3°C (Fry et al. 

1946). The thermal regime components were calculated as frequency of event occurrence 

(temperatures that fell within the preferred range or above the avoidance or UIL 

threshold), average duration (hours) at or above the avoidance or UIL threshold, 

magnitude (°C) above the avoidance or UIL threshold, and rate of change (°C hr
-1

) in the 

hour prior to exceeding a threshold.  

 Daily water temperature data were used to calculate mean growing season water 

temperature. Missing data from 2010 were replaced with daily water temperature 

estimates produced using a linear least squares model (r
2
=0.93, Batchawana River; 

r
2
=0.88, Magpie River) based on mean daily water discharge (m

3
·s

-1
) (Water Survey of 

Canada station 02BF001 in the Batchawana River and station 02BD007 in the Magpie 

River) and a seven day moving average of mean daily air temperature (Government of 

Canada station 6057591 in Sault Ste. Marie and station 6059407 in Wawa). Mean 

growing season water temperature was calculated as the average of all mean daily water 

temperatures where the mean daily water temperature was ≥ 3°C. A threshold 

temperature of 3°C for both species was selected, as this corresponds to the lower limit 

for brook trout growth (Power 1980). No lower growth limit for slimy sculpin could be 

found in the literature. Partial growing season mean water temperatures were similarly 

calculated using data up to date of capture. An ANCOVA was used to test for a 
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correlation between mean growing season water temperature and mean temperature 

experienced for both species controlling for river.  

 Brook trout and slimy sculpin in each river were tested for isometric growth (e.g. 

Wootton 1991) and condition factor was subsequently computed using Fulton’s condition 

factor where isometric growth prevailed (e.g. Nash et al. 2006; brook trout) or using 

relative condition (slimy sculpin) following Le Cren (1951) where allometric growth 

prevailed. Where allometric growth prevailed, only within river comparisons of condition 

were completed. 

 River temperature data and otolith derived temperature use estimates were tested 

for normality using the Shapiro Wilk test (Royston 1982), and for homogeneity of 

variance using Bartlett’s test (Bartlett 1937). A repeated measures analysis was used to 

test for differences between first and second growing season temperature use within 

individuals ≥ 2+. An ANOVA (Chambers 1992) was used to test for differences in 

temperature experienced between rivers with year as a categorical variable. Welch’s t test 

was used to test for differences in temperature use between species, and between partial 

and full growing season estimates. A linear model was used to test for a correlation 

between temperature experienced and distance downstream for full and partial season 

slimy sculpin temperature use estimates, and an ANOVA followed by Tukey’s HSD post 

hoc test were used to test for differences in temperature use among sites within rivers. 

Finally, to determine if fish living closer to their preferred temperature exhibited higher 

condition, linear models were used to test for a correlation between fish condition and the 

absolute difference between experienced temperature and preferred temperature. This 

analysis was conducted for both full and partial season estimates.  

Results 

Thermal Regime 

Average mean, minimum, and maximum daily water temperatures (Fig. 4.2) 

downstream in the regulated river were significantly cooler relative to the naturally 

flowing river (ANOVA, F1,4=102.1, p<0.05, mean; F1,4=90.6, p<0.05, minimum; 

F1,4=123.2, p<0.05, maximum), with year (ANOVA, F1,4=26.5, p<0.05, mean; F1,4=26.2, 

p<0.05, minimum; F1,4=28.1, p<0.05, maximum), and the interaction between river and 

year being significant (ANOVA, F1,4=11.5, p<0.05, mean; F1,4=11.3, p<0.05, minimum; 
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F1,4=11.2, p<0.05, maximum). Downstream water temperatures in the regulated river 

were also significantly cooler relative to upstream temperatures within the same river for 

all three parameters (Welch’s paired t439=25.34, p<0.05, mean; Welch’s paired 

t439=24.34, p<0.05, minimum; Welch’s paired t439=26.09, p<0.05, maximum) (Fig. 4.3). 

There was no significant difference in mean daily water temperature amongst 

downstream sites (F2,1317=0.5, p>0.05). However there were significant differences 

between minimum (F2,1317=4.9, p<0.05) and maximum (F2,1317=6.7, p<0.05) daily 

temperatures. Tukey’s HSD post hoc test revealed that minimum daily temperatures 13.5 

km downstream were significantly lower relative to 2.5 km downstream, while maximum 

daily temperatures were significantly higher 13.5 km downstream relative to 2.5 and 7.5 

km downstream.   

Thermal regime parameters calculated according to species-specific thresholds 

provided results consistent with those for mean temperatures. For example, avoidance 

temperatures were most often, and for the longest duration, exceeded in the naturally 

flowing river for both species, with the difference in average magnitude above avoidance 

temperature being significant between the naturally flowing river and downstream in the 

regulated river (F2,12=7.8, p<0.05, Tukey HSD, slimy sculpin; F2,12=2.7, p<0.05, Tukey 

HSD, brook trout). The downstream segment of the regulated river never exceeded the 

UIL for either species. When the naturally flowing river did exceed the UIL, it did not do 

so for more than 24 hours, with the average magnitude above was usually below 1°C. 

The upstream site in the regulated river exhibited intermediate values between the 

downstream and the naturally flowing river with regards to the frequency, average 

duration and magnitude of events where the avoidance and upper incipient lethal 

temperatures were exceeded. The frequency and average duration of events where 

temperatures were within the preferred range of slimy sculpin varied between years, and 

between and within rivers, yielding no pattern where one site consistently provided 

greater lengths of time in the preferred range. For brook trout, water temperatures were 

most frequently within their preferred temperature range in the downstream segment of 

the regulated river (F2,12=4.2, p<0.05). A comprehensive summary of thermal regime 

parameters are available for slimy sculpin in Table 4.1 and for brook trout in Table 4.2. 
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Thermal habitat 

Otolith derived mean temperature use by slimy sculpin ± standard deviation was 

18.9±1.7, 12.3±3.0, and 12.1±2.5 °C for partial, first full and second full season 

estimates, respectively, in the regulated river, and 20.6±1.8, 16.4±2.2, and 14.3±2.2 in the 

unregulated river (Fig. 4.4A). Mean temperature use by brook trout ± standard deviation 

was 19.6±1.6, 17.1±5.3, and 15.9±3.1 °C for partial, first full and second full season 

estimates, respectively, in the regulated river, and 20.5±2.2, 17.07±2.9, and 19.3±5.2°C 

in the unregulated river (Fig. 4.4B). Slimy sculpin used significantly lower temperatures 

over the course of the full growing season in the regulated river relative to the naturally 

flowing river (ANOVA, F1,37=19.9, p<0.05). Year was a significant factor (ANOVA, 

F2,37=7.9, p<0.05) with temperature estimates in 2010 being significantly warmer relative 

to 2009 and 2011. There was no significant difference in full season temperature use by 

brook trout between rivers (ANOVA, F1,20=1.04, p>0.05), or amongst years (ANOVA, 

F3,20=1.80, p>0.05). 

Partial season temperature estimates were not significantly different between 

species in the regulated (Welch’s t32.1=1.4, p>0.05) or naturally flowing river (Welch’s t 

test54.9=0.3, p>0.05). Full season temperature estimates were significantly different 

between species in the regulated river, with slimy sculpin experiencing lower 

temperatures relative to brook trout (Welch’s t test, t19.7=3.4, p<0.05). However, full 

season temperature estimates were not significantly different between species in the 

naturally flowing river (Welch’s t14.6=1.9, p>0.05).  

A repeated measures ANOVA showed no significant difference between the first 

and second full season temperature use estimates for slimy sculpin (F1,8=0.9, p>0.05, 

Batchawana; F1,9=0.3, p>0.05, Magpie) or brook trout (F1,4=0.4, p>0.05, Batchawana; 

F1,6=0.5, p>0.05, Magpie) in either river. Slimy sculpin partial and first full season 

temperature estimates were significantly different in both rivers with partial estimates 

being warmer (Welch’s t11.3=8.1, p<0.05, natural flow; Welch’s t13.1=8.7, p<0.07, 

regulated). This was also true for brook trout in the naturally flowing river, whereas there 

was no significant difference in the regulated river (Welch’s t6.3=2.74, p<0.05, natural 

flow; Welch’s t6.5=1.2, p>0.05 regulated). 
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Slimy sculpin temperature use in the regulated river showed no significant 

correlation with distance downstream for either partial or full season estimates (p>0.05). 

Despite no longitudinal trend in temperature use, there were significant differences in 

mean temperature use amongst sites for both partial (F6,41=5.35, p<0.05) and full season 

estimates (ANOVA, F2,20=4.6, p<0.05) in the regulated river (Fig. 4.5A). In the naturally 

flowing river, partial and full temperature use estimates were not significantly correlated 

to distance downstream (p>0.05), and there were no significant differences amongst sites 

(F5,37=1.79, p>0.05, YOY; F2,14=0.40, p>0.05, full season) (Fig. 4.5B). 

There was no significant correlation (p>0.05) between the proximity of 

temperature use to preferred water temperature and condition of slimy sculpin (Fig. 4.6A) 

or brook trout (Fig. 4.6B), i.e. fish living at temperatures closer to their preferred 

temperature did not exhibit higher condition.  

Discussion 

Thermal regime 

 Thermal regime parameters such as mean, minimum and maximum daily water 

temperatures, as well as parameters calculated based on biologically relevant species-

specific thresholds indicate that the metalimnetic (cool water) draw at the SHF provides a 

more suitable thermal environment for both species downstream from the dam in the 

regulated river relative to upstream and the naturally flowing river. The frequency and 

duration of temperatures above the avoidance and UIL thresholds for both species was 

higher upstream in the regulated river and in the naturally flowing river relative to 

downstream in the regulated river. Thus, barring the availability of thermal refuges, fish 

in the naturally flowing river would have experienced unsuitably high temperatures for 

longer periods of time relative to fish downstream from the reservoir in the regulated 

river. However, it is important to note that temperature logger numbers (see methods) 

were limited, and thus measured river temperature data may not fully represent the range 

or quality of thermal habitat available to fish within either river. 

Thermal Habitat 

Thermal regime parameters indicative of more suitable temperatures downstream 

in the regulated river relative to the naturally flowing river corresponded with 

significantly cooler thermal habitat use in the regulated river by slimy sculpin, but not 
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brook trout. Full season temperature use estimates for both species in the regulated river, 

and brook trout in the naturally flowing river, accord well with their literature 

documented preferred temperatures (Cherry et al. 1977). And while partial and full 

season estimates were not significantly different in the Magpie River for brook trout, they 

were significantly different in both rivers for slimy sculpin. The differing results obtained 

between species are likely driven by species-specific behavioral strategies and 

temperature preferences.  

Slimy sculpin are a small bodied benthic fish with poor swimming abilities (e.g. 

see Facey & Grossman 1990 who studied the closely related C. bairdii) and a small home 

range size (Gray et al. 2004). There was no significant correlation between distance 

downstream and temperature experienced by slimy sculpin. However, despite higher 

variability in daily temperatures 13.5 km downstream compared with 2.5 km 

downstream, there was no significant difference in mean daily temperature. Thus, based 

on temperatures measured by the data loggers, the lack of longitudinal trend in 

temperature use may be expected. Nonetheless, the between-river, site-specific, and 

temporal (partial vs full season) differences in temperature use by slimy sculpin in this 

study suggest that they experience locally available temperatures, and are not actively 

selecting preferred temperatures as would be the case if slimy sculpin were behaviourally 

thermoregulating. This is not to suggest that slimy sculpin are insensitive to temperature, 

as their densities can be higher in cooler river reaches, relative to warmer sections 

(Edwards & Cunjak 2007). But within a given river reach with a temperature range 

within the tolerance limits of slimy sculpin, their low mobility appears to inhibit active 

thermoregulation.   

In contrast to slimy sculpin, brook trout are a more mobile species and are known 

to behaviourally thermoregulate, actively moving to areas within their preferred water 

temperature range (Baird & Kreuger 2003; Petty et al. 2012). The proximity between 

estimates of temperature use and literature-based temperature preferences and the lack of 

significant difference in temperature use estimates between rivers, suggests that brook 

trout in both rivers thermoregulate by seeking habitat with specific temperatures. 

However, brook trout are also known to select habitat based on cover (Petty et al. 2012), 

flow (Murchie & Smokorowski 2004), and inter-and intra-species interactions (Fausch & 
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White 1981; Tremblay & Magnan 1991). Given the high variability in full season 

temperature use estimates (Fig. 4.4), it is likely that any or all of these additional factors 

interact with temperature to determine brook trout habitat choice (e.g. Walsh et al. 1988; 

Magoulick & Wilzbach 1998).  

The consistent use of higher water temperatures by brook trout relative to slimy 

sculpin reflects the difference in preferred temperatures between species (Cherry et al. 

1977; Otto & Rice 1977). In addition to the difference in the degree to which each species 

behaviourally thermoregulates, these species have different microhabitat preferences. 

Slimy sculpin are often found in rocky areas of runs and riffles, using substrate for cover 

(Scott & Crossman 1973), while brook trout are often found underneath overhanging 

cover or within pools (Griffith 1972; Cunjak & Green 1983). Thus, despite the fact that 

these two stenothermic species are often found sympatrically in river reaches, their 

different thermal and microhabitat preferences underscore the importance of habitat 

complexity within riverine environments.  

The majority (90%) of partial season temperature use estimates, and many full 

season estimates were above laboratory determined preferences, in both species. Yet fish 

inhabiting temperatures closer to their preferred range did not exhibit significantly higher 

condition. At temperatures above those preferred, higher metabolic rates would lead to 

higher energy expenditure for maintenance functions, and less energy available to 

contribute to energy storage (growth/condition), assuming constant ration levels (e.g. 

Brett & Groves 1979). However, hydroelectric dams simultaneously alter multiple 

downstream parameters impacting factors such as food availability (e,g. invertebrate 

abundance, Jones 2013) and fish energy expenditure (e.g. Murchie & Smokorowski 

2004). In addition, optimum temperatures can increase to a certain extent based on energy 

intake and food type (Elliott & Hurley 2000). Thus, while the difference between 

preferred and realized temperature was not correlated with condition, thermal habitat is 

still an important factor when considered as part of the interplay amongst changes to food 

availability and energetic demands caused by river regulation. 

Otolith derived estimates for temperature experienced by YOY fish fell 

consistently around laboratory derived avoidance temperature estimates. It is possible that 

otolith-derived growing season temperature use estimates overestimate temperature 
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experienced in these rivers. Deposition of otolith material is dependent on resting 

metabolic rate, and can result in higher deposition rates at higher temperatures (Wright 

1991; Wright et al. 2001). The use of an average across the entire growing season does 

not account for higher deposition rates at higher temperatures and therefore a higher 

proportion of otolith material from periods of time spent at higher temperatures. As well, 

fish can spend short periods of time above their avoidance temperatures (Schrank et al. 

2003), which could bias our mean estimates upwards. For example, brook trout have been 

observed to feed in the early evening (Walsh et al. 1988), corresponding with peak daily 

water temperatures (Casado et al. 2013). This behavior would increase the mean 

temperature at which fish lived, but may not have a detrimental effect if fish spent other 

parts of the day in cooler thermal refugia (Schrank et al. 2003). With regards to YOY 

slimy sculpin, they are caught along the stream edges (e.g. see Smokorowski et al. 2011 

for methods), where summer water temperatures can be higher relative to the main 

channel (Clark et al. 1999; Webb et al. 2008). Thus, our otolith derived temperature 

estimates are not unrealistic based on the behavior and habitat of fish in these systems.   

Implications for dam management 

The selective release of cool water from dams is being used successfully to 

provide more favorable spawning temperatures for sockeye salmon (Onchorynchus 

nerka) below a dam (MacDonald et al. 2012) and has been suggested as a strategy to 

mitigate climate induced stream warming (Isaak et al. 2012; Null et al. 2013; Robson et 

al. 2013; Rheinheimer et al. 2014; Rheinheimer & Viers 2014). However, prior to 

widespread adaptation of management strategies aimed at decreasing downstream 

temperatures through dam operation, several caveats need to be considered. Primarily, the 

fragmentation of thermal refuges by barriers such as hydroelectric dams already impacts 

the accessibility of cooler temperatures to fish (Hillyard & Keeley 2012). Assuming 

continued river regulation, many issues remain. This study demonstrates the discrepancy 

between realized thermal habitat between two species within the coldwater fish guild 

(e.g. Scott & Crossman 1973; Magnuson et al. 1979), suggesting that operating 

hydroelectric dams to thermally benefit multiple species rather than one species alone 

will be complicated. Despite significant reductions in water temperature as a result of 

river regulation, the continued role of external forcing on river water temperature (e.g. air 



 

68 
 

temperature; Poole & Berman 2001) is evident short distances downstream from the dam 

(greater daily range of temperatures 13.5 km downstream in this study; see also Webb & 

Walling 1993; Casado et al. 2013). As well, the use of dam water releases to mitigate 

climate-driven temperature increases presumes the ability to maintain consistent dam 

operations under a changing climate, including changes to precipitation, 

evapotranspiration and runoff (Chu et al. 2005; Oni et al. 2012). For example, 

unexpectedly low water levels in 2010 forced the Steephill Falls operators to stop 

generating electricity and use a surface spill to try and maintain downstream water levels. 

A surface spill would not decrease downstream temperatures in the same way as a 

coolwater draw, thus dam operators may not be able to continuously mitigate downstream 

water temperatures during extreme low flow years. Despite the localized impact of cool 

water releases on downstream temperatures, modelling studies suggest that these 

decreases could be overwhelmed by climate warming (Isaak et al. 2012; Null et al. 2013). 

Thus, when attempting to mitigate climate change impacts, a holistic and adaptive 

approach to dam management which maintains heterogeneity within the riverine 

environment may provide better results for the fish community as a whole, rather than 

one focused on temperature alone. While actively managing a dam for desired 

downstream temperatures has proven effective for a single species as determined by 

spawning success (MacDonald et al. 2012), additional approaches such as managing land 

use and restoring riparian vegetation (Kurylyk et al. 2014) also provide thermal benefits 

and have the potential for synergistic effects when applied together (Robson et al. 2013).  

 In this study, the hydroelectric dam coolwater draw resulted in significantly 

cooler temperatures downstream, creating a more suitable thermal regime for coldwater 

fish species relative to a nearby naturally flowing river. However, our two study species 

use habitat differently, resulting in significantly different realized thermal habitat. Thus, 

species-specific differences in temperature, habitat preference, and behavior suggest that 

using hydroelectric dams to alter river water temperatures and mitigate climate change 

impacts on the fish community will be complicated. A more holistic approach to river 

management which focuses on maintaining the complexity of the riverine environment 

may better serve conservation goals when multiple fish species are of concern.
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Table 4.1 Slimy sculpin thresholds for preferred (10-13°C), avoidance (>21°C) and upper incipient lethal (UIL) (>23.5°C) temperatures (see methods) described 

according to the five components of the thermal regime: timing (number of days to first occurrence), frequency (total number of events), average duration, 

magnitude (above avoidance and UIL threshold), and rate of change (during the hour prior to exceeding the threshold). Measurements were collected from May 

through September in the naturally flowing Batchawana River, upstream of the reservoir in the regulated Magpie River, and 2.5 km downstream from the Steep 

Hill Falls water power facility in the regulated river. Parameters are calculated from May 1
st
 to July 27

th
. 

  
Preferred (10-13°C) Avoidance (>21°C) 

  
Upper Incipient Lethal Temperature (>23.5°C) 

Year Site 
First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

Magnitude 

Above 

(°C) 

Rate of 

Change 

(m
3· 

s
-1·hr

-1
) 

First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

Magnitude 

Above (°C) 

Rate of 

Change 

(m
3· 

s
-1·hr

-1
) 

2008 natural 153 3 52 177 11 49.2 1.2 0.24 218 2 13.5 0.5 0.3 

 
upstream 145 6 56.7 145 6 28.2 0.37 0.16 NA 0 NA NA NA 

  downstream 133 16 29.3 225 0 NA NA NA NA 0 NA NA NA 

2009 natural 128 17 21.7 168 10 21 1.3 0.18 174 3 10.7 0.7 0.3 

 
upstream 141 7 37.1 141 8 20.5 0.58 0.23 NA 0 NA NA NA 

 
downstream 147 8 45.5 NA 0 NA NA NA NA 0 NA NA NA 

2010 natural 127 4 46.5 143 14 90.8 2.4 0.19 145 33 15.3 0.9 0.3 

 
upstream 121 11 29.6 121 31 39.6 1.75 0.4 146 33 8.3 0.8 0.4 

  downstream 136 7 23.3 191 16 33 0.73 0.24 NA 0 NA NA NA 

2011 natural 128 8 32.5 183 7 123 1.4 0.36 199 12 8.75 0.3 0.2 

 
upstream 139 6 43.7 139 5 171.8 1.8 0.22 198 15 16.8 0.7 0.2 

 
downstream 151 12 22.8 200 10 14.3 0.64 0.26 NA 0 NA NA NA 

2012 natural 123 6 31.5 145 12 116.7 2.9 0.26 175 15 61.1 1.3 0.3 

 
upstream 129 4 44.8 129 14 68.9 1.4 0.24 186 16 5.6 0.4 0.2 

 
downstream 140 7 37.1 206 2 5.5 0.07 0.2 NA 0 NA NA NA 
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Table 4.2 Brook trout thresholds for preferred (16-17.3°C), avoidance (>20°C) and upper incipient lethal (UIL) (>25.3°C) temperatures (see methods) described 

according to the five components of the thermal regime: timing (number of days to first occurrence), frequency (total number of events), average duration, 

magnitude (above avoidance and UIL threshold), and rate of change (during the hour prior to exceeding the threshold). Measurements were collected from May 

through September in the naturally flowing Batchawana River, upstream of the reservoir in the regulated Magpie River, and 2.5 km downstream from the Steep 

Hill Falls water power facility in the regulated river. Parameters are calculated from May 1
st
 to July 27

th
. 

  

Preferred (16-17.3°C) Avoidance (>20°C) 

  

Upper Incipient Lethal Temperature (25.3°C) 

Year Site 
First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

Magnitude 

Above 

(°C) 

Rate of 

Change 

(m
3· 

s
-1·hr

-1
) 

First 

Day 

Freq- 

uency 

Average 

Duration 

(hrs) 

Magnitude 

Above 

(°C) 

Rate of 

Change 

(m
3· 

s
-1·hr

-1
) 

2008 natural 161 10 18.0 176 13 59.5 1.7 0.3 NA 0 0 0 0 

 

upstream 161 9 27.6 201 3 156.0 0.8 0.1 NA 0 0 0 0 

  downstream 158 31 13.9 204 10 11.8 0.3 0.1 NA 0 0 0 0 

2009 natural 162 8 10.8 167 14 34.0 1.2 0.2 NA 0 0 0 0 

 

upstream 165 3 17.0 172 14 29.5 0.9 0.2 NA 0 0 0 0 

 

downstream 173 27 22.1 NA 0 0 0 0 NA 0 0 0 0 

2010 natural 138 3 15.7 141 13 115.0 2.8 0.3 145 8 4.9 0.5 0.3 

 

upstream 138 8 5.6 144 21 70.0 2.4 0.3 147 5 3.4 0.3 0.3 

  downstream 147 12 18.2 175 7 112.0 1.3 0.2 NA 0 0 0 0 

2011 natural 140 21 10.1 159 15 67.0 2.1 0.2 NA 0 0 0 0 

 

upstream 157 7 18.1 168 5 185.0 2.6 0.3 220 1 2.0 0.03 0.1 

 

downstream 167 23 9.2 194 17 21.9 0.9 0.2 NA 0 0 0 0 

2012 natural 133 10 12.0 141 8 198.0 3.6 0.3 184 28 9.3 0.6 0.3 

 

upstream 141 22 12.3 162 9 130.0 2.0 0.2 NA 0 0 0 0 

  downstream 156 15 6.5 189 14 15.1 0.4 0.2 NA 0 0 0 0 
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Figure 4.1. Location of the regulated Magpie River (A) and naturally flowing 

Batchawana River (B) in Ontario, Canada (inset). Fish sampling sites are denoted by 

circles (●) and water temperature logger locations are denoted by triangles (▲). 
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Figure 4.2. Mean daily growing season water temperature (°C ± standard deviation) 13.5 

km downstream from the reservoir in the regulated Magpie River (■) and in the naturally 

flowing Batchawana River (■). Growing season is defined as the period of time when the 

mean daily river water temperature is ≥ 3°C. 
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Figure 4.3. Differences in the mean, minimum and maximum daily temperatures 2.5 (▪), 

7.5 (▪), and 13.5 (▪) km downstream from the dam, relative to the site upstream from the 

reservoir in the regulated Magpie River. Bars define the mean ± standard error. Whiskers 

define the mean ± one standard deviation. 
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Figure 4.4. Estimates of young-of-the-year (YOY) and first and second growing season 

mean ± standard deviation water temperature experienced by slimy sculpin (A) and brook 

trout (B) in the regulated Magpie (▲) and naturally flowing Batchawana (○) Rivers. 

Grey bars indicate species-specific temperature preference. 
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Figure 4.5. Estimates of mean water temperature experienced (°C) during partial (●) and 

full growing seasons (●) for slimy sculpin in the regulated Magpie (A) and the natural 

Batchawana (B) Rivers by distance downstream. Letters indicate sites which are not 

significantly different from each other. No significant differences were found amongst 

sites in the natural river. 



 

76 
 

 

Figure 4.6. Fish condition relative to the difference between mean water temperature 

experienced and preferred temperature for partial (circles) and full (triangles) season 

slimy sculpin (A) and brook trout (B) in the regulated Magpie (●) and natural 

Batchawana (●) Rivers. Condition is calculated as relative condition for slimy sculpin 

and Fulton’s condition factor for brook trout.  
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Chapter 5 Impact of river regulation on the growth, condition and 

field metabolism of brook trout (Salvelinus fontinalis) 
 

Introduction 

 The Laurentian Great Lakes and their tributaries are important for a variety of 

economic and recreational interests, including: recreation (Allan et al. 2015), sport, 

commercial and aboriginal fishing (Cooke & Murchie 2013; Tufts et al. 2015), electricity 

production (Kelly et al. 2015b; Tidwell & Pebbles 2015) and irrigation (Mubako et al. 

2013). Balancing the competing needs of multiple users, while protecting the biological 

communities within these systems, is essential to ensuring their ecological integrity. For 

example, hydroelectric dams in Ontario are an important contributor to the electricity 

grid, supplying approximately 60% of the total electricity produced in 2014 (Statistics 

Canada 2015), while recreational fishing in Ontario has an important socioeconomic 

impact, involving close to 1 million resident anglers and generating direct expenditures of 

close to 1 billion dollars annually (Fisheries and Oceans Canada 2010). However, 

hydroelectric dam operation can have significant impacts on downstream fish populations 

(e.g. Haxton et al. 2015), which could in turn reduce the viability of recreational fisheries. 

Thus, it is necessary to evaluate the impact of hydroelectricity production on downstream 

fish populations to balance competing economic interests, and ensure the sustainability of 

recreational fisheries and the integrity of river ecosystems.  

 Brook trout (Salvelinus fontinalis) is an important recreational fishery species in 

Canada (Fisheries and Oceans Canada 2010). They are often found in river environments 

with cool, clean water (Power 1980), in pools, or underneath overhanging cover (Griffith 

1972; Cunjak & Green 1983). Previous studies have shown that hydroelectric dam 

operation, and specifically hydropeaking, whereby dam operators rapidly change 

discharge to match daily electricity demands (Morrison & Smokorowski 2000), can affect 

fish. For example, discharge increases may cause an increase in fish movement and thus 

metabolic demands (Taylor & Cooke 2012; Taylor et al. 2014), while stranding and 

mortality can occur during discharge decreases (Hvidsten 1985; Saltveit et al. 2001).  

Adult brook trout have been found to increase their activity during the discharge increase 

phase of hydropeaking events (Scruton et al. 2003; Murchie & Smokorowski 2004), 
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while young-of-the-year (YOY) brook trout have been found to move laterally to inhabit 

newly wetted areas (Bond & Jones 2015). Given the amount of time spent in a state of 

rapid discharge increase in hydropeaked systems (Smokorowski et al. 2011), the resultant 

increased activity and movement of brook trout has the potential to increase their 

metabolic costs and energy output (Scruton et al. 2003; Murchie & Smokorowski 2004), 

reducing the amount of energy available to allocate towards growth, storage and 

reproduction.  

 Although hydropeaking may increase the energetic costs of fish living 

downstream from dams, it is possible that river regulation can also provide a benefit for 

some fish populations. A higher food supply for fish may be available downstream from 

dams in the form of increased invertebrate abundance (Jones 2013) and invertebrate drift 

(Cushman 1985; Lauters et al. 1996; Lagarrigue et al. 2002; Patterson & Smokorowski 

2011). Studies have documented increased growth rates in slimy sculpin (Cottus 

cognatus) (Bond et al. 2015; Kelly et al. 2015a) and humpback chub (Gila cypha) (Finch 

et al. 2015) downstream from dams, with increased food supply being a likely causal 

factor (Bond et al. 2015). However, lower growth rates in rainbow trout (Oncorhynchus 

mykiss) have also been found as a result of hydropeaking (Korman & Campana 2009). 

Given the species-specific impacts, it is important to evaluate the effects of dam 

operation on individual species, especially for those of recreational and conservation 

importance. 

In this study the length-at-age and condition of brook trout was examined in a 

river with a 15 MW hydropeaking facility and contrasted to the same measurements 

obtained from contemporarily sampled brook trout in a nearby naturally flowing river. 

The field metabolism of the two populations was also examined, inferred from the 

contribution of metabolically derived carbon in otolith δ
13

C. The data was used to test 

several hypotheses, including that: (i) brook trout length-at-age and condition would be 

higher in the regulated river relative to the naturally flowing river as a result of increased 

food supply (Patterson & Smokorowski 2011; Jones 2013), and (ii) field metabolic rate 

would be higher in the regulated river as a result of increased activity and movement 

stimulated by hydropeaking events (Murchie & Smokorowski 2004; Bond & Jones 

2015). The causal mechanisms driving variation in field metabolic rate were further 
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investigated by quantifying the correlation between field metabolic rate and thermal 

habitat and river discharge. It was hypothesized that estimates of field metabolic rate 

would be positively correlated with: (iii) the temperature of the river water inhabited by 

fish, given the temperature dependence of fish metabolic rates (Brett & Groves 1979) and 

the ability of hydroelectric dams to significantly alter downstream river water 

temperatures (Olden and Naiman 2010), and (iv) the amount of time spent hydropeaking 

in the regulated river, as brook trout relative activity is positively correlated with 

discharge increases (Murchie & Smokorowski 2004). 

Methods 

Study Sites 

 Two tributaries of Lake Superior in northern Ontario were sampled for this study: 

one with a 15 MW hydropeaking facility (the Magpie River near Wawa ON, 48°4’N; 

84°44’W) and one with a natural flow regime (the Batchawana River near Sault Ste. 

Marie ON, 47°0’N; 84°30’W) (Fig. 5.1). The Batchawana River was chosen as a natural 

control for the Magpie River, given that the two rivers have similar historical mean 

annual discharge, geology, chemical compositions, and biological communities (Marty et 

al. 2009; Smokorowski et al. 2011). Both resident (riverine) and coaster (migratory 

between lentic and lotic environments) populations of brook trout have been documented 

in tributaries of Lake Superior (Leonard et al. 2013). Therefore, river segments where 

fish return migrations from Lake Superior were prevented by a large water fall at the 

downstream end were sampled to avoid the confounding factor of growth and condition 

differences likely to exist between resident and coaster populations (Robillard et al. 

2011).  

 The Steephill Falls generating station (SHF) in the Magpie River has a coolwater 

draw at 10 m depth and a maximum passable turbine discharge of 44 m
3
·s

-1
, although 

spill flow could be higher. Throughout the study period a minimum flow requirement of 

7.5 m
3
·s

-1 
was in place. However, the study period encompasses two different 

hydropeaking regimes. A “restricted” hydropeaking regime was in place up to October 

2004 during which time ramping restrictions of ≤1 m
3
·s

-1
·hr

-1
 from October 10

th
 through 

November 15
th

, 2 m
3
·s

-1
·hr

-1
 from November 16

th
 through the spring freshet, and no 

greater than a 25% increase or decrease from the previous hour’s flow from the spring 
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freshet to October 9
th

 were in place (Smokorowski et al. 2011). An “unrestricted” 

hydropeaking regime was in place from 2005 on, during which time there was no 

restriction on the rate of increase and decrease of discharge. This enabled the dam 

operators to alter discharge from the minimum allowable flow to the maximum passable 

flow through the turbines on a sub-daily basis (Smokorowski et al. 2011).  

 Randomly selected transects of 100 m were sampled in both rivers in analogous 

river reaches by backpack electrofishing in July and August from 2002 to 2012, 

effectively targeting YOY brook trout (e.g. Bond & Jones 2015). Brook trout older than 

0+ were targeted in the autumn of each year by angling. Specimens which were used for 

stable isotope analysis were frozen until dissection to avoid preservation biases (Kelly et 

al. 2006; Storm-Suke et al. 2007b), while all other specimens were preserved in formalin 

for 24 – 30 hrs, followed by ethanol. Upon dissection, fork-length (mm) and weight (g) 

were recorded. Dorsal muscle tissue was dissected from frozen samples for stable isotope 

and caloric content analysis. Otoliths were removed using forceps, rinsed with deionized 

water, air dried and stored in snap cap vials until aging and stable isotope analysis.  

Length-at-age 

 Sagittal otoliths were aged under reflected light using a dissecting microscope 

(Nikon SMZ 1000, Nikon Instruments Inc.). All otoliths were read twice by the same 

reader, and where annuli were difficult to determine, otoliths were epoxied to microscope 

slides and polished to clarify. Ages were corroborated by a second, independent reader. 

Otolith increments consisting of an annual cycle were measured at 90 degrees from the 

rostral radius along a line from the nucleus towards the dorsal edge using NIS Elements 

software (Nikon Instruments Inc.). Length-at-age was determined by back-calculation 

using the scale proportional hypothesis as outlined in (Francis 1990): 

Li = -(a/b) + (Lc + a/b)(Si/Sc), 

where Li is the length of the fish at age i, Lc is the length of the fish at capture, Si is the 

radius of the otolith at age i, Sc is the radius of the otolith at capture, and a and b are the 

intercept and slope, respectively, of the regression of otolith radius on fish length. The 

regression of otolith radius on fish length was conducted separately for each river, given 

the potential for differences in growth rates and otolith formation rates between 

populations.  
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Condition 

 Brook trout condition was assessed using two methods: (i) examination of weight-

length relationships (Anderson & Neuman 1996), and (ii) quantification of the caloric 

content (calories·g
-1

) of muscle tissue (Paine 1971). Weight-length regressions 

incorporated the entire size range of brook trout caught, but only pre-preservation 

measurements were used, given that preservation type can affect both length and weight 

(Anderson & Neuman 1996). Caloric content analysis was restricted to adult, male 

specimens caught in the fall given the influence of fish size, sex and season on this 

parameter (Meakins 1976), and the higher number of samples from male specimens 

available. Dorsal muscle tissue used for caloric content analysis was dried at 50°C for 48 

hrs, ground to obtain a homogenized sample, formed into a pellet and analyzed using a 

Parr Semi-micro Calorimeter 6725 (Parr Instrument Company, Moline, IL). Between-

river condition comparisons using both methods were limited to the unrestricted ramping 

period for which a larger number of specimens were available. 

Metabolism 

The δ
13

C of otoliths (δ
13

Coto) is driven mainly by the dissolved inorganic carbon 

(DIC) δ
13

C  (~ 80%) of inhabited waters, with the remainder contributed by metabolically 

derived carbon (Weidman & Millner 2000; Høie et al. 2003; Solomon et al. 2006; Elsdon 

et al. 2010). An increase in metabolic rate results in an increased concentration of 

metabolically derived carbon in the bloodstream and endolymphatic fluid, leading to an 

increased concentration in the otolith (Solomon et al. 2006). Thus, the carbon isotope 

measurement of the otolith (δ
13

Coto) can be used to make inferences about fish 

metabolism from the calculation of M, i.e. the contribution of metabolically derived 

carbon to the δ
13

Coto value (e.g. Lin et al. 2012; Kahilainen et al. 2014; Kelly et al. 2015c; 

Sinnatamby et al. 2015). Field metabolism (M), as estimated using δ
13

Coto,will represent 

an average energy expenditure of fish and incorporate the energetic costs of standard 

metabolic rate, thermoregulation, locomotion, feeding, reproduction and growth (e.g., 

Nagy 1987; Sinnatamby et al. 2015).To estimate the contribution of metabolically 

derived carbon to δ
13

Coto, the δ
13

C values of the otolith, fish muscle tissue (as a proxy for 

respired carbon) and river water DIC are required (e.g. McConnaughy et al. 1997). 



 

82 
 

YOY brook trout otoliths were weighed and then either analyzed whole for δ
 13

C, 

or, if too large, were homogenized using a mortar and pestle, then subsampled. Summer 

growth season otolith material from brook trout >0+ was delineated in Image J 

(Schneider et al. 2012), then milled with a MicroMill Sampling System (New Wave 

Research, Fremont, California, US) following methods described in Kelly et al. (2015c). 

Mass spectrometer operating capabilities necessitated a minimum of 50 μg of otolith 

material per sample for δ
13

C analysis. This enabled us to analyze δ
13

C from only the first 

and second summer growth zones for brook trout aged >0+.  

Water samples for the stable isotope analysis of DIC were collected multiple 

times through the summer of each growing season. Samples were collected in glass 

bottles in the thalweg of the river at a depth of 30 cm (Storm-Suke et al. 2007a), and 

refrigerated in the dark until analysed at the University of Waterloo Environmental 

Isotope Laboratory (UWEIL) following standardized protocols described in Guiguer et al. 

(2003). To account for spatial and temporal variability, an average water DIC isotope 

value was calculated per year and used to estimate M as described below.  

All isotope samples were analysed at the UWEIL and are reported in standard δ 

notation: 

δ = [(Rsample – Rstandard) / Rstandard] x 1000 (‰). 

δ
13

Coto was analysed on an IsoPrime multiflow isotope ratio mass spectrometer (GV 

Instruments/Micromass, Manchester, UK). Muscle tissue δ
13

C (δ
13

Cmus) was analysed 

with a 4010 Elemental Analyser (Costech Instruments, Italy) coupled to a Delta Plus XL 

(Thermo-Finnigan, Germany) having a precision of 0.2‰ (UWEIL). Water samples were 

analysed on an IsoPrime multiflow isotope ratio mass spectrometer (GV 

Instruments/Micromass, Manchester, UK). All samples were analysed relative to Vienna 

Pee Dee Belemnite (VPDB) with an analytical precision of 0.2‰ (UWEIL). 

The proportion of metabolic carbon (M) contributing to δ
13

Coto was calculated 

following McConnaughy et al. (1997) as: 

M(δ
13

Cresp) + (1-M)(δ
13

CDIC) = δ
13

Coto - Δ 

where M is the fraction of respired carbon contributing to δ
13

Coto, δ
13

Cresp is the isotopic 

value of the respired carbon and Δ is the fractionation between tissue HCO3
-
 and the 

otolith.  δ
13

Cresp was assumed to be equivalent to δ
13

Cmus (Post 2002) and a value of 2.7 
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for Δ was used (Romanek et al. 1992) following common practice (Høie et al. 2004b; 

Sinnatamby et al. 2014; Kelly et al. 2015c). The δ
13

Cmus value was used when calculating 

M for both first and second growing seasons in brook trout aged >0+. For 0+ brook trout, 

a river-specific mean value calculated from samples collected for a stable isotope study 

spanning the same time frame as this study was used (J. Brush unpublished data). δ
13

Coto 

values used to calculate M, resulted in an average value of M for the time period of 

otolith formation to catch date for YOY specimens, and the summer growing season for 

subsampled otoliths from brook trout >0+. Availability of unpreserved otolith samples 

enabled the calculation of M for the unrestricted hydropeaking period only.  

Realized thermal habitat was defined as the mean temperature experienced by the 

fish over the course of the summer growing season and was estimated using otolith 

oxygen stable isotope analysis. Briefly, ground or milled otolith samples (see above) 

were analyzed for δ
18

O according to Guiguer et al. (2003). Otolith δ
18

O (δ
18

Ooto) and 

water δ
18

O (δ
18

OH2O) were analysed on an IsoPrime multiflow isotope ratio mass 

spectrometer (GV Instruments/Micromass). δ
18

Ooto was measured relative to VPDB, 

while δ
18

OH2O was measured relative to Vienna standard mean oceanic water (VSMOW) 

and converted to VPDB following Coplen et al. (1983).  δ
18

O values were applied within 

a genus-specific fractionation equation (Storm-Suke et al. 2007a) to estimate individual 

temperature use (e.g. Kelly et al. 2015c; Sinnatamby et al. 2013).  

Statistical Analysis 

 All statistical analyses were completed in R (R Core Team 2014). Data were 

assessed for normality using the Shapiro Wilks test (Shapiro & Wilk 1965) and 

homogeneity of variance was assessed using Bartlett’s test (Bartlett 1937). Significant 

differences between rivers and hydropeaking regimes in length-at-age were tested for 

using a two-way ANOVA. Weight-length relationships were assessed using an 

ANCOVA (Chambers 1992) with river as the categorical variable. Differences in brook 

trout caloric content were tested with Welch’s t test (Welch 1947).  

Differences in M between rivers were tested with an ANOVA, with summer (first 

or second) as the independent factor. Only fish >0+ were included given that YOY 

samples had different capture dates and could not be compared directly. An ANCOVA 

was used to test for a correlation between M and river water temperature use by fish 
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(realized thermal habitat), with river and life stage (YOY, first or second summer) as 

categorical variables. An ANCOVA was used to test for a correlation between M and the 

amount of time spent up-ramping (the discharge increase phase of a hydropeaking event), 

with river and life stage as categorical variables. Up-ramping was defined as an increase 

in discharge of >0.25 m
3
·s

-1
·hr

-1 
from the previous hourly flow (Smokorowski et al. 

2011). It was used as an index of hydropeaking rather than calculating total time spent 

hydropeaking, given the connection between increased brook trout activity and up-

ramping (Murchie & Smokorowski 2004), and the consistency in daily hydropeaking 

patterns during the unrestricted hydropeaking regime period of the study. Time spent up-

ramping was calculated for the period from June 1
st
 to September 30

th
 using hourly 

discharge data from the Water Survey of Canada (02BD007 Magpie River, and 02BF001 

Batchawana River).  As the Batchawana River has a natural flow, events where discharge 

increased by >0.25 m
3
·s

-1
·hr

-1 
were driven by precipitation rather than by increasing 

releases of water from a dam during a peaking event. For YOY fish, the amount of time 

during which the river was in an up-ramping state was calculated up to the date of capture 

rather than to September 30
th

.  

Results 

Length-at-age 

 Captured brook trout in both rivers varied in age from 0+ to 5+. In the Magpie 

River, brook trout lengths varied from 38 to 364 mm (n=136), while in the Batchawana 

River, lengths varied from 25 to 365 mm (n=329). Comparisons of length-at-age between 

rivers and hydropeaking regimes could only be assessed for fish in age-classes I, II and 

III, as a result of low sample sizes for fish in age classes IV and V. Mean length-at-age 

was higher in the Magpie River relative to the Batchawana River for age-classes I, II and 

III (p≤0.01), while hydropeaking regime, and the interaction between hydropeaking 

regime and river were not significant (Table 5.1; Fig. 5.2). 

Condition 

 There was a significant difference between rivers in the slopes and intercepts of 

the ln-transformed weight-length relationship (F3,86=7733, p<0.05, r
2
=0.99), with brook 

trout in the Magpie River (b=3.15) increasing in weight for a given length at a higher rate 

relative to brook trout in the Batchawana River (b=3.00) (Fig. 5.3). Average caloric 
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content ± standard deviation was 4606.4 ± 122.7 calories·g
-1 

in the Batchawana River, 

and 4638.8 ± 110.9 calories·g
-1

 in the Magpie River. There was no significant difference 

between rivers in muscle tissue caloric content (Welch’s t3.4=0.41, p>0.05).  

Metabolism 

 M varied from 16.5 to 38.0 % in the Batchawana River, and from 27.3 to 40.5 % 

in the Magpie River. M differed significantly between rivers (F1,14=57.7, p<0.05) and 

between first and second summers (F1,14=20.9, p<0.05), with mean M being significantly 

higher in the Magpie River (33.3±3.5 %) relative to the Batchawana (27.6±6.7 %) and 

significantly lower in the second summer in both rivers. There was no significant 

interaction between river and summer (first or second) (F1,14=2.5, p>0.05). There was no 

significant correlation between M and mean temperature use (p>0.05), and river and life-

stage were not significant categorical variables in the M-temperature relationship 

(p>0.05) (Fig. 5.4). M was significantly correlated with time spent up-ramping (p<0.05), 

while life-stage and the interactions between M and river, and river and life stage were 

also significant (p<0.05, r
2
=0.76) (Fig. 5.5).  

Thermal Habitat 

Mean temperature use by brook trout ± standard deviation was 19.6±1.6, 

17.1±5.3, and 15.9±3.1 °C for YOY, first and second growth season estimates, 

respectively, in the regulated river, and 20.5±2.2, 17.07±2.9, and 19.3±5.2°C in the 

unregulated river. A between river comparison of temperature use by fish >0+ showed no 

significant difference (ANOVA, F1,17=0.9, p>0.05). Different catch dates prevented a 

comparison between rivers for 0+ fish.  

Discussion 

 Longer length-at-age and higher condition based on weight-length relationships 

were found in the regulated Magpie River relative to the naturally flowing Batchawana 

River. M was also higher in the Magpie River relative to the Batchawana River and was 

positively, significantly correlated with time spent up-ramping. While there was a 

difference in length-at-age between rivers, there was no significant difference between 

hydropeaking regimes in the Magpie River, or the time period encompassed by the 

hydropeaking regimes in the Batchawana River. Thus, while river regulation in general 

has an impact on brook trout, the differences in the rate of change of discharge between 
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the hydropeaking regimes tested in this study did not result in an additional measureable 

impact on brook trout length-at-age.  

The longer mean length-at-age, and heavier weight of large brook trout in the 

regulated Magpie River relative to the naturally flowing Batchawana River are likely 

related to food availability. Brook trout eat a wide variety of food including a large 

proportion of aquatic insects and insect larvae (Scott & Crossman 1973). There is a 

higher invertebrate abundance (Jones 2013) and drift (Patterson & Smokorowski 2011) 

downstream from the Steephill Falls dam, including a higher proportion of lentic 

invertebrates, relative to nearby naturally flowing rivers (Jones 2013). A significant 

proportion of invertebrates downstream from the dam probably originated in the 

reservoir, or is supported by reservoir-derived seston (Jones 2013), and, therefore, is a 

consequence of the dam construction and reservoir creation. However, hydropeaking as a 

form of river regulation may also impact food availability. Hydropeaking can increase 

invertebrate drift (Lauters et al. 1996; Lagarrigue et al. 2002), and fish feeding 

downstream from a dam (Lagarrigue et al. 2002). Brook trout are drift feeders (e.g. 

Fausch & White 1981) and higher food availability, whether driven by impoundment in 

general, or hydropeaking in particular, may result in increased foraging success in the 

Magpie River. For example, in addition to the higher invertebrate abundance in the 

Magpie River (Jones 2013), Tuor et al. (2014) found a higher abundance of invertebrates 

within the stomach contents of small bodied fish, including YOY brook trout, in the 

Magpie River relative to the Batchawana River. Therefore, a larger food supply coupled 

with higher foraging success resulted in a higher proportion of energy intake allocated 

towards growth, leading to higher length-at-age in the Magpie River.  

Despite significant differences in length-at-age and weight-length relationships 

between rivers, there was no significant difference in caloric content. This may be a 

function of the time of year when the fish used for caloric content were caught. The 

mature adult male fish used in the comparison were caught in the fall, prior to spawning, 

but may have begun partitioning energy sources away from storage and towards 

reproduction in both rivers (Scott & Crossman 1973). Additionally, while a higher ration 

can drive fish growth, the lipid content of fish muscle tissue is dependent on the lipid 

content of the food consumed by fish, not the amount of food consumed (Shearer et al. 
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1997). Lipids are the primary source of energy for fish during aerobic activity (Shearer et 

al. 1997; Kieffer et al. 1998). A higher energy intake would not necessarily result in 

higher lipid storage and higher caloric content if energy stores were consumed as a result 

of the increased activity exhibited by brook trout in the Magpie River (see below).  

Our estimates of M were within the range reported in other field based studies 

(Kahilainen et al. 2014; Kelly et al. 2015c; Sinnatamby et al. 2015) and were significantly 

higher in the Magpie River relative to the Batchawana River. M values were not 

significantly related to temperatures used by the fish (realized thermal habitat), however, 

there was also no significant difference in the temperature of brook trout thermal habitat 

between these two rivers. Thus, the between-river differences in M were not driven by 

temperature, but by increased activity (e.g. Sherwood & Rose 2003) occurring during 

hydropeaking events (Murchie & Smokorowski 2004) as evidenced by the positive 

correlation between time spent up-ramping and M. As aerobic metabolic activity 

increases during hydropeaking events (Murchie & Smokorowski 2004), a higher 

respiration rate would result in a higher concentration of metabolically derived carbon in 

the blood stream which would diffuse into the endolymphatic fluid and become 

incorporated in the otolith during calcification (Solomon et al. 2006).  

Despite the higher activity and the higher energy expenditure indicated by the 

higher contribution of metabolically derived carbon to δ
13

Coto, brook trout in the 

regulated river were still able to allocate more resources towards growth relative to the 

Batchawana River. Higher growth may have been driven by the larger food supply in the 

Magpie River (see above), which provided a greater potential energy source for brook 

trout. The increased activity during hydropeaking events may be driven in part by 

increased foraging during periods of increased flow (Murchie & Smokorowski 2004), and 

the greater availability of prey in faster flowing habitats (e.g. Dedual & Collier 1995). 

Studies with brown trout (Salmo trutta) have similarly shown higher food consumption 

rates during hydropeaking flow pulses as an opportunistic response to increased prey 

availability (Rocaspana et al. 2016), effectively coupling the two opposing impacts of 

increased food supply in the form of drift, and increased energy expenditure driven by 

hydropeaking. However, regulation-derived increases in activity (metabolic demands) 

may not always be offset by increases in food supply, making generalizations about dam 
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impacts difficult. As Korman and Campana (2009) note, hydropeaking was associated 

with lower growth in YOY rainbow trout in the Colorado River. Given the likelihood of 

differences among systems, species-specific responses to river regulation in general, and 

hydropeaking in particular, and the potential interaction of multiple factors, it is 

important to characterize impacts on food supply, thermal habitat and fish activity at the 

species level.  

While food supply and activity are two factors likely driving the differences in 

length-at-age and relative metabolic rates between rivers, additional factors such as 

fishing pressure and invasive species may also play a role. Differing sport and 

conservation fishing limits between the two rivers (Government of Ontario 2015) 

combined with the potential for higher fishing pressure in the Batchawana, given its 

easier river access via a parallel road, could cause a shift in the size structure of brook 

trout in the Batchawana River (e.g. see review by Lewin et al. 2006). As well, several 

specimens of the invasive species rainbow trout were caught in the Batchawana River, 

but not the Magpie River during this study. The emergence of rainbow trout fry in the 

spring can reduce the growth rates of YOY brook trout as a result of competition for food 

(Rose 1986; Marschall & Crowder 1996). However, a detailed study on relative fishing 

pressure differences and the rainbow trout population impacts in the Batchawana River 

are needed to determine the extent to which these factors may independently contribute to 

the overall growth differences observed in this study.   

Conclusion 

 Brook trout length-at-age, condition and metabolic rates differed significantly 

between the Magpie and Batchawana Rivers. However, no difference in length-at-age 

between the restricted and unrestricted form of hydropeaking was detected. Brook trout in 

the regulated Magpie River exhibited longer length-at-age and heavier weight at longer 

lengths, but no difference in muscle tissue caloric content. Time spent up-ramping was 

correlated with relatively higher field metabolic rates in brook trout, but the higher food 

supply associated with river regulation may have offset the energetic costs associated 

with this increased activity. The potential for interacting effects between increased food 

supply and increased activity on brook trout growth, condition and caloric content 
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suggest that both food availability and brook trout activity should be examined in detail 

when designing regulations for dam operations.    
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Table 5.1 ANOVA results for comparison of brook trout length-at-age between rivers. 

Length-at-age Variable Degrees of freedom F statistic p-value 

1 

River 1 13.19 <0.01 

Hydropeaking 

regime 1 0.06 0.81 

River x regime 1 0.23 0.63 

 
    

2 

River 1 12.48 <0.01 

Hydropeaking 

regime 1 0.08 0.78 

River x regime 1 0.00 0.99 

 
    

3 

River 1 7.62 0.01 

Hydropeaking 

regime 1 0.76 0.39 

River x regime 1 <0.01 0.96 
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Figure 5.1. Location of the regulated Magpie River (A) and naturally flowing 

Batchawana River (B) in Ontario, Canada (inset). Fish sampling sites are denoted by 

circles (●) and river discharge logger locations are denoted by an asterisk (*).  
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Figure 5.2. Length-at-age (mm) for brook trout in the naturally flowing Batchawana 

River (●) and the regulated Magpie River (■). 
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Figure 5.3. Weight-length relationships for brook trout in the naturally flowing 

Batchawana River (●) and the regulated Magpie River (○). 
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Figure 5.4. The proportion of metabolic carbon (M) contributing to δ
13

Coto ± standard 

deviation to realized thermal habitat (°C) ± standard deviation in the naturally flowing 

Batchawana River (grey symbols) and the regulated Magpie River (black symbols).   
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Figure 5.5. The proportion of metabolic carbon (M) contributing to δ
13

Coto ± standard 

deviation relative to time spent hydropeaking (hrs), in the naturally flowing Batchawana 

River (grey symbols) (A) and the regulated Magpie River (black symbols) (B). Note the 

different ranges in the x axes.  
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Chapter 6 Thermal habitat segregation among native whitefish 

morphotypes and invasive vendace: a mechanism for co-existence?  
 

This is a pre-copy-editing, author-produced version of an article published in Freshwater Biology. 

The definitive publisher authenticated version is: Thermal habitat segregation among 

morphotypes of whitefish (Coregonus lavaretus: Salmonidae) and invasive vendace (C. albula): a 

mechanism for co-existence? B. Kelly, P.-A. Amundsen & M. Power. 2015. Freshwater Biology 

60: 2337-2348. 

 

Introduction 

Aquatic invasive species (AIS) can have a variety of effects on the ecosystems 

they invade, such as alterations of nutrient cycling (Arnott & Vanni 1996), changes in 

food web structure (Vander Zanden et al. 1999) and replacement of native species (Hill & 

Lodge 1999). Stable isotope analysis has been used extensively to study the impacts of 

AIS (see review by Coucherousset et al. 2012), but has been limited almost entirely to the 

use of nitrogen and carbon from muscle tissue, focusing on dietary resource use (e.g. 

Zambrano et al. 2010; Jackson et al. 2012; Layman & Allgeier 2012). However, the niche 

space of two species may overlap simultaneously along more than one axis (Hutchinson 

1957; Pianka 1981). Expanding investigations to additional niche axes such as 

temperature use can provide valuable information on the interactions between invasive 

and native species, and may be accomplished by the application of stable isotope analysis 

to other elements and tissues.  

Stable oxygen isotopes in fish otoliths are potential tools for identifying 

differences in thermal habitat between invasive and native species. Otoliths are composed 

mainly of calcium carbonate deposited around an organic matrix of protein (Campana & 

Neilson 1985). They are considered metabolically inert and can provide an environmental 

chronology throughout the life of the fish (Campana 1999). Oxygen isotopes are 

deposited in otoliths in equilibrium with the surrounding water, irrespective of metabolic 

or kinetic effects (Høie et al. 2003). Therefore, δ
18

O values can be used to estimate the 

water temperature at which fish have lived (Devereux et al. 1967). Furthermore, as the 

δ
13

C value of otoliths is derived from ambient dissolved inorganic carbon (DIC) and 

respired metabolic carbon (Weidman & Millner 2000), otoliths can provide information 
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on habitat (Pruell et al. 2010), diet (Elsdon et al. 2010; Nelson et al. 2011) and metabolic 

rate (Lin et al. 2012; Sinnatamby et al. 2015).  

Temperature has a profound effect on fish metabolism and, therefore, on fitness 

and eventual reproductive success (Fry 1947). When possible, fish will choose a narrow 

range of temperatures to inhabit (Coutant 1977), may compete for preferred temperatures 

(Magnuson et al. 1979), and partition diet and thermal habitat resources among species 

(Crowder et al. 1981; Olson et al. 1988; Urban & Brandt 1993; Atrill & Power 2004). 

Differences in both standard and field metabolic rates at a given temperature are 

indicative of physiological adaptations which can play a role in enabling the coexistence 

of closely related species (Ohlberger et al. 2008). Thus, here we use stable oxygen and 

carbon isotopes to investigate inter-and intra-specific temperature use and concomitant 

differences in diet and metabolism by a native whitefish species (Coregonus lavaretus) 

and invasive vendace (Coregonus albula) in two lacustrine sites within the Pasvik 

watercourse in northern Norway. To our knowledge, this is the first time oxygen and 

carbon stable isotopes from otoliths have been used as a tool to examine potential 

differences in temperature use between sympatric invasive and native fishes. 

Three different morphotypes of whitefish are present in the Pasvik system and are 

specialized for feeding in either the pelagic, littoral or profundal habitat (Siwertsson et al. 

2010). Whitefish was the predominant fish species prior to the invasion of vendace in the 

late 1980s (Bøhn & Amundsen 2001), following their translocation and introduction into 

the Pasvik headwaters three decades earlier (Amundsen et al. 1999; Bøhn et al. 2004; 

Præbel et al. 2013). Vendace is a zooplankton specialist and achieved different levels of 

success in different locations within the system. Vendace outcompeted whitefish for 

zooplankton and relegated the pelagic whitefish morphotype to feeding in littoral and 

profundal habitats in an upstream site, Lake Tjærebukta (hereafter referred to as the “ID” 

site for “invasive dominant”) (Bøhn et al. 2008). In contrast, vendace and pelagic 

whitefish largely shared pelagic prey resources in a downstream site, Lake Skrukkebukta 

(hereafter referred to as the “CE” site for “co-existence”) (Bøhn & Amundsen 2001). 

Lake Skrukkebukta and Lake Tjærebukta have similar areas (6.6 and 5.1 km
2
, 

respectively) and chemical compositions, but differ in depth, with Lake Skrukkebukta 

being deeper than Lake Tjærebukta. The lack of a distinct dietary resource partitioning in 
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the downstream site coupled with catch data suggests that microhabitat segregation may 

enable vendace and whitefish to coexist at the Skrukkebukta site (Gjelland et al. 2007). 

Thermal stratification of the two lacustrine environments ensures a range of available 

temperatures and provides an opportunity to further investigate habitat segregation using 

stable oxygen and carbon isotopes.  

We explored several hypotheses regarding thermal habitat and otolith δ
13

C 

differences among whitefish morphotypes and vendace. First, we hypothesized that 

thermal habitat will not differ strongly among morphotypes or between species in the ID 

site, where vendace are dominant, and the available space below the thermocline is 

limited. We further hypothesized that in the CE site, with its greater range of available 

thermal habitats, whitefish and vendace would exhibit thermal niche separation. Thus, the 

profundal whitefish morphotype would inhabit the coldest thermal habitat, the pelagic 

morphotype would inhabit water with intermediate temperatures, and the littoral 

morphotype and vendace would inhabit the warmest thermal habitat. We also 

hypothesized that δ
13

C values would differ between sites, with differences driven by 

dietary resources as reflected in the δ
13

C values of fish muscle tissue. Finally, we 

hypothesized that metabolic rates, as inferred from otolith δ
13

C values, would differ 

among morphotypes, between species and between sites and would be positively related 

to temperature use, given that standard metabolic rate is temperature dependent (Brett & 

Groves 1979).  

Methods 

Sampling 

The Pasvik watercourse (Fig. 6.1) forms the border between northern Norway and 

Russia and contains seven hydroelectric dams. The damming of the system has shifted 

the waterway from a predominantly riverine system, to a series of lakes and reservoirs 

connected by slow flowing rivers (Bøhn & Amundsen 2001; Gjelland et al. 2007). Within 

the Pasvik watercourse, the ID site and the CE site were sampled via gill netting from 12 

to 16 September 2013. Temperature profiles were collected at each site using a YSI 556 

multiprobe temperature probe (YSI Ltd., Hampshire, UK). Water samples for the analysis 

of δ
18

O (δ
18

OH2O) and δ
13

C of DIC (δ
13

CDIC) were collected from three locations within 
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the littoral zone (30 cm below surface), two locations within the pelagic zone (at 5 m 

depth) and two locations within the profundal zone (at 20 m depth) in each site.   

 Fish were collected using gill nets (mesh size 6-45 mm knot to knot) set 

overnight in pelagic, littoral and profundal habitats, as defined in Bøhn et al. (2008), 

where the pelagic zone consisted of surface waters to a depth of 6 m in the deepest part of 

the lake, the littoral zone was considered to be shoreline areas to a depth of 5 m, and the 

profundal zone was defined as the bottom 2 m in the deepest part of the lake. Permission 

for the gill net fishing in the two lakes was obtained from the County Governor of 

Finnmark, which is the official fishing right owner on Government land in Finnmark 

county. Fish were dissected on site and whitefish morphotypes were identified by gill 

raker number as DR (densely rakered, pelagic specialized morphotype), LSR (large 

sparsely rakered, littoral specialized morphotype) and SSR (small sparsely rakered, 

profundal specialized morphotype) following Siwertsson et al. (2010). Given the known 

preservation biases on otolith oxygen isotope measurements (Storm-Suke et al. 2007b), 

for a subset of fish spanning the length range of fish caught, one sagittal otolith was dried 

and stored in a plastic snap-cap vial for stable isotope analysis. The other sagittal otolith 

was removed and preserved in ethanol and used for aging. Dorsal fish muscle tissue was 

removed and frozen on site, then transported and dried in the lab at 60°C for 24 hours for 

stable isotope analysis.  

For the CE and ID sites, respectively, n=43 and n=19 otoliths were analysed 

(Table 6.1). Although efforts were made to analyse three to four otoliths from each age 

range for each species and morphotype, this was often not possible owing to the 

population structure and capture selection of vendace and whitefish at each site. For 

example, no SSR specimens were caught in the ID lake, while SSR specimens caught in 

the CE lake were often older than 4+. Vendace caught in both lakes were mainly of ages 

1+ and 2+, which is typical for these sites (Amundsen et al. 2012). 

Otolith preparation 

Whole otoliths were aged by two separate readers under a dissecting microscope. 

Age discrepancies occurred in less than 10% of the samples, and where they did occur, 

the sample was not used. Summer growth zones (opaque under reflected light) were used 

for analysis since this zone would largely overlap with the period of summer thermal 
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stratification in the lakes. Once aged and photographed, otoliths were mounted sulcus 

side down on glass microscope slides and polished to expose inner annuli. Summer 

growth zones were delineated using Image J (Schneider et al. 2012), then transferred to a 

MicroMill Sampling System (New Wave Research, California, USA) where samples 

were milled with a computer controlled drill. The entire summer portion of the dorsal side 

of the otolith was milled and collected for each summer growth zone and the sample was 

used to infer average temperature used by the fish over the course of the growing season. 

Samples up to and including the fourth growth season were collected where the age of the 

fish permitted. Full summer zone widths beyond the fourth summer in fish 5+ and older 

yielded sample sizes too small (<50 μg) for individual analysis and were not used. Milled 

otolith material was roasted under a continuous flow of helium at 350°C for 1 hour 

(Guiguer et al. 2003) to remove organic material. Samples were then acidified with 100% 

ortho-phosphoric acid to produce CO2 and equilibrated in a water bath at 90°C for 3 

hours prior to isotope analysis (Guiguer et al. 2003).  

Stable isotope analysis 

All isotope samples were analysed at the University of Waterloo Environmental 

Isotope Laboratory (UWEIL) and are reported in standard δ notation: 

δ = [(Rsample – Rstandard) / Rstandard] x 1000 (‰). 

Muscle tissue δ
13

C (δ
13

Cmus) was analysed relative to Vienna Pee Dee Belemnite (VPDB) 

with a 4010 Elemental Analyser (Costech Instruments, Italy) coupled to a Delta Plus XL 

(Thermo-Finnigan, Germany) having a precision of 0.2‰ (UWEIL). Water samples were 

analysed on an IsoPrime multiflow isotope ratio mass spectrometer (GV 

Instruments/Micromass, Manchester, UK). All δ
18

OH2O values were measured relative to 

Vienna standard mean oceanic water (VSMOW) and all δ
13

CDIC measured relative to 

VPDB. Both δ
18

OH2O and δ
13

CDIC were analysed with a precision of 0.2‰ (UWEIL). 

δ
18

OH2O (VSMOW) was converted to VPDB following Coplen et al. (1983). Otolith δ
13

C 

(δ
13

Coto) and δ
18

O (δ
18

Ooto) were analysed on an IsoPrime multiflow isotope ratio mass 

spectrometer (GV Instruments/Micromass, Manchester, UK) with an analytical precision 

of 0.2‰ (UWEIL), which is equivalent to 0.8°C following conversion to temperature 

estimates.  
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Temperature estimates 

 δ
18

Ooto and δ
18

OH2O values were used to estimate average water temperature used 

by the fish over the course of the growing season. No species-specific fractionation 

equation exists for whitefish or vendace. Given that differences in physiology among fish 

species may affect the relationship between temperature and oxygen fractionation in 

otoliths on a species-specific basis (Høie et al. 2004b; Rowell et al. 2005; Storm-Suke et 

al. 2007a), following  Kahilainen et al. (2014) we selected the non-linear fractionation 

equation developed for Arctic charr (Salvelinus alpinus), by Godiksen et al. (2010). 

δ
18

OH2O values necessary for determining individual fractionation values were assigned to 

fish based on their known preferred feeding habitat (pelagic, littoral or profundal), and on 

their capture location.   

Statistical analyses 

 All analyses were performed in R (R Core Team 2014). A Shapiro-Wilk test 

(Royston 1982) and a normal quantile-quantile plot were used to assess the normality of 

the data while Bartlett’s test was used to assess homogeneity of variance (Bartlett 1937). 

A repeated measures ANOVA (Chambers et al. 1992) was used to determine if sampling 

zone (first, second, third or fourth summer) was a significant factor for δ
18

Ooto, δ
13

Coto or 

temperature estimates among and within individuals, and no significant differences were 

found (p>0.05). Therefore, where temperature or δ
13

Coto measurements were made for 

multiple years for an individual fish, these estimates were averaged and the average was 

used in tests for differences between sites, among morphotypes and between species. 

Welch’s t-test (Hollander & Wolfe 1973) was used to assess differences in average 

temperature used and δ
13

Coto between sites. An ANOVA followed by Tukey’s post hoc 

HSD test (Yandell 1997) was used to test for differences within sites among morphotypes 

and between species. When using an ANOVA, the whitefish morphotypes were always 

included separately, analogous to testing differences among four separate species.  

 Differences in temperature estimates derived by a priori assignment of δ
 18

OH2O 

values by known preferred feeding habitat and on the basis of capture depth were tested 

using a paired t test where fish were grouped by morphotype and species. 

To test for significant relationships between δ
13

Cmus and δ
13

Coto, an ANCOVA 

with site and species/morphotype as categorical variables was used, where a positive 
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correlation would indicate respiration of dietary carbon and, thus, that dietary differences 

influence δ
13

Coto values. Only the outer edge of the otolith comprising the last summer of 

growth was used when comparing δ
13

Cmus and δ
13

Coto so that the timing of isotope 

incorporation into muscle tissue and otolith carbonate matched. This resulted in smaller 

sample numbers relative to the δ
18

Ooto analysis (Table 6.1), given that the outer otolith 

edge did not always provide enough material to be run. The proportion of metabolic 

carbon (M) contributing to δ
13

Coto was calculated following McConnaughy et al. (1997) 

as: 

M(δ
13

Cresp) + (1-M)(δ
13

CDIC) = δ
13

Coto - Δ 

where M is the fraction of respired carbon contributing to δ
13

Coto, δ
13

Cresp is the isotopic 

value of the respired carbon and Δ is the fractionation between tissue HCO3
-
 and the 

otolith. We assumed δ
13

Cresp to be equivalent to δ
13

Cmus (Post 2002) and used a value of 

2.7 for Δ (Romanek et al. 1992) following Høie et al. (2004b).  

Results 

Temperature profiles  

 Temperature profiles showed a temperature of 13°C in the epilimnion for both 

lakes, decreasing towards the profundal zone to 8°C in the ID lake and to 6.3°C in the CE 

lake. The thermocline, defined as the depth at which the greatest temperature change 

occurs, was located between 17 and 18 m depth in both lakes, where water temperatures 

decreased from approximately 12°C to 9°C (Fig. 6.1B and 6.1C). Based on our definition 

of the pelagic, littoral and profundal zones (see Methods), the pelagic and littoral habitats 

in both sites were entirely within the mixed layer where the temperature at the time of 

sampling was 13°C. The profundal habitat sampled in the ID lake was also mainly within 

the mixed layer, due to the limited area below the thermocline at this site. However, the 

profundal zone sampled in the CE lake was below the thermocline with water 

temperatures below 9°C.   

Temperature estimates 

 Significant differences in temperature estimates calculated based on the 

assignment of δ
18

OH2O values by preferred feeding habitat or capture location were found 

for DR whitefish (t63=-4.04, p<0.05), SSR whitefish (t31=2.08, p<0.05) and vendace 

(t35=3.13, p<0.05) in the CE site and LSR whitefish in the ID site (t15=3.98, p<0.05). The 
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mean difference between temperature estimates exceeded the analytical precision of the 

mass spectrometer (0.8°C) only for LSR whitefish (2.8°C), and this difference did not 

change the outcome of the within- and between-site statistical comparisons. As such, 

estimates based on known preferred feeding habitat were used for the analysis, given the 

known discrepancies between catch location and average temperature use (Power et al. 

2012).  

A repeated measures ANOVA found no relationship between age and thermal 

habitat. When within-individual variation was excluded, a significant correlation was still 

not found between age and δ
18

Ooto or temperature (p>0.05). Therefore, average 

temperature use is reported, and comparisons in temperature estimates within and 

between sites were computed using the mean temperature use for each individual. 

A significant difference in temperature use by vendace was observed between 

sites (t19=-3.06, p<0.05), with lower temperatures used in the CE lake (Fig. 6.2). In 

contrast, no significant difference in temperature use was found between sites for DR 

(t6.9=0.88, p>0.05) or LSR (t7=-1.80, p<0.05). Within the CE site, significant differences 

in temperature use were found between vendace and DR, and between SSR and DR 

(F3,40=4.01, p<0.05, Tukey’s HSD), with DR using warmer temperatures in each case 

(10.6°C on average relative to 8.0°C for vendace and 7.5°C for SSR). Mean temperature 

use by LSR in the CE site (9.4°C) was also warmer relative to SSR and vendace, but not 

significantly so. No significant differences existed in temperature use between species or 

among morphotypes in the ID site (F2,15=0.57, p>0.05), although mean temperature use 

by DR (9.5°C) was slightly below vendace (11.2°C) and SSR (11.2°C). 

Stable carbon isotopes 

To avoid the confounding factor of slightly different baselines for both δ
 13

CH2O 

and the δ
 13

C values of primary consumers between lakes, we did not conduct between-

lake comparisons for δ
 13

Coto. The pattern of significant differences within sites for δ
 

13
Coto values was different from that of δ

 18
Ooto, such that LSR was significantly enriched 

relative to DR and vendace, and DR was significantly enriched relative to vendace 

(F3,40=11.3, p<0.05; Fig. 6.3). No significant differences were found among morphotypes 

or species in the ID site (F2,15=1.5, p>0.05), although a similar pattern emerged, with LSR 

having the most enriched values and vendace having the most depleted values.  
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Mean ± standard deviation δ
13

Cmus values were –26.4±0.7, -23.8±1.4, -27.0±0.8, 

and -27.2±0.4 for DR, LSR, SSR and vendace, respectively, in the CE site. In the ID site, 

δ
13

Cmus values were -25.6±1.0, -25.8±2.3, and -26.8±0.3 for DR, LSR and vendace, 

respectively. Within the CE site, LSR δ
13

Cmus values were significantly enriched relative 

to all other morphotypes/species (F3,27=20.49, p<0.05), while no significant differences 

occurred within the ID site (F2,12=2.148, p>0.05). There was a significant positive 

relationship between δ
13

Coto and δ
13

Cmus, with the interaction between δ
13

Cmus and location 

being significant (F13,31=4.9, p<0.05, r
2
=0.53) (Fig. 6.4).   

The mean vendace M value was significantly higher in the CE site relative to the 

ID site (t11.4=4.5, p<0.05; Fig. 6.5), but did not differ significantly between sites for DR 

(t14.1=1.5, p>0.05) or LSR (t2.4=-1.4, p>0.05). Within the CE site, vendace had a 

significantly higher M compared to LSR and SSR (ANOVA, F3,26=5.6, p<0.05). No 

significant differences among morphotypes or between species were observed at the ID 

site (ANOVA, F2,12=3.1, p>0.05), although vendace had the lowest M value within that 

site. 

Discussion 

Temperature estimates 

 Differences in thermal habitat use and concomitant differences in dietary resource 

use and metabolic rates between sympatric native and invasive species were found in the 

Pasvik system. Temperature estimates calculated from δ
18

Ooto values are realistic based 

on temperatures measured in the field in 2013, published data (<12°C to 18°C ; 

Amundsen et al. 1999) and historical values for the epilimnion in the system (12°C; Puro-

Tahvanainen et al. 2011). Temperature estimates also coincided with expected values for 

LSR and SSR based on the habitats within which they were caught and the measured 

temperatures of those habitats. For example, the SSR morphotype individuals analysed 

here were caught in the profundal zone in the CE site and used temperatures only 

available below the thermocline, while the LSR morphotype individuals were caught in 

the pelagic and littoral zones and used temperatures indicative of those habitats.  

Temperature use by vendace in the ID site was similar to those predominating in 

the pelagic zone (11.2°C), whereas vendace caught in the CE site used lower than 

expected temperatures (8.0°C), given that most were caught in the pelagic zone. Indeed, 
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historical catch data from Gjelland et al. (2007) and Liso et al. (2013), indicated that 

vendace inhabited the upper pelagic zone (0-6m) while pelagic whitefish inhabited the 

lower pelagic zone (6-12m, Gjelland et al. 2007; 4-20m Liso et al. 2013) during the 

overnight period. However, diel vertical migrations (DVM) by vendace, as outlined by 

Gjelland et al. (2009) in the CE site, may explain the discrepancy between catch data and 

otolith-based thermal habitat estimates. DVM behaviour by vendace, whereby they 

inhabit cooler, deeper water during the day, would explain the significant difference in 

temperature use estimates between DR and vendace. The differentiation in temperature 

use between DR and vendace in the CE site supports the suggestion that habitat 

segregation enables the coexistence of the pelagic whitefish morphotype and vendace at 

this site (Gjelland et al. 2007).   

Our temperature estimates are similar to those of Kahilainen et al. (2014) and 

corroborate their findings that the SSR morphotype uses colder temperatures than the 

LSR and DR morphotypes. Thus, despite small sample sizes, particularly in the ID lake, 

our results correspond well with previous otolith-derived temperature estimates as well as 

measured lake temperatures, as detailed above. However, given our limited sample sizes, 

our results may not be generalized to encompass other lakes, specifically those with 

different geomorphologies and thermal habitat availability. Indeed, while Kahilainen et 

al. (2014) found a pronounced ontogenetic shift towards cooler temperatures with 

increased age in the SSR and DR morphotypes, and a shift to reduced variability in 

temperature with age in the LSR morphotype, we found no relationship between age and 

thermal habitat. In the ID site, the lack of ontogenetic shift may be explained by limited 

habitat as this site is not as deep (maximum depth of 26 m compared with 38 m for the 

CE site) and has low dissolved oxygen below the thermocline (mean of 2.7 mg L
-1

 below 

the thermocline; Kahilainen, pers. comm.), resulting in a limited range of suitable thermal 

habitat. In the CE site, inter- and intra-species interactions may influence thermal habitat 

use (e.g. Magnuson et al. 1979) and diet (e.g. Bøhn et al. 2008), restricting the resources 

which whitefish morphotypes and vendace are able to exploit, thus precluding 

ontogenetic shifts in thermal habitat. Therefore, lake-specific studies are likely necessary 

to characterize the life history stage specific thermal habitat of whitefish and vendace. 
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Stable carbon isotopes 

δ
13

Coto values and their variation provide an opportunity to evaluate dietary and 

metabolic differences among morphotypes and between species at both sites. δ
13

Coto is 

thought to be driven mainly by DIC δ
13

C values (~80%), with the remainder contributed 

by metabolically derived carbon (Weidman & Millner 2000; Høie et al. 2003; Solomon et 

al. 2006; Elsdon et al. 2010). As expected, we found a significant positive relationship 

between δ
13

Coto and δ
13

Cmus, suggesting that respired dietary carbon has a significant 

influence on otolith δ
 13

C values in whitefish and vendace. Enriched δ
13

Coto and δ
13

Cmus 

values, indicative of a higher littoral contribution to diet, were found for LSR in the CE 

site (Fig. 6.3), a finding supported by stomach contents data (Bøhn & Amundsen 2001) 

and reported habitat use (Bøhn & Amundsen 2004). 

The dietary resource use and thermal habitat data suggest that resource 

partitioning between species is occurring at the CE site. Complementary use of diet and 

habitat resources has been found in other salmonids (e.g. Salvelinus namaycush, S. 

alpinus, Salmo trutta and Onchorynchus tshawytscha) (Olson et al. 1988; Power et al. 

2007), as well as between native and invasive fishes (Crowder et al. 1981), with seasonal 

changes in thermal stratification affecting the nature of resource partitioning between 

food and habitat (Urban & Brandt 1993; Power et al. 2007). In the CE site, low dietary 

overlap within each species/morphotype comparison (Liso et al. 2011; Bøhn & 

Amundsen 2001; δ
13

Cmus data this study), and/or low thermal habitat overlap, indicates 

resource use segregation along at least one niche axis (e.g. Hutchinson 1957). An 

exception may be the lack of significant difference in both thermal habitat and diet 

inferred from stable isotopes between vendace and SSR. However, similar 
13

C baseline 

values in the profundal and pelagic zones may have prevented us from differentiating 

diets based in those two habitats (B. Kelly, unpubl. data). In the ID site, the 

complementarity of resource use breaks down, as no thermal habitat segregation was 

detected, and dietary overlap was high (no significant difference among 

species/morphotypes in δ
13

Coto or δ
13

Cmus; see also Liso et al. 2013).  The lack of resource 

partitioning in the ID site coincides with low catch numbers for DR and LSR, which 

together comprised 9% of the total catch (Liso et al. 2013 reporting catch data from 

2008). In contrast, DR and LSR whitefish made up 42% of the total catch in the CE site 
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(Liso et al. 2013), suggesting that complementarity of resource use enables the 

coexistence of vendace and whitefish at that site. 

In addition to providing insight into dietary resource use, δ
13

Coto can be used to 

make inferences about metabolic rate from the calculation of M, i.e., the contribution of 

metabolically derived carbon to δ
13

Coto (e.g. Lin et al. 2012; Kahilainen et al. 2014; 

Sinnatamby et al. 2015). Higher values of M indicate higher metabolic rates, as an 

increase in metabolic rate results in an increased concentration of metabolically derived 

carbon in the bloodstream and endolymphatic fluid (Solomon et al. 2006). Values of M at 

both our sites are high relative to laboratory studies (17-32%) (Høie et al. 2003; Solomon 

et al. 2006; Tohse & Mugiya 2006; Elsdon et al. 2010), but overlapped with field-based 

ranges reported by Sinnatamby et al. (2015) (15.7 to 45.1%) and Kahilainen et al. (2014) 

(26 to 35%). The pattern of M values among whitefish morphotypes also coincides with 

that found by Kahilainen et al. (2014), with DR having the highest values of M, LSR 

having intermediate values and SSR having lowest values.  

Vendace M values were significantly higher in the CE site relative to the ID site, 

and within the CE site they were significantly higher than LSR and SSR values. The 

higher M values for vendace occupying lower temperatures suggests that these M values 

are driven by activity (e.g. Sherwood & Rose 2003) rather than temperature-dependent 

standard metabolic rate. DVM behaviour contributes to activity and field metabolic rate 

(Brett & Groves 1979) and is consistent with the higher M values, as bioenergetics 

modelling has indicated that vendace expend more energy performing DVM relative to 

remaining in either the hypolimnion or the metalimnion throughout the day (Busch et al. 

2011).   

Implications for invasive-native species interactions 

Segregation of thermal habitat between vendace and DR provides an explanation 

for the coexistence of both species in the CE pelagic habitat, unlike the ID site where 

vendace are dominant. As vendace are considered superior competitors over whitefish 

(Bøhn & Amundsen 2001), the shift by vendace to cooler waters in the CE lake was 

presumably driven by factors other than competitive interactions with DR whitefish. 

Gjelland et al. (2009) argued that DVM by coregonids in the CE site resulted from 

foraging at light levels which lower predation risk from piscivores such as pike (Esox 
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lucius), perch (Perca fluviatilis), burbot (Lota lota) (Amundsen et al. 2003) and brown 

trout (Salmo trutta L.) (Jensen et al. 2004). However, studies have shown that vendace 

DVM can also be driven by temperature preferences (Mehner et al. 2010) and 

bioenergetics in addition to predator avoidance (Mehner et al. 2007). The temperatures 

used by vendace in the CE lake correspond with those found for vendace performing 

DVM in other sites (6-9°C; Mehner et al. 2010). While higher values of M in the CE lake 

suggest that DVM does not optimize energy use (e.g. Busch et al. 2011), we cannot 

entirely rule out bioenergetics, since DVM can lead to growth rates higher than if 

vendace remained in the hypolimnion (Busch et al. 2011). Therefore, we argue that, while 

predator avoidance may be the dominant force driving DVM in the CE lake, temperature 

preferences and bioenergetic factors also play a role, creating a complex system of trade-

offs between competing costs and benefits (Mehner 2012), with factors shifting in 

importance through the growing season (Gjelland et al. 2009).  

A likely consequence of the thermal habitat segregation observed here is the 

alteration of competitive dynamics between vendace and whitefish for dietary resources. 

Specifically, thermal habitat segregation facilitates the maintenance of a zooplankton-

based diet for DR in the CE lake rather than a littoral-based diet (Bøhn & Amundsen 

2001). The lack of significant difference in thermal habitat in the ID lake, where DR 

numbers have been reduced (Liso et al. 2013) and DR have been relegated to feeding in 

the littoral zone (Bøhn & Amundsen 2004), suggests that available thermal habitat is an 

important factor influencing the interactions between the native and invasive species in 

the Pasvik watercourse.  

In conclusion, our study documents thermal habitat segregation and an 

accompanying dietary resource partitioning between a native and an invasive sympatric 

fish species. Where a larger volume of suitable habitat below the thermocline was 

available, thermal habitat segregation enabled both species to coexist and feed in the 

pelagic zone. Where a limited availability of thermal habitats precluded extensive thermal 

habitat segregation there was less evidence for partitioning of food resources and catches 

of the native fish species were drastically reduced. Thus, lake morphology and the ability 

of fish species to exploit different thermal habitats can fundamentally alter competitive 

interactions between native and invasive fishes. Our results demonstrate the importance 
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of considering temperature when investigating invasive fishes and the utility of stable 

oxygen and carbon isotope analysis in achieving this.   
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Table 6.1 Sample data for whitefish morphotypes DR (pelagic zone specialized), LSR (littoral zone specialized), SSR (profundal zone specialized) and vendace 

at the Skrukkebukta (CE) and Tjærebukta (ID) sampling sites. The pelagic zone consisted of surface waters to a depth of 6m in the deepest part of the lake, the 

littoral zone was considered to be shoreline areas to a depth of 5m, and the profundal zone was defined as the bottom 2m in the deepest part of the lake. Water 

stable isotope values are the mean of two samples for the pelagic and profundal zones, and three values for the littoral zone. Sample numbers refer to the number 

analysed for δ
 18

O, while the sample number in brackets refers to the number analysed for a correlation between δ
13

Coto and δ
13

Cmus and the calculation of M. 

 Species / Morphotype  Habitat Age Length Wet weight 

Site         n Pelagic Littoral Profundal 1+ 2+ 3+ 4+ (mm) (g) 

CE DR 16 (13) 13 3 0 3 8 1 4 117 - 207 15.1 - 90.3 

LSR 10 (8) 0 10 0 1 2 3 4 90 - 215 6.2 – 106.0 

SSR 7 (3) 0 0 7 0 2 1 4 110 - 151 10.8 - 32.9 

Vendace 10 (6) 9 0 2 5 3 2 1 119 - 157 15 - 36.8 

δ
 18

OH2O (‰)  -11.87 -11.85 -12.30       

δ
 13

CH2O (‰)  -9.67 -8.76 -11.70       

            

ID DR 4 (4) 2 2 0 2 2 0 0 116 - 162 13.7 - 40.5 

LSR 4 (3) 2 2 0 0 2 2 0 156 - 189 39 - 66.3 

SSR 0          

Vendace 11 (8) 7 0 4 4 4 3 0 99 - 147 7.6 - 26.6 

 δ
 18

OH2O (‰)  -11.36 -11.31 -12.55       

 δ
 13

CH2O (‰)  -10.22 -9.57 -16.11       
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Figure 6.1 Location of the Pasvik watercourse within the northern Fenno-Scandinavian peninsula 

(A) and the Pasvik watercourse (B). Lake Skrukkebukta (CE) map and thermocline are 

illustrated in panel C, and Lake Tjærebukta (ID) map and thermocline in panel D. 
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Figure 6.2. Mean (± standard deviation) temperature estimates for whitefish morphotypes DR 

(pelagic zone specialized), LSR (littoral zone specialized), SSR (profundal zone specialized) and 

vendace in the CE (co-existence, Lake Skrukkebukta; ●) and the ID (invasive-dominated, Lake 

Tjærebukta; ▲) site. The grey area illustrates the temperature range encompassed by the 

thermocline as defined by the depth over which the greatest temperature change occurs. No SSR 

whitefish morphotypes were caught in the ID site. The * symbol beside the Species/Morphotype 

label indicates a significant difference between sites. Matching letters within the graph indicate 

no significant difference between morphotypes/species within site. 
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Figure 6.3. Mean (± standard deviation) otolith full growth season δ

13
C values for whitefish 

morphotypes DR (pelagic zone specialized), LSR (littoral zone specialized), SSR (profundal 

zone specialized) and vendace in the CE lake (co-existence, Lake Skrukkebukta; ●) and the ID 

lake (invasive-dominated, Lake Tjærebukta; ▲).No SSR whitefish morphotypes were caught in 

the ID site. Matching letters within the graph indicate no significant difference between 

morphotypes/species within site. 
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Figure 6.4. Muscle δ

13
C values and otolith δ

13
C values taken from the last growing season to date 

of capture for whitefish morphotypes DR (pelagic zone specialized), LSR (littoral zone 

specialized), SSR (profundal zone specialized) and vendace in the CE lake (solid symbols) and 

in the ID lake (open symbols). CE represents Lake Skrukkebukta, where vendace and whitefish 

co-existed, while ID represents Lake Tjærebukta where vendace was dominant. 
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Figure 6.5. Mean (± standard deviation) percent contribution of metabolic carbon (M) to the 

otolith δ
13

C value for whitefish morphotypes DR (pelagic zone specialized), LSR (littoral zone 

specialized), SSR (profundal zone specialized) and vendace in the CE lake (co-existence, Lake 

Skrukkebukta; ●) and in the ID lake (invasive-dominated, Lake Tjærebukta; ▲).No SSR 

whitefish morphotypes were caught in the ID site. Matching letters within the graph indicate no 

significant difference between morphotypes/species within site. 
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Chapter 7 General Conclusions 

Synopsis 

Determining the effects of hydroelectric dam-altered river discharge and temperature on 

downstream fish populations is essential for the management of river ecosystems (Baxter 1977; 

Ward & Stanford 1983; Olden & Naiman 2010). Effects on fish can be species-specific and 

depend on life-history characteristics and behaviour (e.g. Korman & Campana 2009; Alexandre 

et al. 2014; Bond et al. 2015). Accordingly, in this thesis I investigated the influence of 

hydroelectric dam operation on six fish species and the causal mechanisms driving them. The 

results of this investigation are reported in five data chapters, and briefly summarized below.  

Slimy sculpin (Cottus cognatus) are an important sentinel species (Gray et al. 2004; 

Edwards & Cunjak 2007) which can be used to evaluate local effects of environmental and 

anthropogenic disturbances. Thus, this species was used to determine the impacts of 

hydroelectric dam-altered discharge along a longitudinal gradient downstream from a 15 MW 

hydropeaking dam, with comparisons made to a nearby naturally flowing river (Chapter 2). 

Slimy sculpin annual growth rates did not differ between hydropeaking regimes but did differ 

between rivers, with higher average annual growth rates observed in the regulated hydropeaking 

river. Decreases in growth rates were detected with increasing distance from the dam in the 

regulated river, while an increase in growth rate with distance downstream was observed for first 

year growth in the naturally flowing river. Tested hydrologic indices accounted for only a small 

proportion of the variation in slimy sculpin growth, and significant hydrological indices were not 

consistent between rivers. Thus, while data obtained for slimy sculpin indicate there are effects 

associated with changing river flow regimes (natural versus regulated), slimy sculpin in general 

do not indicate strong growth-flow correlations under either natural or altered flow conditions.  

 In addition to using slimy sculpin to investigate the effects of hydroelectric dam 

operation on fish populations, two additional members of the forage fish community were used 

to identify among-species, within-system differences in response to altered physical conditions: 

longnose dace (Rhinichthys cataractae) and trout perch (Percopsis omiscomaycus) (Chapter 3). 

The three species exhibited differences in growth, condition and survival between the regulated 

river and the naturally flowing river. However, the differences were not always consistent among 

species. Similar to slimy sculpin, longnose dace and trout perch exhibited higher growth in the 



 

117 
 

regulated river, while there was no difference in growth for either species between the two 

hydropeaking regimes. However, hydropeaking regime altered the allometric nature of the 

weight-length relationship for longnose dace and slimy sculpin condition, with unrestricted 

hydropeaking resulting in a higher exponent (b) relative to the unrestricted hydropeaking regime. 

For trout perch, b was higher in the regulated river, while the weight-length relationship did not 

differ between hydropeaking regimes for this species. Survival in the regulated river was lower 

for longnose dace and slimy sculpin compared to the naturally flowing river, but similar between 

rivers for trout perch. Mean summer discharge was significantly correlated with growth for all 

three species in the regulated river, while mean summer river temperature was significantly 

correlated with growth in the naturally flowing river. Even when significant correlations were 

found, temperature and discharge explained little of the variation in growth for the three species.  

 The influence of hydroelectric dam altered river water temperature was further tested 

using two species from the coldwater fish guild, slimy sculpin and brook trout (Salvelinus 

fontinalis) (Chapter 4). The thermal regime downstream from the dam in the regulated river was 

determined to be more suitable for both species based on species-specific thermal thresholds. 

However, temperature use was significantly different between rivers for slimy sculpin only. As 

well, slimy sculpin inhabited significantly cooler water relative to brook trout. Both spatial and 

temporal analysis of temperature use suggested that brook trout thermoregulate by inhabiting 

temperatures close to their known thermal preference, while slimy sculpin inhabit temperatures 

indicative of their local environment. Temperature use was not correlated with condition for 

either species. 

 The growth, condition and relative metabolism of brook trout were compared between 

the regulated Magpie River and the naturally flowing Batchawana River in Chapter 5. There 

were significant differences in brook trout length-at-age, condition and relative metabolism 

between rivers. Length-at-age did not differ between hydropeaking regimes. Both the weight-

length exponent and growth were higher in the regulated river, and brook trout were heavier at 

longer lengths. Caloric content did not differ between rivers, while field metabolism was higher 

in the regulated river and was positively correlated with time spent in the discharge increase 

phase of hydropeaking events. Differences in brook trout growth were likely the result of 

differing food availability between rivers, with a higher food supply offsetting the increased 

metabolic costs associated with hydropeaking.    
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 In Chapter 6, the relative success of the invasive species vendace (Coregonus albula) at 

two sites in the regulated Pasvik watercourse, Norway, was investigated. Mean temperature use 

by vendace over the course of the growing season was significantly different between the two 

sites, with vendace inhabiting lower temperature water in the site where they co-existed with 

whitefish. Temperature use by whitefish morphotypes (Coregonus lavaretus) did not differ 

between sites, but differed among morphotypes in the site where whitefish and vendace 

coexisted. Otolith and muscle tissue stable isotope analyses suggested that thermal habitat 

partitioning was occurring in the site where vendace and whitefish successfully coexist, while 

dietary resource partitioning was occurring where vendace dominate the pelagic zone. Field 

metabolism differed between sites for both species, likely resulting from differences in fish 

activity between sites driven by diel vertical migrations in the deeper site. The availability of 

different thermal habitats facilitates the co-existence of invasive vendace and native whitefish by 

reducing competition for food through thermal habitat partitioning.   

Synthesis 

 Based on the analysis in the five data chapters within this thesis, several overarching 

conclusions can be drawn regarding the effects of river regulation on downstream fish 

populations:  

1. The impacts of river regulation vary by fish species 

Fish responses to the physical alterations downstream from hydroelectric dams differed 

when evaluated according to annual survival, condition, field metabolism and thermal habitat. 

This occurred within the forage fish community (Chapter 3), the coldwater fish guild (Chapter 4) 

and between native and invasive species (Chapter 6). Differential responses were driven by 

species-specific preferences and behaviour (Table 1.1, Chapters 3, 4, 6). 

2. The impacts of river regulation vary within fish species 

 Using multiple indicators of fish health revealed the conflicting nature of effects from 

river regulation within a species. Potential positive and negative effects were found, such that 

higher growth, but lower survival (Chapter 3), or higher growth and higher field metabolism 

(Chapter 6) were exhibited by the same species in the regulated river. Therefore, multiple 

indicators of fish health are necessary to characterize the impacts of river regulation on a given 

species.  
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3. Hydrologic and thermal indices do not capture the complexity of responses exhibited by fish 

species 

 Alterations to the physical environment downstream from the dam resulted in both direct 

and indirect effects on fish species. Hydrologic and thermal indices failed to explain a large 

proportion of the variation in fish growth, given the indirect effects of hydrologic and thermal 

alterations and the integrative nature of indicators of fish health. While species-specific 

discharge and thermal thresholds remain important for developing management strategies, the 

availability and quantity of different habitat types was also important for fish population health 

(Chapter 4) and inter-species interactions (Chapter 6), and should be incorporated into 

evaluations of river regulation on fish communities.  

4. Multiple species and multiple indicators are needed to characterize the impacts of river 

regulation on downstream fish populations  

 Given the variation in effects among and within species, multiple fish species must be 

investigated using multiple indicators of fish health to characterize the impacts of river 

regulation within a given system. Physical alterations to discharge and temperature should be 

characterized according to species-specific thresholds and relative availability of different 

habitats. As alterations driven by hydroelectric dam operation can have both direct and indirect 

effects, indicators of fish health need to be considered within the context of additional 

parameters such as fish food availability. The complexity of riverine systems necessitates 

continued efforts towards the completion of long-term, large-scale studies which include the 

sampling of multiple species and the evaluation of multiple parameters to fully characterize the 

impacts of river regulation.    

Future Directions 

This thesis characterized the effects of river regulation using multiple indicators of fish 

health and six fish species. As with all scientific studies, the results discussed in the thesis 

generated additional research questions. Several possibilities for future research are discussed in 

detail below.  

 This thesis highlighted the importance of changes to food availability driven by river 

regulation and/or hydropeaking (Lauters et al. 1996; Lagarrigue et al. 2002; Patterson & 

Smokorowski 2011; Jones 2013) for fish growth, and for mitigating the costs of increased 

energetic outputs. However, based on the invertebrate community composition (Jones 
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2013), increases in invertebrate abundance are likely driven in part by inputs from the 

reservoir (Jones 2013). Long-term decreases in fish growth in regulated system lakes 

have been documented and are likely linked to reductions in reservoir nutrient dynamics 

and productivity (Milbrink et al. 2011). Therefore, characterizing the link between the 

reservoir ecosystem and downstream fish growth in the Magpie River in further detail 

would provide valuable information for managing both upstream and downstream 

ecosystems, i.e. is downstream productivity dependent on reservoir productivity? And, 

would changes to reservoir productivity affect fish growth downstream in the Magpie 

River?  It may be worthwhile to monitor both reservoir and river ecosystem dynamics 

long-term, to inform river management strategies, should a long-term decrease in fish 

growth be detected (e.g. Milbrink et al 2011). 

 

 This thesis addressed multiple indicators of fish health including growth, condition, 

survival and relative metabolic rate. However, hydroelectric dams can also affect aspects 

of fish maturity and reproduction. For example, studies have found younger age-at-

maturity for slimy sculpin (Bond et al. 2015), as well as decreased gonadal activity in 

Iberian barbel (Alexandre et al. 2014). Given that there is the potential for hydroelectric 

dam-induced physical alterations to affect the reproductive characteristics of fish, it 

would be informative to collect data on the reproductive success of fish living 

downstream from the 15 MW dam in the Magpie River, compared to the naturally 

flowing Batchawana River. Several metrics such as age-at-maturity, fecundity, spawning 

frequency and timing, egg size and larval growth rates could be investigated. 

Comparisons would be especially interesting within the forage fish community as 

longnose dace and trout perch are known to spawn multiple times per season, while slimy 

sculpin do not. Determining the response of reproductive parameters to altered river 

discharge and temperature, combined with the analyses completed in this thesis would 

provide information on the impacts of river regulation for the entire fish life cycle.  

 

 The calculation of detailed hydrologic and thermal indices in this thesis quantified the 

extent to which hydroelectric dam operation alters discharge and temperatures 

downstream. The 15 minute intervals over which the data loggers recorded temperature 
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and discharge provide a comprehensive picture of the temporal heterogeneity of river 

discharge and temperature. However, given the limitations on the number of data loggers 

within the rivers, the data analysis in this thesis fails to characterize the full spatial 

heterogeneity of river velocity at different discharges as well as river temperature. River 

heterogeneity has been characterized within rivers relative to woody debris and substrate 

(Lepori et al. 2005; Palmer et al. 2010) and across rivers within regions (Poff et al. 2007). 

However, a comprehensive study of the heterogeneity in velocity and temperature, at 

both low and high flows in the regulated river, coupled with an assessment of fish habitat 

use, could provide a more complete picture of how habitat availability and use changes at 

different points in the hydropeaking cycle. Given the safety constraints of sampling at 

high flows, the habitat availability aspect could be addressed with detailed modelling 

studies (e.g. Torgersen et al. 1999; Bouchard & Boisclair 2007), while telemetry methods 

may be used to characterize fish habitat use (e.g. Murchie & Smokorowski 2004; 

Cocherell et al. 2010).  

 

 To date, studies on the impact of hydroelectric dams on downstream fish communities 

have focused on abundance and community composition (Bain et al. 1988; Freeman et al. 

2001) or conducted a detailed analysis on a single species (e.g. Korman & Campana 

2009; Bond et al. 2015; Finch et al. 2015). This thesis highlighted the potential for 

within-system, species-specific biological responses at the individual level. Yet, this 

analysis was confined to the most abundant species within two boreal forest rivers in 

northern Ontario. There remains a need to characterize different responses within the fish 

community to river regulation in river systems of varying sizes, from different 

geographic regions, and under different dam operating regimes. This would provide 

valuable information on the impacts of river regulation on different fish communities and 

would be useful for developing river management strategies. 

  



 

122 
 

References 

Alexandre, C.M., Quintella, B.R., Ferreira, A.F., Romao, F.A. & Almeida, P.R. 2014. Swimming 

performance and ecomorphology of the Iberian barbel Luciobarbus bocagei (Steindachner, 

1864) on permanent and temporary rivers. Ecology of Freshwater Fish 23: 244-258. 

Allan, J.D., Smith, S.D., McIntyre, P.B., Joseph, C.A., Dickinson, C.E., Marino, A.L., Biel, 

R.G., Olson, J.C., Doran, P.J., Rutherford, E.S., Adkins, J.E. & Adeyemo, A.O. 2015. Using 

cultural ecosystem services to inform restoration priorities in the Laurentian Great Lakes. 

Frontiers in Ecology and the Environment 13: 418-424. 

Amundsen, P.A., Staldvik, F.J., Reshetnikov, Y.S., Kashulin, N., Lukin, A., Bøhn, T., Sandlund, 

O.T. & Popova, O.A. 1999. Invasion of vendace Coregonus albula in a subarctic watercourse. 

Biological Conservation 88: 405-413. 

Amundsen, P.A., Bøhn, T., Popova, O.A., Staldvik, F.J., Reshetnikov, Y.S., Kashulin, N.A. & 

Lukin, A.A. 2003. Ontogenetic niche shifts and resource partitioning in a subarctic piscivore fish 

guild. Hydrobiologia 479: 109-119. 

Amundsen, P.A., Salonen, E., Niva, T., Gjelland, K.Ø., Præbel, K., Sandlund, O.T., Knudsen, R. 

& Bøhn, T. 2012. Invader population speeds up life history during colonization. Biological 

Invasions 14: 1501-1513. 

Anderson, R.O. & Neuman, R.M. 1996. Length, Weight, and Associated Structural Indices. In 

Fisheries Techniques, 2
nd

 edition. (Eds. B.R. Murphy & D.W. Willis) American Fisheries 

Society, Bethesda, Maryland pp. 447-482. 

Arnott, D.L. & Vanni, M.J. 1996. Nitrogen and phosphorus recycling by the zebra mussel 

(Dreissena polymorpha) in the western basin of Lake Erie. Canadian Journal of Fisheries and 

Aquatic Sciences 53: 646-659.  

Arthington, A.H., Bunn, S.E., Poff N.L. & Naiman, R.J. 2006. The challenge of providing 

environmental flow rules to sustain river ecosystems. Ecological Applications 16: 1311-1318. 

Attrill, M.J. & Power, M. 2004. Partitioning of temperature resources amongst an estuarine fish 

assemblage. Estuarine, Coastal and Shelf Science 61: 725-738. 

Bain, M.B., Finn, J.T. & Booke, H.E. 1988. Streamflow regulation and fish community structure. 

Ecology 69: 382-392. 

Baird, O.E. & Krueger, C.C. 2003. Behavioral thermoregulation of brook and rainbow trout: 

comparison of summer habitat use in an Adirondack River, New York. Transactions of the 

American Fisheries Society 132: 1194-1206. 

Bartlett, M.S. 1937. Properties of sufficiency and statistical tests. Proceedings of the Royal 

Society of London Series A 160: 268–282. 

Baxter, R.M. 1977. Environmental effects of dams and impoundments. Annual Review of 

Ecology and Systematics 8: 255-283. 

Berman, C.H. & Quinn, T.P. 1991. Behavioural thermoregulation and homing by spring Chinook 

salmon, Oncorhynchus tshawytscha (Walbaum), in the Yakima River. Journal of Fish 

Biology 39: 301-312. 



 

123 
 

Blanck, A. & Lamouroux, N. 2007. Large‐scale intraspecific variation in life‐history traits of 

European freshwater fish. Journal of Biogeography 34: 862-875. 

Bøhn, T. & Amundsen, P.A. 2001. The competitive edge of an invading specialist. Ecology 82: 

2150-2163.  

Bøhn, T. & Amundsen, P.A. 2004. Invasion-mediated changes in the population biology of a 

dimorphic whitefish Coregonus lavaretus population. Annales Zoologici Fennici 41: 125-136. 

Bøhn, T., Terje Sandlund, O., Amundsen, P.A. & Primicerio, R. 2004. Rapidly changing life 

history during invasion. Oikos 106: 138-150. 

Bøhn, T., Amundsen, P.A. & Sparrow, A. 2008. Competitive exclusion after invasion?. 

Biological Invasions 10: 359-368. 

Bolger, T. & Connolly, P.L. 1989. The selection of suitable indices for the measurement and 

analysis of fish condition. Journal of Fish Biology 34: 171-182. 

Bond, M.J. & Jones, N.E. 2015. Spatial distribution of fishes in hydropeaking tributaries of Lake 

Superior. River Research and Applications 31: 120-133. 

Bond, M.J., Jones, N.E. & Haxton T.J. 2015. Growth and life history patterns of a small‐bodied 

stream fish, Cottus cognatus, in hydropeaking and natural rivers of northern Ontario. River 

Research and Applications DOI: 10.1002/rra.2886. 

Bouchard, J. & Boisclair, D. 2008. The relative importance of local, lateral, and longitudinal 

variables on the development of habitat quality models for a river. Canadian Journal of Fisheries 

and Aquatic Sciences 65: 61-73. 

Bradbury, C., Roberge, M.H.M. & Minns, C.K. 1999. Life history characteristics of freshwater 

fishes occurring in Newfoundland and Labrador, with major emphasis on lake habitat 

requirements. Canadian Manuscript Report of Fisheries and Aquatic Sciences 2485. 

Brett, J.R. 1979. Environmental factors and growth. In: Fish Physiology Volume VIII 

Bioenergetics and Growth. (Eds. W.S. Hoar, D.J. Randall & J.R. Brett) Academic Press, London 

pp. 599–675. 

Brett, J.R. & Groves, T.D.D. 1979. Physiological Energetics. In: Fish Physiology Volume VIII 

Bioenergetics and Growth (Eds. W.S. Hoar, D.J. Randall & J.R. Brett) Academic Press, London 

pp. 280-352. 

Brown, L.R. & Ford, T. 2002. Effects of flow on the fish communities of a regulated California 

river: Implications for managing native fishes. River Research and Applications 18: 331-342.  

Bunn, S.E. & Arthington, A.H. 2002. Basic principles and ecological consequences of altered 

flow regimes for aquatic biodiversity. Environmental Management 30: 492-507. 

Busch, S., Johnson, B.M. & Mehner, T. 2011. Energetic costs and benefits of cyclic habitat 

switching: a bioenergetics model analysis of diel vertical migration in coregonids. Canadian 

Journal of Fisheries and Aquatic Sciences 68: 706-717. 

Butryn, R.S., Parrish, D.L. & Rizzo, D.M. 2013. Summer stream temperature metrics for 

predicting brook trout (Salvelinus fontinalis) distribution in streams. Hydrobiologia 703: 47-57. 

Caissie, D. 2006. The thermal regime of rivers: a review. Freshwater Biology 51: 1389-1406. 



 

124 
 

Campana, S.E. & Neilson, J.D. 1985. Microstructure of fish otoliths. Canadian Journal of 

Fisheries and Aquatic Sciences 42: 1014-1032. 

Campana, S.E. 1999. Chemistry and composition of fish otoliths: pathways, mechanisms and 

applications. Marine Ecology-Progress Series 188: 263-297. 

Casado, A., Hannah, D.M., Peiry, J.L. & Campo, A.M. 2013. Influence of dam‐induced 

hydrological regulation on summer water temperature: Sauce Grande River, Argentina. 

Ecohydrology 6: 523-535. 

Chambers, J.M. 1992. Linear models. In: Statistical Models in S (Eds. J.M. Chambers & T.J. 

Hastie) Wadsworth & Brooks/Cole, California, US pp. 95–144. 

Chapman, D. & Robson, D.S. 1960. The analysis of a catch curve. Biometrics 16: 354-368. 

Cherry, D.S., Dickson, K.L., Cairns J. & Stauffer, J.R. 1977. Preferred, avoided, and lethal 

temperatures of fish during rising temperature conditions. Journal of the Fisheries Board of 

Canada 34: 239-246. 

Chu, C., Mandrak, N.E. & Minns, C.K. 2005. Potential impacts of climate change on the 

distributions of several common and rare freshwater fishes in Canada. Diversity and 

Distributions 11: 299-310. 

Clark, E., Webb, B.W. & Ladle, M. 1999. Microthermal gradients and ecological implications in 

Dorset rivers. Hydrological Processes 13: 423-438. 

Clarke, K.D., Pratt, T.C., Randall, R.G., Scruton, D.A. & Smokorowski, K.E. 2008.Validation of 

the flow management pathway: effects of altered flow on fish habitat and fishes downstream 

from a hydropower dam. Canadian Technical Report of Fisheries and Aquatic Sciences 2784. 

Clarkson, R.W. & Childs, M.R. 2000. Temperature effects of hypolimnial-release dams on early 

life stages of Colorado River basin big-river fishes. Copeia 2000: 402-412. 

Cocherell, S.A., Cocherell, D.E., Jones, G.J., Miranda, J.B., Thompson, L.C., Cech Jr, J.J. & 

Klimley, A.P. 2011. Rainbow trout Oncorhynchus mykiss energetic responses to pulsed flows in 

the American River, California, assessed by electromyogram telemetry. Environmental Biology 

of Fishes 90: 29-41. 

Cocherell, S.A., Jones, G.J., Miranda, J.B., Cocherell, D.E., Cech Jr, J.J., Thompson, L.C. & 

Klimley, A.P. 2010. Distribution and movement of domestic rainbow trout, Oncorhynchus 

mykiss, during pulsed flows in the South Fork American River, California. Environmental 

Biology of Fishes 89: 105-116. 

Connelly, N.A. & Brown, T.L. 1991. Net economic value of the freshwater recreational fisheries 

of New York. Transactions of the American Fisheries Society 120: 770-775. 

Cooke, S.J. & Murchie, K.J. 2013. Status of aboriginal, commercial and recreational inland 

fisheries in North America: past, present and future. Fisheries Management and Ecology 22: 1-

13. 

Coplen, T.B., Kendall, C. & Hopple, J. 1983. Comparison of stable isotope reference samples. 

Nature 300: 236–238. 



 

125 
 

Coucherousset, J., Boulêtreau, S., Martino, A., Roussel, J.M. & Santoul, F. 2012 Using stable 

isotope analyses to determine the ecological effects of non-native fishes. Fisheries Management 

and Ecology 19: 111-119. 

Coutant, C.C. 1977. Compilation of temperature preference data. Journal of the Fisheries Board 

of Canada 34: 739-745. 

Coutant, C.C. 1987. Thermal preference: when does an asset become liability?. Environmental 

Biology of Fishes 18: 161-172. 

Crowder, L.B., Magnuson, J.J. & Brandt, S.B. 1981. Complementarity in the use of food and 

thermal habitat by Lake Michigan fishes. Canadian Journal of Fisheries and Aquatic Sciences 38: 

662-668. 

Cunjak, R.A. & Green, J.M. 1983. Habitat utilization by brook char (Salvelinus fontinalis) and 

rainbow trout (Salmo gairdneri) in Newfoundland streams. Canadian Journal of Zoology 61: 

1214-1219. 

Cunjak, R.A., Roussel, J.M., Gray, M.A., Dietrich, J.P., Cartwright, D.F., Munkittrick, K.R. & 

Jardine, T.D. 2005. Using stable isotope analysis with telemetry or mark-recapture data to 

identify fish movement and foraging. Oecologia 144: 636-646. 

Cushman, R.M. 1985. Review of ecological effects of rapidly varying flows downstream from 

hydroelectric facilities. North American Journal of Fisheries Management 5: 330-339. 

Dare, M.R., Hubert, W.A. & Gerow, K.G. 2002. Changes in habitat availability and habitat use 

and movements by two trout species in response to declining discharge in a regulated river 

during winter. North American Journal of Fisheries Management 22: 917-928. 

Dedual, M. & Collier, K.J. 1995. Aspects of juvenile rainbow trout (Oncorhynchus mykiss) diet 

in relation to food supply during summer in the lower Tongariro River, New Zealand. New 

Zealand Journal of Marine and Freshwater Research 29: 381-391. 

Del Mar Torralva, M., Angeles Puig, M. & Fernández‐Delgado, C. 1997. Effect of river 

regulation on the life‐history patterns of Barbus sclateri in the Segura river basin (south‐east 

Spain). Journal of Fish Biology 51: 300-311. 

de Mérona, B., Vigouroux, R., Tejerina-Garro, F.L. 2005. Alteration of fish diversity 

downstream from Petit-Saut Dam in French Guiana. Implication of ecological strategies of fish 

species. Hydrobiologia 551: 33-47. 

Devereux, I. 1967. Temperature measurements from oxygen isotope ratios of fish 

otoliths. Science 155: 1684-1685.  

Dickerson, B.R. & Vinyard, G.L. 1999. Effects of high chronic temperatures and diel 

temperature cycles on the survival and growth of Lahontan cutthroat trout. Transactions of the 

American Fisheries Society 128: 516-521. 

Dugdale, S.J., Bergeron, N.E. & St-Hilaire, A. 2015. Spatial distribution of thermal refuges 

analysed in relation to riverscape hydromorphology using airborne thermal infrared 

imagery. Remote Sensing of Environment 160: 43-55. 



 

126 
 

Ebersole, J.L., Liss, W.J. & Frissell, C.A. 2003. Thermal heterogeneity, stream channel 

morphology, and salmonid abundance in northeastern Oregon streams. Canadian Journal of 

Fisheries and Aquatic Sciences 60: 1266-1280. 

Edwards, E.A., Li, H. & Schreck, C.B. 1983. Habitat suitability index models: Longnose dace. 

U.S. Dept. Int., Fish Wildl. Serv. FWS/OBS-82/10.33 13pp. 

Edwards, P.A. & Cunjak, R.A. 2007. Influence of water temperature and streambed stability on 

the abundance and distribution of sculpin (Cottus cognatus). Environmental Biology of Fishes 

80: 9-22. 

Elliott, J.M. 1994. Quantitative ecology and the brown trout. Oxford University Press, Oxford.  

Elliott, J.M. & Hurley, M.A. 2000. Optimum energy intake and gross efficiency of energy 

conversion for brown trout, Salmo trutta, feeding on invertebrates or fish. Freshwater 

Biology 44: 605-615. 

Elsdon, T.S., Ayvazian, S., McMahon, K.W. & Thorrold, S.R. 2010. Experimental evaluation of 

stable isotope fractionation in fish muscle and otoliths. Marine Ecology-Progress Series 408: 

195-205. 

Facey, D.E. & Grossman, G.D. 1990. The metabolic cost of maintaining position for four North 

American stream fishes: effects of season and velocity. Physiological Zoology 63: 757-776. 

Facey, D.E. & Grossman, G.D. 1992. The relationship between water velocity, energetic costs, 

and microhabitat use in four North American stream fishes. Hydrobiologia 239: 1-6. 

Fausch, K.D. & White, A.J. 1981. Competition between brook trout (Salvelinus fontinalis) and 

brown trout (Salmo trutta) for positions in a Michigan stream. Canadian Journal of Fisheries and 

Aquatic Science 38: 1220-1227. 

Fausch, K.D., Torgersen, C.E., Baxter, C.V. & Li, H.W. 2002. Landscapes to riverscapes: 

bridging the gap between research and conservation of stream fishes a continuous view of the 

river is needed to understand how processes interacting among scales set the context for stream 

fishes and their habitat. BioScience 52: 483-498. 

Finch, C., Pine III, W.E. & Limburg, K.E. 2015. Do hydropeaking flows alter juvenile fish 

growth rates? A test with juvenile Humpback Chub in the Colorado River. River Research and 

Applications 31: 156-164. 

Fisheries and Oceans Canada. 2010. Survey of Recreational Fishing in Canada. Fisheries and 

Oceans Canada, Ottawa Canada. Available at http://www.dfo-

mpo.gc.ca/stats/rec/can/2010/index-eng.htm 

Francis, R.I.C.C. 1990. Back‐calculation of fish length: a critical review. Journal of Fish Biology 

36: 883-902. 

Freedman, J.A., Lorson, B.D., Taylor, R.B., Carline, R.F. & Stauffer Jr, J.R. 2014. River of the 

dammed: longitudinal changes in fish assemblages in response to dams. Hydrobiologia 727: 19-

33. 

Freeman, M.C., Bowen, Z.H., Bovee, K.D. & Irwin, E.R. 2001. Flow and habitat effects on 

juvenile fish abundance in natural and altered flow regimes. Ecological Applications 11: 179-

190. 



 

127 
 

Fritz, P., Drimmie, R.J., Frape, S.K. & O'Shea, K. 1987. The isotopic composition of 

precipitation and groundwater in Canada, In: Isotope Techniques in Water Resources 

Development, IAEA Symposium 299, Vienna, pp. 539-550. 

Fry, F.E.J. 1947. Effects of the environment on animal activity. University of Toronto Studies, 

Biological Series 55: 1–62. 

Fry, F.E.J., Hart, S. & Walker, K.F. 1946. Lethal temperature relations for a sample on young 

speckled trout, Salvelinus fontinalis. University of Toronto Studies, Biological Series 54:1-35. 

Galloway, B.J., Munkittrick, K.R., Currie, S., Gray, M.A., Curry, R.A. & Wood, C.S. 2003. 

Examination of the responses of slimy sculpin (Cottus cognatus) and white sucker (Catostomus 

commersoni) collected on the Saint John River (Canada) downstream of pulp mill, paper mill, 

and sewage discharges. Environmental Toxicology and Chemistry 22: 2898-2907.   

Gee, J.H. & Northcote, T.G. 1963. Comparative ecology of two sympatric species of dace 

(Rhinichthys) in the Fraser River system, British Columbia. Journal of the Fisheries Board of 

Canada 20: 105-118. 

Gjelland, K.Ø., Bøhn, T., Horne, J.K., Jensvoll, I., Knudsen, F.R. & Amundsen, P.A. 2009 

Planktivore vertical migration and shoaling under a subarctic light regime. Canadian Journal of 

Fisheries and Aquatic Sciences 66: 525–539. 

Gjelland, K.Ø., Bøhn, T. & Amundsen, P.A. .2007. Is coexistence mediated by microhabitat 

segregation? An in-depth exploration of a fish invasion. Journal of Fish Biology 71: 196-209. 

Godiksen, J.A., Svenning, M.A., Dempson, J.B., Marttila, M., Storm-Suke, A. & Power, M. 

2010. Development of a species-specific fractionation equation for Arctic charr (Salvelinus 

alpinus (L.)): an experimental approach. Hydrobiologia 650: 67-77. 

Government of Ontario. 2015. Recreational Fishing Regulations 2015. MNRF #5439 Available 

at: https://dr6j45jk9xcmk.cloudfront.net/documents/4642/mnr-fishing-eng-rev-tagged-working-

2.pdf 

Gray, M.A., Cunjak, R.A. & Munkittrick, K.R. 2004. Site fidelity of sculpin (Cottus cognatus): 

insights from stable carbon and nitrogen analysis. Canadian Journal of Fisheries and Aquatic 

Science 61: 1717-1722. 

Griffith Jr, J.S. 1972. Comparative behavior and habitat utilization of brook trout (Salvelinus 

fontinalis) and cutthroat trout (Salmo clarki) in small streams in northern Idaho. Journal of the 

Fisheries Board of Canada 29: 265-273. 

Grömping, U. 2006. Relative importance for linear regression in R: The package relaimpo. 

Journal of Statistical Software 17: 1-27. 

Guiguer, K.R.R.A., Drimmie, R. & Power, M. 2003. Validating methods for measuring δ
18

O and 

δ
13

C in otoliths from freshwater fish. Rapid Communications in Mass Spectrometry 17: 463–

471. 

Haxton, T., Friday, M., Cano, T. & Hendry, C. 2015. Assessing the magnitude of effect of 

hydroelectric production on lake sturgeon abundance in Ontario. North American Journal of 

Fisheries Management 35: 930-941. 



 

128 
 

Hildebrand, S.G. (editor) 1980. Analysis of environmental issues related to small-scale 

hydroelectric development. III. Water level fluctuation. ORNL/TM-7453, Oak Ridge National 

Laboratory, Oak Ridge, Tennessee, USA. 

Hill, A.M. & Lodge, D.M. 1999. Replacement of resident crayfishes by an exotic crayfish: the 

roles of competition and predation. Ecological Applications 9: 678-690. 

Hillyard, R.W. & Keeley, E.R. 2012. Temperature-related changes in habitat quality and use by 

Bonneville cutthroat trout in regulated and unregulated river segments. Transactions of the 

American Fisheries Society 141: 1649-1663. 

Hirogotu, A. 1974. A new look at the statistical model identification. IEEE Transactions on 

Automatic Control 19: 716–723. 

Høie, H., Folkvord, A. & Otterlei, E. 2003. Effect of somatic and otolith growth rate on stable 

isotopic composition of early juvenile cod (Gadus morhua L) otoliths. Journal of Experimental 

Marine Biology and Ecology 289: 41-58. 

Høie, H., Andersson, C., Folkvord, A. & Karlsen, Ø. 2004a. Precision and accuracy of stable 

isotope signals in otoliths of pen-reared cod (Gadus morhua) when sampled with a high-

resolution micromill. Marine Biology 144: 1039-1049. 

Høie, H., Otterlei, E. & Folkvord, A. 2004b. Temperature-dependent fractionation of stable 

oxygen isotopes in otoliths of juvenile cod (Gadus morhua L.). ICES Journal of Marine Science: 

Journal du Conseil 61: 243-251. 

Hollander, M. & Wolfe, D.A. 1973. Nonparametric Statistical Methods. New York: John Wiley 

& Sons. 

Hunt, R.L. 1969. Overwinter survival of wild fingerling brook trout in Lawrence Creek, 

Wisconsin. Journal of the Fisheries Board of Canada 26: 1473-1483. 

Hutchinson, G.E. 1957. Concluding remarks. In Cold Spring Harbor Symposia on Quantitative 

Biology 22: 415–427. 

Hvidsten, N.A. 1985. Mortality of pre-smolt Atlantic salmon, Salmo salar L., and brown trout, 

Salmo trutta L., caused by fluctuating water levels in the regulated River Nidelva, central 

Norway. Journal of Fish Biology 27: 711-718. 

Isaak, D.J., Wollrab, S., Horan, D. & Chandler, G. 2012. Climate change effects on stream and 

river temperatures across the northwest US from 1980–2009 and implications for salmonid 

fishes. Climatic Change 113: 499-524. 

Jackson, M.C., Donohue, I., Jackson, A.L., Britton, J.R., Harper, D.M. & Grey, J. 2012. 

Population-level metrics of trophic structure based on stable isotopes and their application to 

invasion ecology. PloS one 7: e31757. 

Jensen, H., Bøhn, T., Amundsen, P.A. & Aspholm, P.E. 2004 Feeding ecology of piscivorous 

brown trout (Salmo trutta L.) in a subarctic watercourse. Annales Zoologici Fennici 41: 319-328. 

Jones, N. E. 2010. Incorporating lakes within the river discontinuum: longitudinal changes in 

ecological characteristics in stream-lake networks. Canadian Journal of Fisheries and Aquatic 

Science 67: 1350-1362. 



 

129 
 

Jones, N.E. 2013. Spatial patterns of benthic invertebrates in regulated and natural rivers. River 

Research and Applications 29: 343-351. 

Kahilainen, K. & Østbye, K. 2006. Morphological differentiation and resource polymorphism in 

three sympatric whitefish Coregonus lavaretus (L.) forms in a subarctic lake. Journal of Fish 

Biology 68: 63-79. 

Kahilainen, K.K., Patterson, W.P., Sonninen, E., Harrod, C. & Kiljunen, M. 2014. Adaptive 

radiation along a thermal gradient: Preliminary results of habitat use and respiration rate 

divergence among whitefish morphs. Plos one DOI: 10.1371/journal.pone.0112085 

Kaushal, S.S., Likens, G.E, Jaworski, N.A., Pace, M.L., Sides, A.M., Seekell, D., Belt, K.T., 

Secor, D.H. & Wingate, R.L. 2010. Rising stream and river temperatures in the United 

States. Frontiers in Ecology and the Environment 8: 461-466. 

Kelly, B., Dempson, J.B. & Power, M. 2006. The effects of preservation on fish tissue stable 

isotope signatures. Journal of Fish Biology 69: 1595-1611. 

Kelly, B., Smokorowski, K.E. & Power, M. 2015a. Slimy Sculpin (Cottus cognatus) annual 

growth in contrasting regulated and unregulated riverine environments. Hydrobiologia 768: 239-

253. 

Kelly, B., Keeler, B., Helm, G., Krantzberg, G., Lyon, T. & Mabee, W. 2015b. Energy as a 

driver of change in the Great Lakes–St. Lawrence River basin. Journal of Great Lakes 

Research 41: 59-68. 

Kelly, B., Amundsen, P.A. & Power, M. 2015c. Thermal habitat segregation among 

morphotypes of whitefish (Coregonus lavaretus: Salmonidae) and invasive vendace (C. albula): 

a mechanism for co‐existence?. Freshwater Biology 60: 2337-2348. 

Kelsch, S.W. & Neill, W.H. 1990. Temperature preference versus acclimation in fishes: selection 

for changing metabolic optima. Transactions of the American Fisheries Society 119: 601-610. 

Kendall, C. & Coplen, T.B. 2001. Distribution of oxygen‐18 and deuterium in river waters across 

the United States. Hydrological Processes 15: 1363-1393. 

Kennen, J.G., Riva-Murray, K. & Beaulieu, K.M. 2010. Determining hydrologic factors that 

influence stream macroinvertebrate assemblages in the northeastern US. Ecohydrology 3: 88-

106. 

Kieffer, J.D., Alsop, D. & Wood, C.M. 1998. A respirometric analysis of fuel use during aerobic 

swimming at different temperatures in rainbow trout Oncorhynchus mykiss.  Journal of 

Experimental Biology 201: 3123–3133. 

Konrad, C.P., Brasher, A.M.D. & May, J.T. 2008. Assessing streamflow characteristics as 

limiting factors on benthic invertebrate assemblages in streams across the western United 

States. Freshwater Biology 53: 1983-1998. 

Korman, J. & Campana, S.E. 2009. Effects of hydropeaking on nearshore habitat use and growth 

of age-0 rainbow trout in a large regulated river. Transactions of the American Fisheries 

Society 138: 76-87. 



 

130 
 

Kurylyk, B.L., MacQuarrie, K.T., Linnansaari, T., Cunjak, R.A. & Curry, R.A. 2014. Preserving, 

augmenting, and creating cold-water thermal refugia in rivers: concepts derived from research on 

the Miramichi River, New Brunswick (Canada). Ecohydrology DOI: 10.1002/eco.1566 

Lagarrigue, T., Céréghino, R., Lim, P., Reyes-Marchant, P. Chappaz, R., Lavandier, P. & 

Belaud, A. 2002. Diel and seasonal variations in brown trout (Salmo trutta) feeding patterns and 

relationship with invertebrate drift under natural and hydropeaking conditions in a mountain 

stream. Aquatic Living Resources 15: 129-137. 

Lauters, F., Lavandier, P., Lim, P., Sabaton, C. & Belaud, A. 1996. Influence of hydropeaking on 

invertebrates and their relationship with fish feeding habits in a Pyrenean river. Regulated 

Rivers: Research & Management 12: 563-573. 

Layman, C.A. & Allgeier, J.E. 2011. Characterizing trophic ecology of generalist consumers: a 

case study of the invasive lionfish in The Bahamas. Marine Ecology-Progress Series 448: 131-

141. 

Le Cren, E.D. 1951. The length-weight relationship and seasonal cycle in gonad weight and 

condition in the perch (Perca fluviatilis). The Journal of Animal Ecology 20: 201-219. 

Leonard, J.B., Stott, W., Loope, D.M., Kusnierz, P.C. & Sreenivasan, A. 2013. Biological 

consequences of the coaster brook trout restoration stocking program in Lake Superior tributaries 

within Pictured Rocks National Lakeshore. North American Journal of Fisheries 

Management 33: 359-372. 

Lepori, F., Palm, D., Brännäs, E. & Malmqvist, B. 2005. Does restoration of structural 

heterogeneity in streams enhance fish and macroinvertebrate diversity?. Ecological Applications 

15: 2060-2071. 

Lessard, J.L. & Hayes, D.B. 2003. Effects of elevated water temperature on fish and 

macroinvertebrate communities below small dams. River Research and Applications 19: 721-

733. 

Lewin, W.C., Arlinghaus, R. & Mehner, T. 2006. Documented and potential biological impacts 

of recreational fishing: insights for management and conservation. Reviews in Fisheries Science 

14: 305-367. 

Liao, H., Pierce, C.L., Wahl, D.H., Rasmussen, J.B. & Leggett, W.C. 1995. Relative weight (Wr) 

as a field assessment tool: relationships with growth, prey biomass, and environmental 

conditions. Transactions of the American Fisheries Society 124: 387-400. 

Ligon, F.K., Dietrich, W.E. & Trush, W.J. 1995. Downstream ecological effects of dams: A 

geomorphic perspective. Bioscience 45: 183-192.  

Lin, H.Y., Shiao, J.C., Chen, Y.G. & Iizuka, Y. 2012. Ontogenetic vertical migration of 

grenadiers revealed by otolith microstructures and stable isotopic composition. Deep Sea 

Research Part I: Oceanographic Research Papers 61: 123-130. 

Lindeman R.H., Merenda, P.F. & Gold, R.Z. 1980. Introduction to Bivariate and Multivariate 

Analysis. Scott, Foresman, Glenview Illinois. 



 

131 
 

Liso, S., Gjelland, K.Ø., Amundsen, P.A. 2013. Resource partitioning between pelagic 

coregonids in a subarctic watercourse following a biological invasion. Journal of Ichthyology 53: 

101-110. 

MacDonald, J.S., Morrison, J. & Patterson, D.A. 2012. The efficacy of reservoir flow regulation 

for cooling migration temperature for sockeye salmon in the Nechako River watershed of British 

Columbia. North American Journal of Fisheries Management 32: 415-427. 

Magnuson, J.J., Crowder, L.B. & Medvick, P.A. 1979. Temperature as an ecological 

resource. American Zoologist 19: 331-343. 

Magoulick, D.D. & Wilzbach, M.A. 1998. Effect of temperature and macrohabitat on 

interspecific aggression, foraging success, and growth of brook trout and rainbow trout pairs in 

laboratory streams. Transactions of the American Fisheries Society 127: 708-717. 

Marchetti, M.P. & Moyle, P.B. 2001. Effects of flow regime on fish assemblages in a regulated 

California stream. Ecological Applications 11: 530-539. 

Marschall, E.A. & Crowder, L.B. 1996. Assessing population responses to multiple 

anthropogenic effects: a case study with brook trout. Ecological Applications 6: 152-167. 

Marty, J., Smokorowski, K. & Power, M. 2009. The influence of fluctuating ramping rates on the 

food web of boreal rivers. River research and Applications 25: 962-974. 

McAllister, D.E. 1964. Distinguishing characters for the sculpins Cottus bairdii and C. cognatus 

in Eastern Canada. Journal of the Fisheries Board of Canada 21: 1339-1342. 

McConnaughey, T.A., Burdett, J., Whelan, J.F. & Paull, C.K. 1997. Carbon isotopes in 

biological carbonates: respiration and photosynthesis. Geochimica et Cosmochimica Acta 61: 

611–622. 

Meakins, R.H. 1976. Variations in the energy content of freshwater fish. Journal of Fish 

Biology 8: 221-224. 

Mehner, T. 2012. Diel vertical migration of freshwater fishes – proximate triggers, ultimate 

causes and research perspectives. Freshwater Biology 57: 1342-1359. 

Mehner, T., Kasprzak, P., & Hölker, F. 2007. Exploring ultimate hypotheses to predict diel 

vertical migrations in coregonid fish. Canadian Journal of Fisheries and Aquatic Sciences 64: 

874-886. 

Mehner, T., Busch, S., Helland, I.P., Emmrich, M. & Freyhof, J. 2010 Temperature‐related 

nocturnal vertical segregation of coexisting coregonids. Ecology of Freshwater Fish 19: 408-419. 

Milbrink, G., Vrede, T., Tranvik, L.J. & Rydin, E. 2011. Large-scale and long-term decrease in 

fish growth following the construction of hydroelectric reservoirs. Canadian Journal of Fisheries 

and Aquatic Sciences 68: 2167-2173. 

Mims, M.C. & Olden, J.D. 2013. Fish assemblages respond to altered flow regimes via 

ecological filtering of life history strategies. Freshwater Biology 58: 50–62. 

Monk, W.A., Wood, P.J., Hannah, D.M. & Wilson, D.A. 2007. Selection of river flow indices 

for the assessment of hydroecological change. River Research and Applications 23: 113-122. 



 

132 
 

Moog, O. 1993. Quantification of daily peak hydropower effects on aquatic fauna and 

management to minimize environmental impacts. Regulated Rivers: Research & Management 8: 

5-14. 

Morrison, H.A. & Smokorowski, K.E. 2000. The applicability of various frameworks and 

models for assessing the effects of hydropeaking on the productivity of aquatic 

ecosystems. Canadian Technical Report of Fisheries and Aquatic Sciences 2322. 

Mubako, S.T., Ruddell, B.L. & Mayer, A.S. 2013. Relationship between water withdrawals and 

freshwater ecosystem water scarcity quantified at multiple scales for a great lakes watershed. 

Journal of Water Resources Planning and Management.  10.1061/(ASCE)WR.1943-

5452.0000374, 671-681.  

Murchie, K.J. & Smokorowski K.E. 2004. Relative activity of brook trout and walleyes in 

response to flow in a regulated river. North American Journal of Fisheries Management 24: 

1050-1057. 

Murdoch, A. & Power, M. 2013. The effect of lake morphometry on thermal habitat use and 

growth in Arctic charr populations: implications for understanding climate‐change 

impacts. Ecology of Freshwater Fish 22: 453-466. 

Nagy, K.A. 1987. Field metabolic rate and food requirement scaling in mammals and birds. 

Ecological Monographs 57: 111-128. 

Nash, R.D., Valencia, A.H. & Geffen, A.J. 2006. The origin of Fulton’s condition factor—setting 

the record straight. Fisheries 31: 236-238. 

Nelson, J., Hanson, C.W., Koenig, C. & Chanton, J. 2011. Influence of diet on stable carbon 

isotope composition in otoliths of juvenile red drum Sciaenops ocellatus. Aquatic Biology 13: 

89-95. 

Nelson, G.A. 2015. fishmethods: Fishery Science Methods and Models in R. R package version 

1.8-0. http://CRAN.R-project.org/package=fishmethods. 

Neuheimer, A.B. & Taggart, C.T. 2007. The growing degree-day and fish size-at-age: the 

overlooked metric. Canadian Journal of Fisheries and Aquatic Sciences 64: 375-385. 

Nicola, G.G., Almodóvar, A. & Elvira, B. 2009. Influence of hydrologic attributes on brown 

trout recruitment in low-latitude range margins. Oecologia 160: 515-524. 

Nielsen, J.L., Lisle, T.E. & Ozaki, V. 1994. Thermally stratified pools and their use by steelhead 

in northern California streams. Transactions of the American Fisheries Society 123: 613-626. 

Nislow, K.H., Sepulveda, A.J. & Folt, C.L. 2004. Mechanistic linkage of hydrologic regime to 

summer growth of age-0 Atlantic salmon. Transactions of the American Fisheries Society 133: 

79-88. 

Null, S.E., Ligare, S.T. & Viers, J.H. 2013. A method to consider whether dams mitigate climate 

change effects on stream temperatures. Journal of the American Water Resources 

Association 49: 1456-1472. 

Ohlberger, J., Mehner, T., Staaks, G. & Hölker, F. 2008. Temperature-related physiological 

adaptations promote ecological divergence in a sympatric species pair of temperate freshwater 

fish, Coregonus spp. Functional Ecology 22: 501–508. 

http://cran.r-project.org/package=fishmethods


 

133 
 

Olden, J.D. & Naiman, R.J. 2010. Incorporating thermal regimes into environmental flows 

assessments: modifying dam operations to restore freshwater ecosystem integrity. Freshwater 

Biology 55: 86-107. 

Olden, J.D. & Poff, N.L. 2003. Redundancy and the choice of hydrologic indices for 

characterizing streamflow regimes. River Research and Applications 19: 101-121. 

Olden, J.D., Konrad, C.P., Melis, T.S., Kennard, M.J., Freeman, M.C., Mims, M.C., Bray, E.N., 

Gido, K.B., Hemphill, N.P., Lytle, D.A. & McMullen, L.E. 2014. Are large-scale flow 

experiments informing the science and management of freshwater ecosystems?. Frontiers in 

Ecology and the Environment 12: 176-185. 

Olson, R.A., Winter, J.D., Nettles, D.C. & Haynes, J.M. 1988. Resource partitioning in summer 

by salmonids in south-central Lake Ontario.Transactions of the American Fisheries Society 117: 

552-559. 

Oni, S.K., Dillon, P.J., Metcalfe, R.A. & Futter, M.N. 2012. Dynamic modelling of the impact of 

climate change and power flow management options using STELLA: application to the Steephill 

Falls Reservoir, Ontario, Canada. Canadian Water Resources Journal 37: 125-148. 

Otto, R.G. & Rice, J.O.H. 1977. Responses of a freshwater sculpin (Cottus cognatus gracilis) to 

temperature. Transactions of the American Fisheries Society 106: 89-94. 

Paine, R.T. 1971. The measurement and application of the calorie to ecological problems. 

Annual Review of Ecology and Systematics 145-164. 

Palmer, M.A., Menninger, H.L. & Bernhardt, E. 2010. River restoration, habitat heterogeneity 

and biodiversity: a failure of theory or practice?. Freshwater Biology 55: 205-222. 

Patterson, R.J. & Smokorowski, K.E. 2011. Assessing the benefit of flow constraints on the 

drifting invertebrate community of a regulated river. River Research and Applications 27: 99-

112. 

Peake, S.J. 2008. Swimming performance and behaviour of fish species endemic to 

Newfoundland and Labrador: A literature review for the purpose of establishing design and 

water velocity criteria for fishways and culverts. Canadian Manuscript Report of Fisheries and 

Aquatic Sciences 2843. 

Petrosky, C.E. & Waters, T.F. 1975. Annual production by the sculpin population in a small 

Minnesota trout stream. Transactions of the American Fisheries Society 104: 237-244. 

Petts, G.E. 1986. Water quality characteristics of regulated rivers. Progress in Physical 

Geography 10: 492-516. 

Petty, J.T., Hansbarger, J.L., Huntsman, B.M. & Mazik, P.M. 2012. Brook trout movement in 

response to temperature, flow, and thermal refugia within a complex Appalachian 

riverscape. Transactions of the American Fisheries Society 141: 1060-1073. 

Pianka, E.R. 1981 Competition and niche theory. Ariel 128: 205-172. 

Plante, C. & Downing, J.A. 1989. Production of freshwater invertebrate populations in 

lakes. Canadian Journal of Fisheries and Aquatic Sciences 46: 1489-1498. 



 

134 
 

Poff, N.L. & Zimmerman, J.K.H. 2010. Ecological response to altered flow regimes: a literature 

review to inform the science and management of environmental flows. Freshwater Biology 55: 

194-205. 

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E. & 

Stromberg, J.C. 1997. The natural flow regime. BioScience 47: 769-784. 

Poff, N.L., Olden, J.D., Merritt, D.M. & Pepin, D.M. 2007. Homogenization of regional river 

dynamics by dams and global biodiversity implications. Proceedings of the National Academy of 

Sciences 104: 5732-5737. 

Poole, G.C. & Berman, C.H. 2001. An ecological perspective on in-stream temperature: natural 

heat dynamics and mechanisms of human-caused thermal degradation. Environmental 

Management 27: 787-802. 

Portt, C.B., Coker, G. & Minns, C.K. 1999. Riverine habitat characteristics of fishes of the Great 

Lakes watershed. Canadian Manuscript Report of Fisheries and Aquatic Sciences 2481. 

Post, D.M. 2002. Using stable isotopes to estimate trophic position: models, methods, and 

assumptions. Ecology 83: 703-718. 

Power, G. 1980. The brook charr, Salvelinus fontinalis. In Charrs: Salmonid Fishes of the Genus 

Salvelinus (Ed. E.K. Balon) Dr W. Junk Publishers, The Hague pp. 141-203. 

Power, G. 1980. Salmonid communities in Quebec and Labrador; temperature relations and 

climate change. Polish Archives of Hydrobiology 38: 13-28. 

Power, M., Igoe, F. & Neylon, S. 2007. Dietary analysis of sympatric Arctic char and brown 

trout in Lough Muckross, South-western Ireland. Biology & Environment: Proceedings of the 

Royal Irish Academy 107: 31-41.  

Power, M., O’Connell, M.F. & Dempson, B. 2012. Determining the consistency of thermal 

habitat segregation within and among Arctic charr morphotypes in Gander Lake, 

Newfoundland. Ecology of Freshwater Fish 21: 245-254. 

Præbel, K., Gjelland, K.Ø., Salonen, E. & Amundsen, P.A. 2013. Invasion genetics of vendace 

(Coregonus albula (L.)) in the Inari‐Pasvik watercourse: revealing the origin and expansion 

pattern of a rapid colonization event. Ecology and Evolution 3: 1400-1412. 

Pruell, R.J., Taplin, B.K. & Karr, J.D. 2010. Stable carbon and oxygen isotope ratios of otoliths 

differentiate juvenile winter flounder (Pseudopleuronectes americanus) habitats. Marine and 

Freshwater Research 61: 34-41. 

Puro-Tahvanainen, A., Zueva, M., Kashulin, N., Sandimirov, S., Christensen, G.N. & Grekelä, I. 

2011. Pasvik Water Quality Report. Centre for Economic Development, Transport and the 

Environment for Lapland, Publications. 

Quinn, J.W. & Kwak, T.J. 2003. Fish assemblage changes in an Ozark river after impoundment: 

a long-term perspective. Transactions of the American Fisheries Society 132: 110-119. 

R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 

Rand, P.S., Hinch, S.G., Morrison, J., Foreman, M.G.G., MacNutt, M.J., Macdonald, J.S., 

Healey, M.C., Farell, A.P. & Higgs, D.A. 2006. Effects of river discharge, temperature, and 

http://www.r-project.org/


 

135 
 

future climates on energetics and mortality of adult migrating Fraser River sockeye 

salmon. Transactions of the American Fisheries Society 135: 655-667. 

Rheinheimer, D.E. & Viers, J.H. 2014. Combined effects of reservoir operations and climate 

warming on the flow regime of hydropower bypass reaches of California’s Sierra Nevada. River 

Research and Applications 31: 269-279. 

Rheinheimer, D.E., Null, S.E. & Lund, J.R. 2014. Optimizing selective withdrawal from 

reservoirs to manage downstream temperatures with climate warming. Journal of Water 

Resources Planning and Management. 10.1061/(ASCE)WR.1943-5452.0000447, 04014063.  

Richardson, J.S. & Mackay, R.J. 1991. Lake outlets and the distribution of filter feeders: an 

assessment of hypotheses. Oikos 62: 370-380. 

Richardson, E.S., Reist, J.D. & Minns, C.K. 2001. Life history characteristics of freshwater 

fishes occurring in the Northwest Territories and Nunavut, with major emphasis on lake habitat 

requirements. Canadian Manuscript Report of Fisheries and Aquatic Sciences 2569. 

Richter, B.D., Baumgartner, J.V., Powell, J. & Braun, D.P. 1996. A method for assessing 

hydrologic alteration within ecosystems. Conservation Biology 10: 1163-1174. 

Robillard, M.M., Casselman, J.M., McLaughlin, R.L. & Mackereth, R.W. 2011. Alternative 

growth histories in populations of Lake Superior brook trout: Critical support for partial 

migration. Biological Conservation 144: 1931-1939. 

Robson, B.J., Chester, E.T., Allen, M., Beatty, S., Chambers, J.M., Close P., Cook, B., 

Cumming, C.R., Davies, P.M., Lester, R.E., Lymbery, A., Matthews, T.G., Morgan, D. & Stock, 

M. 2013. Novel methods for managing freshwater refuges against climate change in southern 

Australia. Final Report, National Climate Change Adaptation Research Facility, Gold Coast, 59 

pp. 

Rocaspana, R. Aparicio, E., Vinyoles, D. & Palau, A. 2016. Effects of pulsed discharges from a 

hydropower station on summer diel feeding activity and diet of brown trout (Salmo trutta 

Linnaeus, 1758) in an Iberian stream. Journal of Applied Ichthyology 32:191-197. 

Roff, D.A. 1984. The evolution of life history parameters in teleosts. Canadian Journal of 

Fisheries and Aquatic Sciences 41: 989-1000. 

Romanek, C.S., Grossman, E.L. & Morse, J.W. 1992. Carbon isotopic fractionation in synthetic 

aragonite and calcite: effects of temperature and precipitation. Geochimica et Cosmochimica 56: 

419-430. 

Rose, G.A. 1986. Growth decline in subyearling brook trout (Salvelinus fontinalis) after 

emergence of rainbow trout (Salmo gairdneri). Canadian Journal of Fisheries and Aquatic 

Sciences 43: 187-193. 

Rowell, K., Flessa, K.W., Dettman, D.L. & Roman, M. 2005. The importance of Colorado River 

flow to nursery habitats of the Gulf corvina (Cynoscion othonopterus). Canadian Journal of 

Fisheries and Aquatic Sciences 62: 2874-2885. 

Royston, P. 1982. Algorithm AS 181: The W test for Normality. Applied Statistics 31: 176–180. 

Sabater, S. 2008. Alterations of the global water cycle and their effects on river structure, 

function and services. Freshwater Reviews 1: 75-88. 



 

136 
 

Salonen, E. & Mutenia, A. 2004. The commercial coregonid fishery in northernmost Finland - a 

review. Annales Zoologici Fennici 41: 351-355.  

Saltveit, S.J. 1990. Effect of decreased temperature on growth and smoltification of juvenile 

Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) in a Norwegian regulated river. 

Regulated Rivers: Research & Management 5: 295-303. 

Saltveit, S.J., Halleraker, J.H., Arnekleiv, J.V. & Harby, A. 2001. Field experiments on stranding 

in juvenile Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) during rapid flow 

decreases caused by hydropeaking. Regulated Rivers: Research & Management 17: 609-622. 

Schilt, C.R. 2007. Developing fish passage and protection at hydropower dams. Applied Animal 

Behaviour Science 104: 295-325. 

Schlosser, I.J. 1990. Environmental variation, life history attributes, and community structure in 

stream fishes: implications for environmental management and assessment. Environmental 

Management 14: 621-628. 

Schneider, C.A., Rasband, W.S. & Eliceiri, K.W. 2012 NIH Image to ImageJ: 25 years of image 

analysis. Nature Methods 9: 671-675. 

Schrank, A.J., Rahel, F.J. & Johnstone, H.C. 2003. Evaluating laboratory-derived thermal criteria 

in the field: an example involving Bonneville cutthroat trout. Transactions of the American 

Fisheries Society 132: 100-109. 

Scott, W.B. & Crossman, E.J. 1973. Freshwater Fishes of Canada. Ottawa, Canada: Fisheries 

Research Board of Canada. 

Scruton, D.A., Pennell, C., Ollerhead, L.M.N., Alfredsen, K., Stickler, M., Harby, A., Robertson, 

M., Clarke, K.D. & LeDrew, L.J. 2008. A synopsis of ‘hydropeaking’studies on the response of 

juvenile Atlantic salmon to experimental flow alteration. Hydrobiologia 609: 263-275. 

Scruton D.A., Ollerhead, L.M.N. Clarke, K.D., Pennell, C., Alfredsen, K., Harby, A. & Kelley, 

D. 2003. The behavioural response of juvenile Atlantic salmon (Salmo salar) and brook trout 

(Salvelinus fontinalis) to experimental hydropeaking on a Newfoundland (Canada) river. River 

Research and Applications 19: 577-587. 

Shapiro, S.S. & Wilk, M.B. 1965. An analysis of variance test for normality (complete 

samples). Biometrika 52: 591-611. 

Shearer, K.D., Silverstein, J.T. & Dickhoff, W.W. 1997. Control of growth and adiposity of 

juvenile chinook salmon Oncorhynchus tshawytscha. Aquaculture 157: 311–323. 

Sherwood, G.D. & Rose, G.A. 2003. Influence of swimming form on otolith δ 
13

C in marine 

fish. Marine Ecology-Progress Series 258: 283-289. 

Sinnatamby, R.N., Shears, M., Dempson, J.B. & Power, M. 2013. Thermal habitat use and 

growth in young-of-the-year Arctic charr from proximal fluvial and lacustrine populations in 

Labrador, Canada. Journal of Thermal Biology, 38: 493-501. 

Sinnatamby, N.R., Dempson, B.J., Reist, J.D. & Power, M. 2015. Latitudinal variation in growth 

and otolith-inferred field metabolic rates of Canadian young-of-the-year Arctic charr. Ecology of 

Freshwater Fish 24: 478-488. 



 

137 
 

Siwertsson, A., Knudsen, R., Kahilainen, K., Præbel, K., Primicerio, R. & Amundsen, P.A. 2010. 

Sympatric diversification as influenced by ecological opportunity and historical contingency in a 

young species lineage of whitefish. Evolutionary Ecology Research 12: 929-947. 

Smith, M.W. & Saunders, J.W. 1958. Movements of brook trout, Salvelinus fontinalis (Mitchill), 

between and within fresh and salt water. Journal of the Fisheries Board of Canada 15: 1403-

1449. 

Smokorowski, K.E., Metcalfe, R.A., Finucan, S.D., Jones, N., Marty, M., Power, M., Pyrce, R.S. 

& Steele R. 2011. Ecosystem level assessment of environmentally based flow restrictions for 

maintaining ecosystem integrity: a comparison of a modified peaking versus unaltered river. 

Ecohydrology 4: 791-806. 

Snyder, C.D., Hitt, N.P. & Young, J.A. 2015. Accounting for groundwater in stream fish thermal 

habitat responses to climate change. Ecological Applications  doi:10.1890/14-1354 

Solomon, C.T., Weber, P.K., Cech Jr, J.J., Ingram, B.L., Conrad, M.E., Machavaram, M.V., 

Pogodina, A.R. & Franklin, R.L. 2006. Experimental determination of the sources of otolith 

carbon and associated isotopic fractionation. Canadian Journal of Fisheries and Aquatic 

Sciences 63: 79-89. 

Spence, J.A. & Hynes, H.B.N. 1971. Differences in benthos upstream and downstream of an 

impoundment. Journal of the Fisheries Board of Canada 28: 35-43. 

Statistics Canada. 2013. Table 127-0002. Electric power generation, by class of electric power 

producer. CANSIM (database) Available at 

http://www5.statcan.gc.ca/cansim/a33?RT=TABLE&themeID=4012&spMode=tables&lang=eng 

Statistics Canada. 2015. Table 127-0007. Electric power generation, by class of electric power 

producer. CANSIM (database) Available at http://www5.statcan.gc.ca/cansim/a47 

Statistics Norway. 2015. StatBank Table 08307. Electricity balance (GWh). Available at: 

https://www.ssb.no/en/energi-og-industri/statistikker/elektrisitet/aar/2015-12-

22?fane=tabell&sort=nummer&tabell=250420  

Storm‐Suke, A., Dempson, J.B., Reist, J.D. & Power, M. 2007a. A field‐derived oxygen isotope 

fractionation equation for Salvelinus species. Rapid Communications in Mass Spectrometry 21: 

4109-4116. 

Storm-Suke A., Dempson, J.B., Caron, F. & Power, M. 2007b. Effects of formalin and ethanol 

preservation on otolith δ
18

O stable isotope signatures. Rapid Communications in Mass 

Spectrometry 21: 503-508. 

Sweeney, B.W. & Vannote, R.L. 1978. Size variation and the distribution of hemimetabolous 

aquatic insects: two thermal equilibrium hypotheses. Science 200: 444-446. 

Taylor, M.K. & Cooke, S.J. 2012. Meta-analyses of the effects of river flow on fish movement 

and activity. Environmental Reviews 20: 211-219. 

Taylor, M.K., Hasler, C.T., Findlay, C.S., Lewis, B., Schmidt, D.C., Hinch, S.G. & Cooke, S.J. 

2014. Hydrologic correlates of bull trout (Salvelinus confluentus) swimming activity in a 

hydropeaking river. River Research and Applications 30: 756-765. 

http://www5.statcan.gc.ca/cansim/a33?RT=TABLE&themeID=4012&spMode=tables&lang=eng


 

138 
 

Theurer, F.D., Lines, I. & Nelson, T. 1985. Interaction between riparian vegetation, water 

temperature, and salmonid habitat in the Tucannon River. Journal of the American Water 

Resources Association 21: 53-64. 

Tidwell, V.C. & Pebbles, V. 2015. The Water-Energy-Environment Nexus in the Great Lakes 

Region: The Case for Integrated Resource Planning. Energy and Environment Research 5: 1-15. 

Tohse, H. & Mugiya, Y. 2008. Sources of otolith carbonate: experimental determination of 

carbon incorporation rates from water and metabolic CO2, and their diel variations. Aquatic 

Biology 1: 259-268. 

Torgersen, C.E., Price, D.M., Li, H.W. & McIntosh, B.A. 1999. Multiscale thermal refugia and 

stream habitat associations of chinook salmon in northeastern Oregon. Ecological 

Applications 9: 301-319. 

Travnichek, V.H., Bain, M.B. & Maceina, M.J. 1995. Recovery of a warm water fish assemblage 

after the initiation of a minimum-flow release downstream from a hydroelectric 

dam. Transactions of the American Fisheries Society 124: 836-844. 

Tremblay, S. & Magnan, P. 1991. lnteractions between two distantly related species, brook trout 

(Salvelinus fontinalis) and white sucker (Catostomus commersoni). Canadian Journal of 

Fisheries and Aquatic Science 48: 857-867. 

Tufts, B.L., Holden, J. & DeMille, M. 2015. Benefits arising from sustainable use of North 

America’s fishery resources: economic and conservation impacts of recreational angling. 

International Journal of Environmental Studies 72: 850-868. 

Tuor, K.M., Smokorowski, K.E. & Cooke, S.J. 2015. The influence of fluctuating ramping rates 

on the diets of small-bodied fish species of boreal rivers. Environmental Biology of Fishes 98: 

345-355. 

Urban, T.P. & Brandt, S.B. 1993. Food and habitat partitioning between young-of-year alewives 

and rainbow smelt in southeastern Lake Ontario. Environmental Biology of Fishes 36: 359-372. 

van Vliet, M.T., Ludwig, F. & Kabat, P. 2013. Global streamflow and thermal habitats of 

freshwater fishes under climate change. Climatic change 121: 739-754. 

Vander Zanden, M.J., Shuter, B.J., Lester, N. & Rasmussen, J.B. 1999. Patterns of food chain 

length in lakes: a stable isotope study. The American Naturalist 154: 406-416. 

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R. & Cushing, C.E. 1980. The river 

continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 37: 130–137. 

Venables, W.N. & Ripley, B.D. 2002. Modern Applied Statistics with S. Fourth Edition. 

Springer, New York. 

Walsh, G., Morin, R. & Naiman, R.J. 1988. Daily rations, diel feeding activity and distribution 

of age-0 brook charr, Salvelinus fontinalis, in two subarctic streams. Environmental Biology of 

Fishes 21: 195-205. 

Ward, J.V. & Stanford, J.A. 1983. The serial discontinuity concept of lotic ecosystems.  

Dynamics of lotic ecosystems 10: 29-42. 

Webb, B.W. & Walling, D.E. 1993. Temporal variability in the impact of river regulation on 

thermal regime and some biological implications. Freshwater Biology 29: 167-182.  



 

139 
 

Webb, B.W., Hannah, D.M., Moore, R.D., Brown, L.E. & Nobilis, F. 2008. Recent advances in 

stream and river temperature research. Hydrological Processes 22: 902-918. 

Wehrly, K.E., Wang, L. & Mitro, M. 2007. Field-based estimates of thermal tolerance limits for 

trout: incorporating exposure time and temperature fluctuation. Transactions of the American 

Fisheries Society 136: 365-374. 

Weidman, C.R. & Millner, R. 2000. High-resolution stable isotope records from North Atlantic 

cod. Fisheries Research 46: 327-342. 

Weisberg, S.B. & Burton, W.H. 1993. Enhancement of fish feeding and growth after an increase 

in minimum flow below the Conowingo Dam. North American Journal of Fisheries 

Management 13: 103-109. 

Welch, B.L. 1947. The generalization of "Student's" problem when several different population 

variances are involved. Biometrika 34: 28–35. 

Wismer, D.A. & Christie, A.E. 1987. Temperature relationships of Great Lakes Fishes: A data 

compilation. Great Lakes Fishery Commission Special Publication No. 87-3. 

Winemiller, K.O. 2005. Life history strategies, population regulation, and implications for 

fisheries management. Canadian Journal of Fisheries and Aquatic Sciences 62: 872-885. 

Wootton, R.J. 1991. Fish Ecology. Chapman Hall, New York, US.  

Wotton, R.S. 1995. Temperature and lake-outlet communities. Journal of Thermal Biology 20: 

121-125. 

Wright, P.J. 1991. The influence of metabolic rate on otolith increment width in Atlantic salmon 

parr, Salmo salar L. Journal of Fish Biology 38: 929-933. 

Wright, P.J., Fallon‐Cousins, P. & Armstrong, J.D. 2001. The relationship between otolith 

accretion and resting metabolic rate in juvenile Atlantic salmon during a change in 

temperature. Journal of Fish Biology 59: 657-666. 

Yandell, B.S. 1997. Practical Data Analysis for Designed Experiments. London UK, Chapman & 

Hall.  

Yang, Y.C.E., Cai, X. & Herricks, E.E. 2008. Identification of hydrologic indicators related to 

fish diversity and abundance: a data mining approach for fish community analysis. Water 

Resources Research 44 DOI: 10.1029/2006WR005764. 

Young, P.S., Cech Jr., J.J. & Thompson, L.C. 2011. Hydropower-related pulsed-flow impacts on 

stream fishes: a brief review, conceptual model, knowledge gaps, and research needs. Reviews in 

Fish Biology and Fisheries 21: 713-731.  

Zambrano, L., Valiente, E. & Vander Zanden, M.J. 2010. Food web overlap among native 

axolotl (Ambystoma mexicanum) and two exotic fishes: carp (Cyprinus carpio) and tilapia 

(Oreochromis niloticus) in Xochimilco, Mexico City. Biological Invasions 12: 3061-3069. 

Zhong, Y. & Power, G. 1996. Environmental impacts of hydroelectric projects on fish resources 

in China. Regulated Rivers: Research & Management 12: 81-98.  

 


