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Abstract 

 

Westslope Cutthroat Trout Oncorhynchus clarki lewisi (WCT) are a threatened species in 

Alberta, Canada, where almost all remaining pure populations are restricted to small headwater 

streams. Field based methods were used to first describe the general habitat and WCT populations 

in three headwater streams, and secondly look at how habitat and populations changed seasonally. 

Well connected, deep pools with suitable cover provided the best WCT habitat during summer 

low flows. During winter, small WCT (< 20 cm) concealed and large WCT (> 20 cm) used pools 

for winter refuge. Summer habitat metrics (depth, area, geomorphology) in addition to seasonal 

changes in water temperature were drivers of large WCT presence-absence in pools during winter. 

Large WCT winter abundance in pools was further driven by water velocity, ice cover, and 

connectivity. Overall, this thesis highlights attributes of critical WCT habitat that can be used to 

help manage threatened populations in small headwater streams.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

iv 

 

Acknowledgements 

During the time of my master’s thesis I have been fortunate to have had the opportunity to 

work within a system and on a species that was a big part of my bringing up in the Kootenays. I 

have pursued this thesis project to the best of my ability, however, I would have never been able 

to complete this project on my own and I am thankful of all those that have helped make that 

possible. 

I would first like to thank my supervisors Dr. Joseph Rasmussen and Dr. Andreas Luek. I 

could probably never list the entirety of all that I have learned during these few years thanks to the 

opportunity I was given with this project. It was truly great to have the knowledge and resources 

available to me throughout this experience. Also, to my committee members, Dr. Cameron Goater 

and Dr. Stefan Kienzle, thank you for all of your advice and always being available when I 

needed others insight.  

I would like to extend my thanks to those that provided technical assistance and advice 

during this project: Paul Harper (Parks Canada), Jason Blackburn (Alberta Conservation 

Association), and Matthew Coombs. Furthermore, funding for this project was through the 

Natural Sciences and Engineering Research Council of Canada collaborative research 

development grant (NSERC CRD). Thank you Riversdale Resources Limited for your 

collaboration and resources you have provided throughout this research project. I would like to 

thank Trout Unlimited Canada, specifically the Oldman Chapter, also for their support.  

During this project, field work tested the best in people. From long, hot summer days 

slogging through headwater creeks, tangled in alder and biting insects, to the frigid and laborious 

winter days snowshoeing through the flurry of deep snow and ice laden canyons. Certainly, it may 

not be fully possible to explain all of these experiences, however there will always be the stories 

from those who lived it. I would like to give a special thanks to Conner Burdett, Michael Campen, 

and Kip Jay for all the good times working out in the mountains. 



 

 

v 

 

I would like to thank all of my friends and fellow graduate students for always providing 

opportunity for a time away from the tedious workings of data analysis and writing. Your comic 

relief and understanding were always appreciated.  

Finally, I would like to thank my family. Justin Benson, who’s always been someone I 

could count on and to the best hunting and fishing partner a guy could ever ask for. To my 

parents, Linda and Westy Benson who always believed in what I was doing even when 

circumstances tested me. Your support over the years has been enormous in comparison to others 

and I couldn’t have done it without you.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vi 

 

Table of Contents 

 

Abstract ....................................................................................................................................... iii 

Acknowledgements ..................................................................................................................... iv 

Table of Contents ........................................................................................................................ vi 

List of Tables ............................................................................................................................ viii 

List of Figures .............................................................................................................................. x 

List of Equations ........................................................................................................................ xv 

List of Abbreviations ................................................................................................................ xvi 

Chapter 1 - Introduction ................................................................................................................... 1 

Land Use and Ecological Impacts to Streams and Rivers – Surface Mining ............................... 1 

Coal Mining in Southern Alberta ............................................................................................. 3 

Westslope Cutthroat Trout ......................................................................................................... 11 

Stream Geomorphology and Spatial Distribution of Habitat ..................................................... 14 

Salmonid Winter Ecology in Streams ........................................................................................ 24 

Ice Formation in Streams ....................................................................................................... 25 

Salmonid Behaviour in Winter .............................................................................................. 33 

Conclusion ............................................................................................................................. 35 

Thesis Objectives and Organization .......................................................................................... 36 

Chapter 2 - Westslope Cutthroat Trout (Oncorhynchus clarki lewisi) Habitat and Populations in 

Three Headwater Streams .............................................................................................................. 38 

Abstract ...................................................................................................................................... 38 

Introduction ................................................................................................................................ 39 

Materials and Methods ............................................................................................................... 41 

Study Area ............................................................................................................................. 41 

Habitat .................................................................................................................................... 44 

Fish Survey ............................................................................................................................ 48 

Statistical Analysis ................................................................................................................. 50 

Results ........................................................................................................................................ 55 

Habitat .................................................................................................................................... 55 

Fish Communities and Populations ........................................................................................ 65 

Westslope Cutthroat Trout ..................................................................................................... 66 

WCT Regression Model ......................................................................................................... 67 

Discussion .................................................................................................................................. 71 



 

 

vii 

 

Pool Habitat Among Landscapes and Watersheds ................................................................. 72 

Summer Water Temperature .................................................................................................. 72 

Silt Cover and Turbidity ........................................................................................................ 75 

Physical Habitat ..................................................................................................................... 76 

Spatial Variation in Abundance – Watershed Area and Connectivity ................................... 78 

Fish Communities .................................................................................................................. 82 

Conclusion ............................................................................................................................. 85 

Chapter 3 - Westslope Cutthroat Trout (Oncorhynchus clarki) Winter Pool Use in Three Small, 

Steep, Rocky Mountain Headwater Streams in Southern Alberta. ................................................ 87 

Abstract ...................................................................................................................................... 87 

Introduction ................................................................................................................................ 88 

Materials and Methods ............................................................................................................... 92 

Study Sites ............................................................................................................................. 92 

Stream Habitat........................................................................................................................ 93 

Spatial Data ............................................................................................................................ 95 

Fish Surveys ........................................................................................................................... 96 

Statistical Analysis ............................................................................................................... 101 

Results ...................................................................................................................................... 106 

Water Temperature and Ice .................................................................................................. 106 

Seasonal Changes in Barriers ............................................................................................... 114 

Camera and Snorkel Counts ................................................................................................. 115 

Seasonal Changes in Salmonid Communities ...................................................................... 116 

Seasonal Changes in WCT Size Class Specific Abundance ................................................ 117 

Summer and Winter WCT Presence-Absence in Pools ....................................................... 122 

Large WCT Abundance in Pools ......................................................................................... 128 

Discussion ................................................................................................................................ 136 

Seasonal Changes in Fish Communities .............................................................................. 137 

Large WCT Pool Use ........................................................................................................... 140 

Changes in Habitat Use Throughout Winter ........................................................................ 146 

Brook Char ........................................................................................................................... 150 

Implications for Management .............................................................................................. 151 

Chapter 4 - General Conclusion ................................................................................................... 154 

Literature Cited ........................................................................................................................ 158 

 



 

 

viii 

 

List of Tables 

 

Table 2.1 Descriptions and codes for all independent variables used in analyses. ................. 54 
Table 2.2 Barriers identified on study stream mainstems during the summers of 2016 and 

2017................................................................................................................................................ 55 
Table 2.3 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for environmental and spatial variables in study pools between Blairmore Creek (n = 

42), Daisy Creek (n = 44), and Gold Creek (n = 47) during the summer of 2016. .................. 62 
Table 2.4 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for environmental and spatial variables in study pools between geomorphic segments 

canyon (n = 50), alluvial (n = 38), and headwater (n = 45) during the summer of 2016. ....... 64 
Table 2.5 Estimated Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2), 

descriptive statistics, and analysis of variance (ANOVA: F2, 130) results between study 

streams during the summer of 2016 and 2017. .......................................................................... 67 
Table 2.6 Estimated Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2), 

descriptive statistics, and analysis of variance (ANOVA: F2, 130) results between geomorphic 

segments during the summer 2016 and 2017. ............................................................................ 67 
Table 2.7 Correlation analysis (Spearman rank correlation coefficients (r)) results for 

summer 2016 data. Relationships are among environmental, spatial and biological variables 

by Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2) in pools (N = 133). 

For environmental, spatial and biological variable code descriptions, see methods. ............. 69 
Table 3.1 Descriptive statistics, and permutations analysis of variance (permANOVA) 

results for environmental variables in study pools between summer 2016 (N = 133), early 

winter (N = 132) and mid winter (N = 129) periods. Where no units of measure are specified, 

values are score ranges. ............................................................................................................. 109 
Table 3.2 Descriptive statistics, and permutations analysis of variance (permANOVA) 

results for water temperature (°C) in study pools between Blairmore Creek, Daisy Creek , 

and Gold Creek during summer 2016 (N = 133), early winter (N = 132) and mid winter (N = 

129). ............................................................................................................................................. 110 
Table 3.3 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for seasonal water temperature difference (°C) in study pools between Blairmore 

Creek (N = 42), Daisy Creek (N = 44), and Gold Creek (N = 47). .......................................... 112 
Table 3.4 Barriers identified on study stream mainstems during the summer of 2016 and 

both combined early and mid winter periods. ......................................................................... 115 
Table 3.5 Total, mean, standard deviation and one-way analysis of variance (permANOVA) 

results for fish counts (WCT and Brook Char combined) among snorkel and camera 

surveys in pools (N = 11). Fish are also grouped by categories small (<20 cm) and large (>20 

cm). .............................................................................................................................................. 116 
Table 3.6 Mean, standard deviation and permutations one-way analysis of variance 

(permANOVA) results for WCT abundance (WCT/m2) among sample periods in pools. . 118 
Table 3.7 Mean, standard error and permutations one-way analysis of variance 

(permANOVA) results for small (< 20 cm) WCT estimated concealment (difference) among 

streams in pools for two periods: summer to early winter (SEW) and early winter to mid 

winter (EMW). Note that a negative difference indicates decreased concealment, while a 

positive difference indicates increased concealment. .............................................................. 120 



 

 

ix 

 

Table 3.8 Mean, standard deviation and permutations one-way analysis of variance 

(permANOVA) results for distance to the nearest pool upstream (m) (DISTNPU) and 

distance to the nearest pool downstream (m) (DISTNPD) among geomorphic segments in 

pools during the summer of 2016. ............................................................................................. 126 
Table 3.9 Model prediction results, between actual and predicted large (> 20 cm) Westslope 

Cutthroat Trout (WCT) in pools during early winter (N = 78, Present = 39, Absent = 39) 

and mid winter (N = 76, Present = 38, Absent = 38). Cohen’s kappa statistics calculated at 95 

% confidence. ............................................................................................................................. 128 
Table 3.10 Correlation analysis (Spearman rank correlation coefficients (r)) results for 

summer 2016 (N = 55) and mid winter (N = 38). Relationships are only those that are 

significant (P < 0.05) among environmental, spatial and biological variables by large (> 20 

cm) Westslope Cutthroat Trout abundance (WCT/m2). Only pools with large WCT present 

were used. .................................................................................................................................... 129 
Table 3.11 Calculated index of dispersion and percent change (%) from the previous 

sampling period of large (> 20 cm) WCT total counts in pools. In addition, the combined 

mean winter dispersion and percent change (%) from summer is included. Observations are 

by each sample period for study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), 

and Gold Creek (N = 45). .......................................................................................................... 131 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

x 

 

List of Figures 

 

Figure 1.1 Grassy Mountain Coal Project Site and nearby cities and towns of Southern 

Alberta and British Columbia. ..................................................................................................... 4 
Figure 1.2 Grassy Mountain as viewed from Lille historic town site facing North. Grassy 

Mountain being the site for the proposed open pit coal mine. ................................................... 4 
Figure 1.3 Study area map showing study streams and their watersheds. All highlighted 

study stream area was surveyed for fish habitat between years 2016 and 2017. Barriers are 

those that are previously documented and permanent. Points of interest include Grassy 

Mountain (site of the proposed Grassy Mountain Coal Mine), the historical town of Lille, 

Lille #1 mine site, and the current towns of the Crowsnest Pass. .............................................. 5 
Figure 1.4 Historic town site, railway line and coking ovens of Lille (1906-1909). Photograph 

retrieved from Glenbow Archives NA-2197-1. ............................................................................ 7 
Figure 1.5 Strip mining on Grassy Mountain looking southwest towards the Crowsnest Pass 

(1940’s). Photograph retrieved from Glenbow Archives NA-3381-24. ..................................... 8 
Figure 1.6 Past mining relics within the study streams: A) coking ovens of Lille, B) end-pit 

lake on Grassy Mountain, C) coal fragment, D) machinery left behind, located near the 

Morine Creek coal pile. ................................................................................................................. 9 
Figure 1.7 Photos showing two of four historic coal piles found along Gold Creek and its 

tributaries during this study: A) Lille #1 mine site, coal pile on the left stream bank; B) Lille 

town site, coal pile on the right stream bank. ............................................................................ 10 
Figure 1.8 Westslope Cutthroat trout Oncorhynchus clarki lewisi in their native habitat. 

Photograph taken during late winter in Gold Creek, Alberta. ................................................ 12 
Figure 1.9 Nested relationships between spatial units and physical habitats (indicated by 

approximate linear distance) within a 3rd order montane headwater stream (adapted and 

modified from figures in Belletti et al. 2017 and Frissell et al. 1986). ..................................... 15 
Figure 1.10 Conceptual representation of the complex spatial influence of habitat patches 

and barriers on fish populations in a headwater stream (basin/watershed scale) under 

different seasons. In this example from spring to winter, changes in flows have increased the 

number of vacant and isolated habitat patches. Furthermore, source sink subpopulations 

become more distinct. .................................................................................................................. 18 
Figure 1.11 Example of the typical geomorphology found within canyon segments within 

study streams. Note the canyon segment is highly confined within the valley, has a cobble 

and bedrock dominated channel, and is 3rd order in size. Photograph taken on Daisy Creek, 

looking upstream. ......................................................................................................................... 20 
Figure 1.12 Example of the typical geomorphology found within alluvial segments within 

study streams. Note the alluvial segment is relatively unconfined within the valley, has 

alluvium (fluvial or glacial) dominated channel, and is 2nd-3rd order in size (depending on 

stream location). Photograph taken on Blairmore Creek, looking upstream. ....................... 21 
Figure 1.13 Example of the typical geomorphology found within headwater segments within 

study streams. Note the headwater segment is moderately confined within the valley, in this 

case has a boulder dominated channel, and is 1st-2nd order in size (depending on stream 

location). Photograph taken on Gold Creek, looking downstream. ........................................ 22 
Figure 1.14 Some examples of typical barriers present in the study streams. Movement 

across barriers is variable, being either limited in both directions (e.g. passability limited by 

the size of fish and/or flow level), one-way, or none. Furthermore, barriers can restrict 



 

 

xi 

 

movement either permanently or temporarily. Examples included above: A) subsurface flow 

section (none, temporal); B) debris jam (none or one-way, temporal); C) cascade (limited, 

permanent); D) hanging culvert (limited, permanent); E) water fall (one-way, permanent); 

and F) weir (one-way, permanent). ............................................................................................ 23 
Figure 1.15 Comparison of ice formation in a large river (A: Elk River, 5th order) to that of 

a small stream (B: Alexander Creek, 3rd order) in British Columbia (at 1:250,000 map 

scale). Photos were taken on the same day during mid winter under a severe cold period 

with air temperatures between -25 and -30. Note that the volume of ice formed within the 

channel of the small creek over winter in comparison to the volume of flowing water is 

considerably greater than that of the larger river. In addition, floating ice, in this case frazil 

floes (Prowse 1994), is dominant in the larger river and absent in the small creek. .............. 25 
Figure 1.16 Early winter ice formation during the freeze-up period. A) Static surface ice 

formation on a pool. B) Dynamic frazil and anchor ice formation in a turbulent riffle. ....... 26 
Figure 1.17 Ice formation in streams and rivers under dynamic and static conditions 

(Huusko 2007). .............................................................................................................................. 28 
Figure 1.18 Some examples of substantial ice forming events including: A) during and after 

severe frazil and anchor ice formation; B) significant flooding and release as a result of an 

anchor ice dam (arrow pointing to the subject of scale, indicating the water level was raised 

over 1 m at just the head of a pool); C) Underwater view of frazil and anchor ice 

accumulation limiting available habitat. .................................................................................... 30 
Figure 1.19. Sub-ice air gaps in winter, such as shown in A and B, are ecologically 

significant habitat features because they limit further ice growth (i.e. acting as an insulating 

layer), allow aeration, providing an exit for winter emerging macroinvertebrates (C), and 

may provide corridors for sub-ice movement by small mammals (e.g. mink) (D) (Calkins 

1989, Cunjak 1996). ..................................................................................................................... 31 
Figure 1.21 Conceptual and field representation of the changes in habitat availability in 

temperate streams (pool-riffle sequence) as winter progresses and ice accumulates. Figure 

adapted from (Cunjak 1996). ...................................................................................................... 34 
Figure 2.1 Study area map showing study stream watersheds, study sites (pools, N = 133), 

and barriers used in summer analysis. Surveyed stream area includes data from summers 

2016 and 2017. Points of interest include Grassy Mountain (site of the proposed Grassy 

Mountain Coal Mine), the historical town of Lille, and the towns of Coleman and Blairmore 

of the Crowsnest Pass. ................................................................................................................. 43 
Figure 2.2 Total count of pool types sampled in all study streams among geomorphic 

segments during the summer of 2016 (N = 133). For pool type code descriptions: DAM = 

dammed pool; LATSC = lateral scour pool; MID = mid-channel pool; PLUNGE = plunge 

pool; SIDE_CHAN = side channel pool; STEP = step pool; and TRENCH = trench pool. .. 57 
Figure 2.3 Total count of dominant substrate types sampled in all study streams among 

geomorphic segments during the summer of 2016 (N = 133). See methods for dominant 

substrate classification. ................................................................................................................ 58 
Figure 2.4 Non-metric multidimensional scaling (NMDS) plot showing environmental and 

spatial vectors (P < 0.05) among pools during the summer of 2016 (N = 133). Colour denotes 

the factor level within the variable Creek: Blairmore Creek (●), Daisy Creek (▲), and Gold 

Creek (■). Ellipses are drawn at one standard deviation and show group fitting between 

creeks. Blue arrows indicate the strength and direction of each environmental and spatial 

variable. For environmental and spatial variable code descriptions, see methods. ............... 60 



 

 

xii 

 

Figure 2.5 Non-metric multidimensional scaling (NMDS) plot showing environmental and 

spatial vectors (P < 0.05) among pools during the summer of 2016 (N = 133). Colour denotes 

the factor level within the variable geomorphic segment: canyon (●), alluvial (▲), and 

headwater (■). Ellipses are drawn at one standard deviation and show group fitting between 

geomorphic segments. Blue arrows indicate the strength and direction of each 

environmental and spatial variable. For environmental and spatial variable code 

descriptions, see methods. ........................................................................................................... 61 
Figure 2.6 Examples of different levels of silt cover and turbidity observed in study streams 

during summer. A) Blairmore Creek canyon segment pool with extensive silt cover on 

substrate and moderate to high turbidity; B) Gold Creek alluvial segment pool with no silt 

cover on substrate and turbidity at low to none. ....................................................................... 76 
Figure 2.7 Examples of road and trail crossings, as well as cattle impacts within study 

streams. A) Typical road/trail crossing (Gold Creek). B) Old road/off-highway vehicle trail 

near unnamed tributary to Blairmore Creek. C) Cattle impacted area located on Blairmore 

Creek. Note the presence of salt blocks in close proximity to the creek in C. D) Heavy 

grazing impacts on the banks of Daisy Creek leading to reduced bank stability. Inset photo 

showing a large algae bloom in a pool during the summer (Daisy Creek), likely as a result of 

increased nutrient loading. .......................................................................................................... 80 
Figure 2.8 Species distributions within the study streams Blairmore Creek, Daisy Creek, 

and Gold Creek. Westslope cutthroat trout distributions are classified here as confirmed 

(positive identification during all survey types) or unknown/none observed (occurring on 

tributary locations were no positive identification occurred, mainly due to limited surveys, 

i.e. bank surveys). Barriers (seasonal and permanent) used in summer analysis are included. 

Also shown is Grassy Mountain (site of the proposed Grassy Mountain Coal Mine) of the 

Crowsnest Pass, Alberta. Note, this map does not consider or provide species distributions 

from other or historical sources. Data are derived from summer snorkel and bank surveys 

during the duration of this study (2016 – 2017). ....................................................................... 83 
Figure 2.9 Possible reproductive sources of Brook Char on Gold Creek above a permanent 

barrier (waterfall). A) Pond near Gold Creek looking south-southwest. B) Brook Char fry 

observed in the pond during May of 2017 as indicated by red circles. C) Map showing pond 

location and Green Creek in relation to the historic town of Lille, barriers, and current 

Brook Char distribution within Gold Creek. ............................................................................ 85 
Figure 3.1 An example of a study pool that provided conditions for bank surveys. Note the 

aggregation of WCT can be seen in the center of the pool (indicated by the yellow circle), 

uninterrupted by cover or turbulence. ....................................................................................... 99 
Figure 3.2 Photos showing A) ice cover set up with camera and tripod (Aqua-vu®) used in 

fish surveys; B) pole set up used in fish surveys for remote sites when no ice cover was 

present and air temperatures posed a risk to the snorkeler. .................................................... 99 
Figure 3.3 Hourly mean water temperature (°C) in pools for streams Blairmore Creek (N = 

13), Daisy Creek (N = 10), and Gold Creek (N = 14) recorded over a one year period 

(approx. from August 2016 to August 2017). Faceting is by geomorphic segment and 

coloured lines indicate mean water temperature for each study stream. The green line 

indicates average yearly air temperature (2016-2017) at 3.03 °C, which is approximating 

groundwater temperature. The light blue line indicates freezing temperatures at 0.0 °C. . 107 

Figure 3.4 Water temperature (°C) in relation to longitudinal distance downstream (km). 

Here, streamflow is from left to right or from 0 km (highest elevation) to 15 km or greater 

(lowest elevation). For aid in visual interpretation, water temperature is also broken into 



 

 

xiii 

 

classes using natural breaks (Coulson 1987). All observations are included. Faceting is by 

study stream and sample period (summer N = 133, early winter N = 132, mid winter N = 

129). ............................................................................................................................................. 111 
Figure 3.5 Seasonal water temperature difference (°C) in pools from summer to winter. 

Outliers are indicated (○) and lines indicate mean standard error. ...................................... 112 
Figure 3.6 Mean water temperature (°C) by (A) surface ice cover score; (B) snow cover 

score; (°C) mean surface ice thickness (mm); and (D) mean snow depth (cm). Percent pool 

surface area cover scores range from: 1 = 0-25 %, 2 = 25-50 %, 3 = 50-75 %, and 4 = 75-100 

%. All observations (pools) were used, where outliers are indicated (○) and lines indicate 

mean standard error. Faceting is by winter periods early winter (N = 132) and mid winter 

(N = 129). ..................................................................................................................................... 113 
Figure 3.7 Mean Westslope Cutthroat Trout abundance (WCT/m2) in pools by study stream 

and size class, among sample periods summer 2016 (N = 133), early winter (N = 132), mid 

winter (N = 129). Data from the summer of 2017 (N = 129), second chapter of this thesis is 

included. Lines indicate mean standard error. ....................................................................... 119 
Figure 3.8 Summer – early winter (SEW) estimated concealment of combined small WCT (< 

20 cm) among study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), and Gold 

Creek (N = 45). ........................................................................................................................... 121 
Figure 3.9 Early winter – mid winter (EMW) estimated concealment of combined small 

WCT (< 20 cm) among study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), and 

Gold Creek (N = 45). .................................................................................................................. 122 
Figure 3.10 Presence and absence of large Westslope Cutthroat Trout (>20 cm) in relation 

to maximum depth (m) in pools. All observations are included, where outliers are indicated 

(○) and lines indicate mean standard error. Faceting is by geomorphic segment and sample 

period (summer N = 133, early winter N = 132, mid winter N = 129). .................................. 124 
Figure 3.11 Distance to the nearest pool upstream (m) (A) and distance to the nearest pool 

downstream (m) (B) in relation to geomorphic segments. All observations (pools) were used, 

where outliers are indicated (○) and lines indicate mean standard error. Faceting is by 

sample periods summer (N = 133) and mid winter (N = 129). ............................................... 126 
Figure 3.14 Log transformed large (>20 cm) Westslope Cutthroat Trout (WCT) abundance 

(WCT/m2) in relation to pool velocity (m/s). All observations (pools) with large WCT 

present were used. A) no significant linear relationship was found for summer: N = 55, R2 = 

0.005, P = 0.6218. B) a line of best fit indicates the linear relationship for mid winter: N = 37, 

R2 = 0.23, P = 0.0015. .................................................................................................................. 130 
Figure 3.15 Change in large (> 20 cm) WCT abundance (increase or decrease) from summer 

to early winter for pools (N = 54) in relation to: A) surface ice thickness (mm); B) the total 

number of alternate pools unimpeded by a barrier; C) average water velocity (m/s) of the 

pool. ............................................................................................................................................. 133 
Figure 3.16 Seasonal water temperature difference categories (stable warm = 0-4 °C, N = 8; 

dynamic = 4-8.5 °C, N = 60; stable cold = 8.5-17 °C, N = 61) of pools in relation to (A) mean 

surface ice thickness (mm) (B) surface ice cover (%) and (C) mean large (> 20 cm) WCT 

abundance (WCT/m2). All observations (pools) were used, where outliers are indicated (○) 

and lines indicate mean standard error. Faceting is by winter periods early winter and mid 

winter. ......................................................................................................................................... 135 
Figure 3.17 Winter stream conditions observed during this study using specific pools as 

examples: B087, G110, G137. Yearly water temperature (°C) plots are shown for each pool, 

where blue indicates subfreezing temperatures (≤ 0 °C), green indicates above freezing 



 

 

xiv 

 

temperature (> 0 °C). Marginal plots further show seasonal variation in water temperature, 

where lines indicate standard error. B087) area with no groundwater influence and 

complete surface ice and snow cover throughout winter (Blairmore Creek); G110) area with 

only moderate groundwater influence which has had substantial dynamic ice formation 

during cold periods during winter (Gold Creek); G137 area with strong groundwater 

influence and no ice formation throughout winter (Gold Creek). ......................................... 144 
Figure 3.18 Mink sign in study streams. A) Mink scat with WCT remains. B) and C) Mink 

tracks on stream bank. D) Adult WCT found dead with deep cuts and puncture wounds 

likely from a mink. ..................................................................................................................... 148 
Figure 3.19 Heavy snow loading forcing ice into pools whereby excluding habitat. A) Look 

from above the pool; B) Underwater view of white ice. .......................................................... 149 
Figure 3.20 A possible look into the effects of future climate change on winter habitat in 

small mountain streams of southern Alberta. Although Blairmore Creek (shown above) had 

stable ice cover for most of winter, during late winter under mild conditions dynamic ice 

formation was evident and constant. With only weak groundwater influence, mild winters in 

streams like Blairmore Creek may cause harsh and stressful overwintering conditions. ... 153 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xv 

 

List of Equations 

Equation 2.1 Ellipse area ............................................................................................................. 45 
Equation 2.2 WCT length weight regression equation ............................................................  50 
Equation 2.3 Summer WCT abundance model ......................................................................... 70 
Equation 2.4 Summer WCT biomass model.............................................................................. 71 
Equation 3.1 Logistic regression model ................................................................................... 102 
Equation 3.2 Linear function of logistic regression model ..................................................... 102 
Equation 3.3 Equation used to find probabilities of logistic regression coeficients ............. 102 
Equation 3.4 Large WCT presence-absence model ................................................................ 105 
Equation 3.5 Varience over mean equation ............................................................................. 123 
Equation 3.6 Large WCT abundance increase-decrease model ............................................ 132 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

xvi 

 

List of Abbreviations 

AIC: Akaike Information Criterion  

AWCTRT: The Alberta Cutthroat Trout Recovery Team 

ALTPOOL: Alternate number of pools 

ANOVA: Analysis of variance 

AREA: Pool area 

BCOND: Bank condition 

BKCH: Brook Char 

BLCH: Bull Char 

CANOPY: Canopy coverage 

COND: Conductivity 

COSEWIC: The Committee on the Status of Endangered Wildlife in Canada 

CREEK: Study streams 

DAM: Dammed pool 

DEM: Digital elevation model 

DISNBD: Distance to the nearest barrier downstream 

DISNBU: Distance to the nearest barrier upstream 

DISNPD: Distance to the nearest pool downstream 

DISNPU: Distance to the nearest pool upstream 

DO: Dissolved oxygen 

DOMSUB: Dominant substrate 

ELEV: Elevation 

GIS: Geographic information system 

GPS: Global positioning system 

HABCOV: Available habitat cover 

HSD: Honestly significant difference test (Tukey’s) 

LATSC: Lateral scour pool 

LONG: Longitudinal distance downstream 

NMDS: Non-metric multidimensional scaling 

MAX_DEPTH: Maximum depth 



 

 

xvii 

 

MID: Mid-channel pool 

MNWH: Mountain Whitefish 

OHV: Off highway vehicle 

PermANOVA: Permutation analysis of variance 

PLUNGE: Plunge pool 

POOLTYPE: Pool type 

RNTR: Rainbow Trout 

SARA: Species at Risk Act 

SE: Standard error 

SEGMENT: Geomorphic segment 

SIDE_CHAN: Side channel pool 

SILT: Silt cover 

SPDIVERSITY: Species diversity 

STEP: Step pool 

TRENCH: Trench pool 

TURB: Turbidity 

VEL: Pool velocity 

VMR: Variance mean ratio 

WCT: Westslope Cutthroat Trout 

WTEMP: Water temperature 

WTEMP_DIFF: Seasonal water temperature difference  

WTSH: Watershed area 

 

 



 

 

1 

 

 

Chapter 1 - Introduction 

Land Use and Ecological Impacts to Streams and Rivers – Surface Mining 

 

There is substantial cause for threat on water resources and aquatic biodiversity globally due 

to physical and chemical impairment by human activities (Malmqvist and Rundle 2002, 

Sanderson et al. 2002, Vörösmarty et al. 2010). The leading cause of species extirpations and 

extinctions are changes in land use resulting in habitat loss and alteration (Baillie et al. 2004, 

Venter et al. 2006). Out of the many different forms of land use changes, resource extraction 

through mining can be regarded as one of the most influential to aquatic ecosystems (Wilcove et 

al. 1998, Malmqvist and Rundle 2002). This is because impacts from mining compared to other 

land uses such as agriculture for example, are generally more severe considering the amount of 

land directly altered (Sojka 1999, Cooke and Johnson 2002). Overtime the extent of mining has 

increased globally as the demand for metals and minerals to sustain national economic stability 

and growth has increased (Mudd 2007, 2010, Krausmann et al. 2009). Sustainability in light of 

climate change has also led to an increased push in the decarbonisation of energy systems  

(Hodgkinson and Smith 2018). As we shift to more renewable sources of energy, the demand for 

mined materials, particularly metals, will continue so to support the required infrastructure and 

technologies (Hodgkinson and Smith 2018). Concurrently, as larger scale surface mines become 

more prevalent, their activities across the globe and North America has become of increased 

interest due to the negative effects on aquatic ecosystems (Palmer et al. 2010).  

Effects from surface mining (e.g. strip mining, open-pit mining, and mountaintop removal) 

can drastically influence water quality (Palmer et al. 2010). For example, water draining mined 

waste rock can contain elevated concentrations of chemical elements such as selenium (Lindberg 

et al. 2011, Kuchapski and Rasmussen 2015a, Wellen et al. 2015) and metals (Sullivan and 



 

 

2 

 

Drever 2001, Harding 2005, Palmer et al. 2010, Lindberg et al. 2011, Langman et al. 2018), while 

also affecting pH and conductivity in nearby streams and rivers (Raymond and Oh 2009, Palmer 

et al. 2010, Lindberg et al. 2011, Kuchapski and Rasmussen 2015a, Niu et al. 2018). Changes in 

water chemistry often result in changes to macroinvertebrate communities, such as reduced 

abundance, reduced species richness, and shifts in composition (Clements 1996, Hogsden and 

Harding 2012, Kuchapski and Rasmussen 2015a). Additionally, toxic effects to fish due to food 

chain transfer or direct exposure of contaminants (Dallinger et al. 1987, Miller et al. 2013, 

Kuchapski and Rasmussen 2015b) can result in altered behaviour (Atchison et al. 1987), reduced 

growth (McKim and Benoit 1971, Mount 1973, Menendez 1976, Ogle and Knight 1989, 

Sfakianakis et al. 2015), reduced reproduction (Mount 1973, Menendez 1976, Speranza et al. 

1977, Sfakianakis et al. 2015) and direct mortality (Jezierska et al. 2009, Sfakianakis et al. 2015).  

Surface mining also alters physical habitat in streams and rivers. Mining activities that modify 

watershed characteristics such as vegetation, soils, and subsurface materials, can significantly 

alter the basin hydrology and streamflow (Bonta et al. 1997, Negley and Eshleman 2006, Ferrari 

et al. 2009, Bernhardt and Palmer 2011), which can lead to changes in channel morphology (Bunn 

and Arthington 2002), sediment delivery and transport (Wood and Armitage 1997), and 

biogeochemistry (Mulhollan et al. 1990). Furthermore, surface mining can impact groundwater 

characteristics by altering flow paths and the location of discharge (Bonta et al. 1992, Evans et al. 

2015). Consequently, by altering groundwater resources by surface mining, stream water 

temperatures can be affected (Rautio et al. 2018).  Increased fine sediment loading caused from 

water draining off disturbed sites can increase turbidity and fill interstitial spaces of substrate 

(Wood and Armitage 1997) needed by spawning and overwintering fish (Bjornn and Reiser 

1991), as well as aquatic invertebrates (Richards and Bacon 1994). In addition, contaminated 

sediments may facilitate further transport of other pollutants downstream (Dabney et al. 2018). 
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Coal Mining in Southern Alberta 

 

Throughout the East Slopes of the Rocky Mountains in Alberta, Canada, different forms of 

land use, most notably mining, oil and gas, logging, grazing, and recreational off highway vehicle 

(OHV) use are common and can have substantial impact to aquatic ecosystems (Farr et al. 2017, 

2018). Particularly, large scale surface mining along the mountains and foothills of Alberta has 

developed over time as a more commonly used practice for the removal of coal, as opposed to 

historic underground coal mining (Government of Alberta 2018). Recently, a coal mining 

development (Grassy Mountain Coal Project) was proposed near Blairmore, Alberta (Figure 1.1). 

The open pit mine (proposed by Benga Mining Limited) is to be located on Grassy Mountain 

(Figure 1.2) which encompasses two main watersheds Gold Creek and Blairmore Creek (Figure 

1.3). The mine will be primarily targeting coking coal (metallurgical coal) which is an essential 

component of steel production (Díez et al. 2002, Price et al. 2002). Steel being an important 

component of infrastructure and other essential commodities that make our lifestyle possible. 

Currently, construction is projected to begin in early 2019 following regulatory timelines, where 

the production of cleaned metallurgical coal could start by early 2021 (Alberta Energy 2017). It is 

estimated that this mine would produce 4.5 million tonnes of clean coal per year over a 24 year 

mine life (Alberta Energy 2017). In comparison to other coal mines located nearby in British 

Columbia, Canada, Teck Resources operates five metallurgical coal surface mines in the Elk 

River watershed, which produced 27.6 million tonnes of coal in 2016 and 26.6 million tonnes of 

coal in 2017 (Teck Resources 2018). Teck’s largest mine, Fording River, producing up to 9.5 

million tonnes of coal annually and is expected to further persist for an additional 45 years (Teck 

Resources 2018).   
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Figure 1.1 Grassy Mountain Coal Project Site and nearby cities and towns of Southern 

Alberta and British Columbia. 

 

 

Figure 1.2 Grassy Mountain as viewed from Lille historic town site facing North. Grassy 

Mountain being the site for the proposed open pit coal mine. 
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Figure 1.3 Study area map showing study streams and their watersheds. All highlighted 

study stream area was surveyed for fish habitat between years 2016 and 2017. Barriers are 

those that are previously documented and permanent. Points of interest include Grassy 

Mountain (site of the proposed Grassy Mountain Coal Mine), the historical town of Lille, 

Lille #1 mine site, and the current towns of the Crowsnest Pass.  
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Although this coal mining development is recently proposed, coal mining within the 

Crowsnest Pass is not new, dating back over 100 years (Felske 1991, Porter 2006). Historical coal 

mining taking place on Grassy Mountain itself, but also throughout scattered portions of the 

surrounding watersheds. From the early 1900’s to the 1960’s, at least six different coal mines and 

processing plants ran throughout the Crowsnest Pass in Alberta, including the famed Frank mine, 

the site of the tragic Turtle Mountain Disaster of 1903 (Felske 1991). Specifically within the Gold 

Creek watershed, there was significant coal mining development leading to the establishment of 

the town Lille (also known as “French Camp”) in 1901 (Porter 2006) (Figure 1.4). From 1903 on, 

tipple facilities (i.e. structures used for loading and unloading extracted coal) were constructed 

with the addition of coking ovens and a wet coal washery (Felske 1991). A seven mile long 

railway line along the creek bed was used for transporting coal from Lille to the town of Frank, 

involving 23 train trestles through the narrow and steep canyon (Felske 1991). The town and 

facility ran for 11 years (1901-1912) and at its peak was producing an average of 600 tons of coal 

a day from the #1 seam (Porter 2006). After the market collapsed for Lille’s coke in 1912, the 

town and facilities were moved (Porter 2006). The towns location later became a Provincial 

Historic Site in the 1970’s (Porter 2006). Further strip mining has taken place on Grassy 

Mountain since Lille (Figure 1.5), however these ventures were not long lasting. Many past 

mining relics remain throughout the study watersheds, including end-pit lakes, machinery, 

infrastructure (Figure 1.6), and large coal deposits along Gold Creeks’ main stem and tributaries 

(Figure 1.7).   
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Figure 1.4 Historic town site, railway line and coking ovens of Lille (1906-1909). Photograph 

retrieved from Glenbow Archives NA-2197-1. 
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Figure 1.5 Strip mining on Grassy Mountain looking southwest towards the 

Crowsnest Pass (1940’s). Photograph retrieved from Glenbow Archives NA-3381-24. 
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Figure 1.6 Past mining relics within the study streams: A) coking ovens of Lille, B) end-pit 

lake on Grassy Mountain, C) coal fragment, D) machinery left behind, located near the 

Morine Creek coal pile.  
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Figure 1.7 Photos showing two of four historic coal piles found along Gold Creek and its 

tributaries during this study: A) Lille #1 mine site, coal pile on the left stream bank; B) Lille 

town site, coal pile on the right stream bank. 

 

The recently proposed coal mining development is expected to further impact aquatic 

resources within the two focal streams, Gold Creek and Blairmore Creek. It is expected that these 

activities will influence and alter the hydrology of both basin catchments (SRK Consulting Inc. 

2016) and thus impact stream habitat. The potential future coal mine impacts are of particular 
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interest due to the presence of threatened Westslope Cutthroat Trout Oncorhynchus clarki lewisi 

(WCT) in both surrounding streams (Fisheries and Oceans Canada 2014). With mining activities 

having the potential to impact fish habitat, this presents an opportunity to study potentially pre 

and post-mine impacted headwater stream systems in an area where threatened species 

populations are present. 

Westslope Cutthroat Trout 

 

WCT are a subspecies of Cutthroat Trout Oncorhynchus clarki and are found throughout the 

mid Rocky Mountains, occupying a range of fluvial and adfluvial habitats (Behnke 2002) (Figure 

1.8). In the United States, WCT distribution extends from Eastern Montana to Northern Idaho, 

with some disjunct populations occurring in Washington and Oregon (Behnke 2002). In Canada, 

WCT are found in Southern British Columbia and South Western Alberta (Behnke 2002). Despite 

this species being historically widespread and successful in a variety of habitats, it is under 

serious decline throughout most of its range (COSEWIC 2016).  
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Figure 1.8 Westslope Cutthroat trout Oncorhynchus clarki lewisi in their native habitat. 

Photograph taken during late winter in Gold Creek, Alberta. 

 

In Alberta, WCT are listed as Threatened under the Canadian Federal Species at Risk Act 

(SARA) (Fisheries and Oceans Canada 2014, COSEWIC 2016). This status reflects threats due 

largely to habitat loss and alteration, competition with non-native species, as well as genetic 

introgression of Rainbow Trout Oncorhynchus mykiss (AWCTRT 2013). These combined threats 

have reduced pure WCT populations to only 5 % of the historical range in Alberta, which is 

restricted to primarily high elevation headwater streams (Mayhood and Taylor 2011). Often the 

sole mechanism in maintaining many genetically pure WCT populations are physical barriers, 

isolating WCT populations from downstream Rainbow Trout populations (Rasmussen et al. 

2010).  

Due to the current state of many pure WCT populations in Alberta, a recovery strategy was 

prepared by the Alberta Westslope Cutthroat Trout Recovery Team (2013), which provided a 
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strategy to support, maintain and expand current WCT habitat and identified knowledge gaps 

associated with WCT in Alberta. Particularly, there is need for more research towards 

understanding general population health, but also identifying attributes of critical habitat in 

headwater streams (AWCTRT 2013, Fisheries and Oceans Canada 2014). Critical habitat being 

defined as habitat that is important for the survival and recovery of WCT in Alberta (AWCTRT 

2013, Fisheries and Oceans Canada 2014). Defining critical habitat is a requirement for 

threatened or endangered listed species listed under the SARA (AWCTRT 2013, Fisheries and 

Oceans Canada 2014). This means baseline information needs to be collected on the quality and 

extend of critical WCT habitat (AWCTRT 2013). A complete inventory on barriers is needed to 

identify populations and critical habitats that are at risk to upstream invasion by non-native 

species and to better understand connectivity issues for future recovery actions (AWCTRT 2013). 

Furthermore, impacts of land use and disturbance on aspects of critical WCT habitat are not well 

understood, where analyses at the landscape and watershed scale are needed (AWCTRT 2013).  

Within the critical habitat order (AWCTRT 2013), several key knowledge gaps were 

identified. Winter is a time, in which all live stages of WCT are under higher stress, yet, 

knowledge about critical habitat requirements and its occupation during that time are limited 

(AWCTRT 2013, Fisheries and Oceans Canada 2014). Research describing winter habitat use by 

different WCT life stages and their competition during that time with invasive species that pose 

risk to WCT populations is needed (AWCTRT 2013). This information is becoming more 

important as anthropogenic activities are increasing on the landscape, increasing the impact on 

aquatic resources within critical habitats. My thesis focuses on WCT populations in headwater 

streams in winter and their use of critical habitat. Furthermore, my research will address the 

potential impacts of further mine developments and climate change on this fragile landscape and 

threatened WCT populations. 
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Stream Geomorphology and Spatial Distribution of Habitat  

 

Relationships between physical and biological components of fluvial environments, such as in 

streams and rivers, are becoming increasingly important in understanding ecological processes 

(Rieman and Dunham 2000, Belletti et al. 2017). Abiotic and biotic interactions can vary spatially 

and temporally, making fluvial environments dynamic and complex systems. Furthermore, fluvial 

environments contain numerous subsystems, related to the processes and forms at different scales 

of organization (Frissell et al. 1986, Belletti et al. 2017). Scale in this case refers to the size or 

level of the subsystem and dictates the relationship between spatial units and physical habitat 

(Figure 1.9). Consequently, a hierarchy of scale occurs because the smaller scale systems develop 

within constraints set by larger scaled systems (Frissell et al. 1986, Belletti et al. 2017). For 

example, a riffle-pool sequence is determined by water and sediment input from the catchment 

basin, which is further controlled by climate and geologic process (Frissell et al. 1986, Charlton 

2008). Geomorphology of fluvial environments thus can create a mosaic of habitats within a 

single stream and river system (Belletti et al. 2017). Influences like slope, substrate, vegetation, 

valley setting, and even human activities, further drive these processes (Charlton 2008, Belletti et 

al. 2017).  
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Figure 1.9 Nested relationships between spatial units and physical habitats (indicated by approximate linear distance) within a 3rd order 

montane headwater stream (adapted and modified from figures in Belletti et al. 2017 and Frissell et al. 1986). 
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 Within the geomorphic mosaic of rivers and streams lie more specific hydraulic patches, 

such as riffles, pools, bars, etc. (Frissell et al. 1986, Belletti et al. 2017), which constitute distinct 

habitat features for aquatic and riparian plants and animals. Microhabitat features such as water 

velocity, depth, and substrate type all vary within different habitat patches (Frissell et al. 1986). 

These features are critical elements of salmonid ecology (i.e. for trout, char, salmon) (Bjornn and 

Reiser 1991). Requirements for these features by salmonids change under different conditions, 

such as during different seasons and life stages, including spawning, rearing, and overwintering 

(Bjornn and Reiser 1991). For example, obligate stream spawning salmonids require specific 

components of water temperature, velocity, depth, and substrate to facilitate upstream migration 

to spawning grounds, egg deposition, incubation, and survival of embryos (Bjornn and Reiser 

1991, Quinn 2005). Microhabitat features also effect the amount of space available for feeding 

and cover within streams, particularly influencing carrying capacity of salmonid populations 

(Bjornn and Reiser 1991). Changes in water depth and velocity alter the amount of available 

cover (e.g. undercut banks, woody debris, and substrate) to avoid predation and competition. 

Often then it is found that in fluvial environments fish populations are influenced by the 

underlying geomorphology (Lanka et al. 1987, Kruse et al. 1997, Baxter and McPhail 1999). This 

is because geomorphology at larger scales influences those specific hydraulic patches (i.e. habitat 

patches) at smaller scales, those of which influence the microhabitat features that fish require.  

Rivers or streams are contained within a linear stream network, and habitat patches occur 

along the network at varying degrees of distance. Obligate aquatic organisms, such as fish, are 

restricted to movement only within this network. Factors that resist movement within the fluvial 

network further determine dispersal opportunity between habitat patches (Rieman and Dunham 

2000). Different types of barriers (e.g. water falls, cascades, hanging culverts, a dry creek bed), 

can be thought of as resistance factors as they partially impede or completely block movement 

within the stream network. Thus, in order to find habitat that facilitates survival, the overall 
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spatial position of suitable and non-suitable habitat patches within stream networks has significant 

influence on fish populations (Rieman and Dunham 2000, Falke and Fausch 2010). For example, 

habitat patches closer together and unimpacted by barriers allow increased dispersal among 

different habitats that are required for different life stages, which leads to higher survival and 

population persistence over time ( Falke and Fausch 2010). In contrast, habitat patches that are 

farther apart and impacted by barriers decrease or block dispersal, inhibiting fish populations to 

utilize the full range of required habitat. In the latter case, subpopulations or satellite populations 

could result and may act as sinks due to the absence of critical habitats required for persistence 

(Falke and Fausch 2010).  

The idea that fish populations can be constrained by the spatial position and availability of 

habitats leads to the concept of spatially structured populations (i.e. metapopulation theory) 

(Rieman and Dunham 2000, Falke and Fausch 2010). As described by Falke and Fausch (2010), 

in fluvial environments, spatially structured populations result when there are strong effects of 

spatial scale, habitat heterogeneity, and dispersal on fish populations. If we consider a basin scale 

approach for analysing headwater systems and salmonid populations, it is apparent that in 

mountainous environments all the required elements for spatially structured populations are 

present. Furthermore, spatial structuring may change temporally, specifically as flow changes 

seasonally activating different barriers (Figure 1.10). 
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Figure 1.10 Conceptual representation of the complex spatial influence of habitat 

patches and barriers on fish populations in a headwater stream (basin/watershed 

scale) under different seasons. In this example from spring to winter, changes in 

flows have increased the number of vacant and isolated habitat patches. 

Furthermore, source and sink subpopulations become more distinct. Source 

populations have access to all required habitat. Sink populations do not have access 

to all required habitat.  

 

Rieman & Dunham (2000) suggest that spatial structuring within salmonid populations is 

likely strong for most species, particularly for those that show local adaptation to facilitate their 

life cycle. This idea of spatially structured populations becomes increasingly important as habitat 

loss and fragmentation across landscapes forces managers to prioritize, conserve and restore 

habitat within watershed networks. As important as this may be for management and conservation 

for threatened species, little empirical work has been done to apply this theory to many salmonid 

populations (Rieman and Dunham 2000). 

The consideration of required stream habitat patches and how they are spatially arranged 

within high elevation headwater stream networks is then important to understanding critical 
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habitat for threatened WCT populations. Past glacial and tectonic forces have shaped many of the 

watersheds along the Rocky Mountains of Southern Alberta (Beaty 1975). This has produced a 

wide variety of geomorphic features within high elevation headwater streams such as steep and 

highly constricted bedrock channels to lower gradient and highly braided alluvial channels 

(Figure 1.11, Figure 1.12, Figure 1.13). These differing stream morphologies dictate the amount 

and the spatial position of different habitat patches (e.g. riffles and pools) within stream networks. 

In addition, barriers such as water falls, cascades, subsurface flow sections, debris jams, and man-

made barriers (Figure 1.14) are common in these headwater streams and further restrict 

movement and dispersal. Therefore, because WCT populations within these environments are 

exposed to habitats that contain a high degree of spatial scale and heterogeneity, as well as 

lowered dispersal opportunities, we can expect these populations to be spatially structured.  
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Figure 1.11 Example of the typical geomorphology found within canyon segments within 

study streams. Note the canyon segment is highly confined within the valley, has a cobble 

and bedrock dominated channel, and is 3rd order in size. Photograph taken on Daisy Creek, 

looking upstream. 
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Figure 1.12 Example of the typical geomorphology found within alluvial segments within 

study streams. Note the alluvial segment is relatively unconfined within the valley, has 

alluvium (fluvial or glacial) dominated channel, and is 2nd-3rd order in size (depending on 

stream location). Photograph taken on Blairmore Creek, looking upstream. 
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Figure 1.13 Example of the typical geomorphology found within headwater segments within 

study streams. Note the headwater segment is moderately confined within the valley, in this 

case has a boulder dominated channel, and is 1st-2nd order in size (depending on stream 

location). Photograph taken on Gold Creek, looking downstream. 
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Figure 1.14 Some examples of typical barriers present in the study streams. Movement 

across barriers is variable, being either limited in both directions (e.g. passability limited by 

the size of fish and/or flow level), one-way, or none. Furthermore, barriers can restrict 

movement either permanently or temporarily. Examples included above: A) subsurface flow 

section (none, temporal); B) debris jam (none or one-way, temporal); C) cascade (limited, 

permanent); D) hanging culvert (limited, permanent); E) water fall (one-way, permanent); 

and F) weir (one-way, permanent).  
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Salmonid Winter Ecology in Streams 

 

It has long been known that the winter period is a significant portion of many animals’ life 

history in temperate regions of the northern hemisphere, inducing physiological and behavioural 

changes (Willmer et al. 2009). Although, the definition of winter relevant to ecology is more than 

what is determined by calendar dates (i.e. astronomical definition) and furthermore, may change 

considerably depending on the location (e.g. latitude or elevation) or system in question (e.g. 

rivers or lakes). Cunjak (1996) provides a relevant definition of winter within streams from an 

ecological and biological standpoint, which accounts for significant periods during the life cycle 

of salmonids and the physical changes in habitat: The onset of winter in streams is marked by the 

reduction in air temperature and the formation of ice, often following egg deposition by fall 

spawning salmonids; the end of winter in streams is extended until the loss of all surface ice and 

prior to reproductive activity of spring spawning salmonids, often followed shortly after by spring 

flooding. Applying Cunjak’s definition of winter to high elevation headwater streams in Southern 

Alberta, winter begins around early November after fall spawning of native Bull Char Salvelinus 

confluentus has ended (usually taking place from September to October (Nelson and Paetz 1992, 

Behnke 2002), and ice starts to form. Winter then lasts until early April, prior to WCT spawning 

(usually taking place from April to June (Nelson and Paetz 1992, Behnke 2002)), when most ice 

has melted and just prior to spring flooding. Following Cunjak’s definition would then extend 

winter in the headwater streams to up to six months, meaning that salmonid species occurring in 

these areas are living up to 50 % of their life history under winter conditions. Yet, this significant 

time period remains one of the most understudied parts of the salmonid life cycle, specifically for 

salmonid species such as WCT in headwater streams (AWCTRT 2013).   
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Ice Formation in Streams 

Although streams and rivers are considered lotic systems (i.e. composed of flowing 

water), the quantity of ice formed in small, steep mountain streams in comparison to much larger 

rivers can be considerably different due to the varying differences in ice forming processes 

(Calkins 1989)(Figure 1.15). As this thesis focuses on smaller streams, I will only make limited 

reference to larger rivers when ice forming processes are similar.  

 

 

Figure 1.15 Comparison of ice formation in a large river (A: Elk River, 5th order) to that of 

a small stream (B: Alexander Creek, 3rd order) in British Columbia (at 1:250,000 map 

scale). Photos were taken on the same day during mid winter under a severe cold period 

with air temperatures between -25 and -30 °C. Note that the volume of ice formed within the 

channel of the small creek over winter in comparison to the volume of flowing water is 

considerably greater than that of the larger river. In addition, floating ice, in this case frazil 

floes (Prowse 1994), is dominant in the larger river and absent in the small creek.  

 

Stream habitat is altered significantly by ice formation in winter (Cunjak 1996, Huusko et 

al. 2007, Brown et al. 2011). Ice formation in streams can be described within two main groups: 

static and dynamic (Huusko et al. 2007). However, in order to further and properly classify ice 

types, understanding the history of ice formation and its structure is fundamentally important 

(Michel and Ramseier 1971). The simplest and probably most widely recognized type of ice 

formation is through static means, which occurs on calm, density-stratified water bodies with little 
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to no turbulence (e.g. lakes, ponds and pools) (Prowse 1994, Brown et al. 2011). Static ice 

formation results in ice that is uniform in structure and texture (Michel and Ramseier 1971), such 

as most types of surface ice. Here, static surface ice formation begins when the water temperature 

drops below the freezing point and ice crystals grow horizontally within a supercooled layer 

(initially only a few tenths of a millimeter thick) across the water surface (Michel and Ramseier 

1971). The initial ice formation is termed the primary ice layer, also known as skim ice (Michel 

and Ramseier 1971). Further ice development occurs perpendicular to the primary ice layer, 

which thickens surface ice downwards in the water column (Michel and Ramseier 1971, Prowse 

1994). Surface ice usually first occurs on stream and river margins, as well as around exposed 

cold objects (e.g. exposed boulders), growing laterally outward into flow (Prowse 1994) (Figure 

1.16). Conversely, flooding on top of the primary surface ice will form superimposed ice growth, 

continually thickening surface ice upwards away from the stream bed (Michel and Ramseier 

1971).  

 

Figure 1.16 Early winter ice formation during the freeze-up period. A) Static surface 

ice formation on a pool. B) Dynamic frazil and anchor ice formation in a turbulent 

riffle. 

 

However, the mechanism behind most ice formation in streams and rivers is much more 

dynamic because these environments lack widespread density-stratification due to turbulent 
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mixing (Martin 1981, Stickler et al. 2010, Brown et al. 2011). In this case, water is cooled at the 

surface and is not allowed to stratify due to physical turbulence mixing the water column 

vertically (Prowse 1994, Brown et al. 2011). This mixing generates supercooled water throughout 

the entire river or stream depth (Prowse 1994, Brown et al. 2011). Specifically, at sub-freezing air 

temperatures supercooled water in streams and rivers can be at or near 0.01 to 0.1 °C below the 

freezing point (Martin 1981). Where conditions permit, the introduction of ice crystals from the 

surrounding environment at the water surface initiates ice formation (Martin 1981, Brown et al. 

2011). The introduction of ice crystals in supercooled water subsequently leads to a chain 

reaction, where a process called “collision breeding” causes the formation of more and larger ice 

crystals (Martin 1981, Brown et al. 2011). Turbulence causes the growing crystals to remain 

suspended in the water column, which is termed frazil ice (Martin 1981, Brown et al. 2011) 

(Figure 1.17). During this time, the crystals are referred to as being “active” and may stick to 

many different cold surfaces or objects, such as rock substrate and woody debris (Martin 1981, 

Brown et al. 2011). It is when the ice crystals are deposited on the bottom substrate, that it is 

termed anchor ice (Martin 1981, Stickler and Alfredsen 2009, Brown et al. 2011). Anchor and 

frazil ice are typically formed in more turbulent areas of streams and rivers, such as riffles, as 

these areas contain enough physical turbulence to enable water to become supercooled and allow 

ice crystals to be mixed in the water column (Martin 1981, Brown et al. 2011). However, frazil 

and anchor ice may collect and accumulate in slower stream habitats such as runs (Stickler and 

Alfredsen 2009) and pools (Cunjak 1996). Where habitats and obstacles capture active ice (i.e. 

frazil ice) and slow its movement on the surface, further surface ice development can occur 

(Brown et al. 2011). 
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Figure 1.17 Ice formation in streams and rivers under dynamic and static conditions 

(Huusko 2007). 

 

As ice forms in steep mountain rivers and streams, it can produce significant, dynamic 

and often challenging environmental conditions for aquatic organisms (Huusko et al. 2007, 

Stickler et al. 2010, Brown et al. 2011) (Figure 1.18). For example, numerous and growing frazil 

ice crystals can be hazardous to fish because they can abrade and plug the gills (Brown et al. 

1993). Ice growth that penetrates deep enough into the substrate may freeze incubating eggs and 

alevins of fall spawning salmonids (Reiser and Wesche 1979, Curry et al. 1995, Baxter and 

McPhail 1999). Anchor ice can be resuspended into the water column, transporting course 

sediments (Martin 1981, Kempema et al. 2002) and aquatic invertebrates downstream (Benson 

1955, Martin et al. 2000). Further frazil ice accumulation which is deposited downstream under 

surface ice cover leads to hanging ice dam formation (Brown et al. 2000, Huusko et al. 2007). 

Hanging ice dams can substantially restrict flow and increase water velocity, reducing available 

habitat and increasing fish movement (Brown et al. 2000, Huusko et al. 2007). Alternatively, 

when the current is fast enough and anchor ice becomes increasingly thick, anchor ice dams can 

be generated (Stickler et al. 2010). Anchor ice dams effectively block or limit all the stream or 
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river discharge, leading to large fluctuations in water levels (Stickler et al. 2010). Furthermore, as 

water level and storage increase upstream of dams, water velocity is decreased (termed backwater 

effects), allowing surface ice formation in even high gradient and normally faster flowing areas 

(e.g. riffles) (Stickler et al. 2008, 2010). However, the stability of anchor ice dams can be 

reduced, due to increases in water pressure and temperature, leading to dams to drain or break 

during winter (Huusko et al. 2007). Consequently, because anchor ice dams significantly alter in-

stream habitat, anchor ice dams have been linked to increased movement and changes in habitat 

use by juvenile salmonids during winter (Stickler et al. 2008). However, hanging surface ice left 

by lowering water levels, those areas especially were surface ice is supported by exposed boulders 

or narrow banks, causes sub-ice air gaps (Calkins 1989, Cunjak 1996) (Figure 1.19). Sub-ice air 

gaps can be ecologically significant stream habitats in winter because they limit further ice growth 

(i.e. acting as an insulating layer), allow aeration, provide an exit for winter emerging 

macroinvertebrates and corridors for sub-ice movement by small mammals (Calkins 1989, Cunjak 

1996). In high elevation streams where snow accumulation is substantial, snow bridging across 

small streams also provide open-water conditions under ice (Chisholm et al. 1987, Calkins 1989).  
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Figure 1.18 Some examples of substantial ice forming events including: A) during and after 

severe frazil and anchor ice formation; B) significant flooding and release as a result of an 

anchor ice dam (arrow pointing to the subject of scale, indicating the water level was raised 

over 1 m at just the head of a pool); C) Underwater view of frazil and anchor ice 

accumulation limiting available habitat. 

A 

B 
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Figure 1.19. Sub-ice air gaps in winter, such as shown in A and B, are ecologically 

significant habitat features because they limit further ice growth (i.e. acting as an insulating 

layer), allow aeration, providing an exit for winter emerging macroinvertebrates (C), and 

may provide corridors for sub-ice movement by small mammals (e.g. mink) (D) (Calkins 

1989, Cunjak 1996). 

Typically, the most dynamic ice development occurs during the onset of winter, known as 

the freeze-up period (Prowse 2001, Huusko et al. 2007, Stickler et al. 2010). Once ice is formed 

and becomes stable, it can persist as long as air temperatures remain cold and discharge remains 

steady or declines (Brown et al. 2011). However, under certain conditions significant ice 

development can continue over winter reducing or completely eliminating usable habitat (Craig 

and Poulin 1975, Craig 1989, Schmidt et al. 1989, West et al. 1992). For instance in extremely 

cold environments such as the arctic, ice formation can continue and  freeze streams completely 

(Craig 1989, Schmidt et al. 1989). In contrast, if air or water temperatures are warmed or rise 
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during periods in winter, the stability of ice can be compromised (Lindstrom and Hubert 2011) 

and possibly initiate thermal ice break-up (Prowse 1994, Scrimgeour et al. 1994).  

Groundwater can have a significant effect on ice persistence and development over winter 

in streams (Power et al. 1999, Lindstrom and Hubert 2011). Groundwater is water that is stored in 

underground aquifers, such as within the pore spaces of glacial-alluvial deposits, which gradually 

drains towards the valley bottom forming streams (Power et al. 1999). In contrast to surface water 

which is highly influenced by daily and seasonal air temperatures, groundwater is stored 

underground and is maintained at much more stable temperatures (e.g. near the mean annual air 

temperature) (Power et al. 1999, Kalbus et al. 2006). In areas where sufficient amounts of 

groundwater meet the surface, this leads to cooler stream water temperatures during the summer 

and relatively warmer water temperatures during winter (Power et al. 1999). If water temperatures 

are high enough in winter, this may lead to areas with little or no ice formation (Power et al. 

1999). Due to the higher water temperatures and little ice formation, often groundwater 

influenced areas provide thermal refuge for fish during winter (Brown and Mackay 1995, Power 

et al. 1999). In some arctic systems the only overwintering habitat available to fish are those 

influenced by groundwater seeps (Craig 1989). Although, in areas located below groundwater 

inputs, dynamic ice forming processes can continue throughout winter, particularly during cold 

periods and may induce significant mid winter movements by salmonids (Brown 1999, Lindstrom 

and Hubert 2011). In cold arctic and alpine regions, continual flow of springs and groundwater 

influence over winter may form large accumulations of ice known as icings (Prowse 1994, Power 

et al. 1999). Icings may be several times the normal depth of the open-channel flow and 2-3 times 

the maximum thickness of ice formed due to regular thermal processes (Prowse 1994). 
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Salmonid Behaviour in Winter 

 

In addition to ice, cold water temperature itself also limits usable habitat in winter due to the 

physiological constraints of fish. Fish are poikilotherms, meaning that a fish’s body temperature 

closely matches that of the environment (i.e. water), influencing metabolism and thus activity 

(Cunjak 1988a). Consequently, at lower water temperatures a fish’s ability to respond to a 

predator or changing environmental conditions is reduced, making fish particularly vulnerable in 

winter (Cunjak 1996, Huusko et al. 2007). However, salmonids do not hibernate and instead 

remain active during winter at low and near freezing water temperatures (Cunjak 1988a, 1996, 

Huusko et al. 2007). Continued activity during winter is crucial in order to respond to changing 

environmental conditions, such as avoiding the effects from dynamic ice formation. Activity level 

may vary among different salmonid life stages and species, giving rise to multiple strategies to 

increase survival under different water temperature and ice formation regimes (Cunjak 1996, 

Huusko et al. 2007).  

The “squeezing effect” forces stream dwelling salmonids into alternative habitats due to ice 

formation and lowered water temperatures (i.e. physical exclusion of space) (Cunjak 1996, Power 

et al. 1999) (Figure 1.20). Once forced into alternative habitats, stream dwelling salmonids then 

seek and select conditions that facilitate reduced energy demand and predation risk (Cunjak 1996, 

Jakober et al. 1998). In fluvial environments, this often leads to large single or mixed species 

aggregations, which has been observed for many different salmonid species such as: Chinook 

Salmon Oncorhynchus tshawytscha (Hillman et al. 1987), Coho Salmon Oncorhynchus kisutch 

(Hartman 1965, Bustard and Narver 1975, Roni and Fayram 2000), Atlantic Salmon Salmo salar 

(Whalen et al. 1999, Mäki-Petäys et al. 2004), Rainbow Trout (Riehle and Griffith 1993), Brown 

Trout Salmo trutta (Cunjak and Power 1986, Heggenes et al. 1993, Dieterman et al. 2018), 

Cutthroat Trout (Brown and Mackay 1995, Jakober et al. 1998, 2000, Brown 1999, Harper and 

Farag 2004), Brook Char Salvelinus fontinalis (Cunjak and Power 1986), Bull Char (Jakober et al. 
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1998, Brown 1999), Arctic Char Salvelinus alpinus (Bendock 1981), Arctic Grayling Thymallus 

arcticus (Bendock 1981), Round Whitefish Prosopium cylindraceum (Bendock 1981), and 

Mountain Whitefish Prosopium williamsoni (Harper and Farag 2004, Carlson and Quinn 2005). 

Aggregation by salmonids, which is a type of shoaling behaviour, may be composed of smaller 

juveniles, but most often they are composed of larger adults (Heggenes et al. 1993, Jakober et al. 

2000). Aggregations typically form in pools (Brown 1999, Jakober et al. 2000). Pools are the 

primary refuge for many stream dwelling salmonids during winter, as the increased depth and 

lowered water velocity allow for reduced energy demand and predation risk (Cunjak 1996, Brown 

et al. 2011).  

 

Figure 1.20 Conceptual and field representation of the changes in habitat availability in 

temperate streams (pool-riffle sequence) as winter progresses and ice accumulates. Figure 

adapted from (Cunjak 1996). 

 

In contrast to aggregating in pools during winter, some species at early life stages and smaller 

body sizes may hide or conceal themselves in the interstitial spaces of substrate during winter 
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(Cunjak 1996, Huusko et al. 2007). Furthermore, concealment can be within shallow and faster 

flowing habitats alternative to pools, such as riffle-run habitats (Cunjak 1988b). This strategy is 

most often observed in young-of-year and juveniles less than 25 cm (Cunjak 1988b, Heggenes et 

al. 1993, Jakober et al. 2000) but has also been observed to occur in larger adults (e.g. up to 43 

cm) (Meyer and Gregory 2000). During concealment, some individuals may even make 

movements down to 30 cm below the substrate surface in clean gravel and cobble (Erkinaro et al. 

1994). Accompanying the concealment strategy is often a strong photonegative response, where 

salmonids hide during the day and emerge in large numbers at night (Jakober et al. 2000, Meyer 

and Gregory 2000). In many cases emergence at night is suggested to be due because of the need 

to feed (Contor and Griffith 1995, Griffiths et al. 2003) even at water temperatures approaching 0 

°C (Murphy et al. 2006), but also because ice formation is greatest during the night (Heggenes et 

al. 1993). Because of the importance of concealment in winter, when interstitial spaces are 

limited, intra- and inter-specific competition can be high in salmonids (Gregory and Griffith 1996, 

Armstrong and Griffiths 2001, Harwood et al. 2002). In some cases where limited concealment 

habitat is available, mass exodus of smaller salmonids out of habitats or entire streams can occur 

(Armstrong and Griffiths 2001). 

Conclusion 

Winter is a critical period of survival for many salmonids residing in temperate streams 

(Cunjak 1996, Huusko et al. 2007). However, there is still limited knowledge for salmonid winter 

ecology in general (Cunjak 1996, Huusko et al. 2007), but specifically within high elevation 

mountain streams containing WCT (AWCTRT 2013). Land use and climate change impacts are 

major factors that may influence and alter winter habitat (Cunjak 1996).  Improper land use 

practices within agriculture, forestry and mining can result in decreased habitat complexity in 

winter, which is needed by salmonids at different life stages to facilitate overwintering survival 

(Cunjak 1996). Furthermore, improper land use can alter streamflows during winter, inducing 
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increased dynamic ice formation and stress on salmonid populations (Cunjak 1996). Even stream 

“enhancement” projects can have deleterious effects on salmonid populations if winter conditions 

are not considered (Cunjak 1996). Climate change in northern regions is expected to increase 

winter temperatures (Corell 2006), further altering winter regimes related to freeze and thaw 

cycles (Magnuson et al. 2000). Therefore, in order to properly manage and protect critical habitat 

and species at risk occurring in headwater streams now and into the future, a greater 

understanding into the dynamics of winter ecology is needed. 

Thesis Objectives and Organization 

Threatened pure WCT populations are currently under threats related to anthropogenic 

activities within the last remaining critical habitat for the species in Alberta (AWCTRT 2013). 

This thesis responds to the limited body of knowledge for WCT ecology within small, high 

elevation, mountain streams and is intended to help properly understand, assess and manage 

critical habitat for the last remaining pure populations of WCT in Alberta. The project will focus 

on and aim to understand the winter ecology of WCT and asses the potential effects of 

anthropogenic and global change, especially due to the direct impacts of proposed mining 

activities and development. The field sites were then selected accordingly and focus on the 

streams, Gold Creek and Blairmore Creek. Daisy Creek, a tributary within the upper Oldman 

watershed, and bordering the northern edges of drainage basin with Gold Creek and Blairmore 

Creek (Figure 1.3), will be used as an additional study stream. Specifically, this thesis will cover 

two important and broad objectives within those study streams:  

1. How does the current habitat (physical, chemical, biological, and spatial) relate to 

WCT populations in small, high elevation, Rocky Mountain streams? 

2. How do WCT populations of small streams respond to seasonal changes in 

habitat?  
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Chapter two of this thesis addresses the first main objective of describing and 

investigating the habitat and WCT populations in the study streams. Specifically, environmental 

aspects of specific habitat patches (pools) in relation to spatial considerations will be investigated. 

Further, environmental and spatial aspects of habitat will be related to WCT populations and their 

distributions within each study stream. Chapter three of this thesis addresses seasonal changes of 

WCT populations in relation to pool habitat in the study streams. Here, the winter period will be 

the focus, using summer habitat and population distributions as reference, then characterizing the 

main factors driving winter habitat use. Finally, chapter four will highlight the key findings of 

each previous chapter and present recommendations for managing WCT habitats and populations, 

and those specifically that are subject to potential future impairment by anthropogenic change.   
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Chapter 2 - Westslope Cutthroat Trout (Oncorhynchus clarki lewisi) Habitat and 

Populations in Three Headwater Streams 

Abstract 

Due to anthropogenic change many species have become threatened or endangered across 

the globe. In western Canada, Westslope Cutthroat Trout (Oncorhynchus clarki lewisi; WCT) are 

a species that have been severely impacted by anthropogenic change and are currently restricted 

to small headwater mountain streams and listed as threatened in Alberta. Recently, a coal mining 

project (Grassy Mountain Coal Project) was proposed near Blairmore, Alberta. Due to possible 

impacts to headwater stream habitat containing threatened WCT populations, research 

investigating the potential impacts were needed. Because of their importance to salmonids in 

small streams, pools were chosen as the main habitat patch of interest. The objectives of this 

research were to: 1) determine how landscape features at different scales influenced summer pool 

habitat characteristics within the chosen headwater streams; 2) determine which environmental, 

spatial, and biological factors composed of summer pool habitat influenced WCT populations. 

Among the three headwater streams studied, pool habitat only made up approximately 6 % of the 

available habitats during late summer. Large scale stream features related to differences in 

watersheds and geomorphology gradients were found to have a superimposed influence on 

smaller scale pool habitat characteristics. Specifically, characteristics, such as those related to 

physical habitat, water quality and connectivity, influenced pool habitat characteristics. Lastly, 

analysis of WCT populations showed that these pool characteristics significantly influenced WCT 

abundance and biomass. Changes in pool characteristics such as further decreased connectivity, 

shallowing of pools, and reduced cover due to further anthropogenic change will have negative 

effects to threatened WCT populations in these headwater streams.  
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Introduction 

 Due to anthropogenic change, many species across the world are threatened to become 

extinct (Baillie et al. 2004, Venter et al. 2006). Canada currently lists 521 species as endangered 

or threatened under the federal Species at Risk Act (SARA) (COSEWIC 2018). In the mountain 

ranges of western Canada, Westslope Cutthroat Trout (Oncorhynchus clarki lewisi; WCT) are a 

species that have been severely impacted by anthropogenic change, specifically urbanization, 

agricultural and industrial development (AWCTRT 2013). The combined threats of habitat loss 

and alteration, competition with non-native species (e.g. Brook Char Salvelinus fontinalis), as 

well as genetic introgression with Rainbow Trout Oncorhynchus mykiss have reduced pure WCT 

populations to only 5 % of the historical range in Alberta (Mayhood & Taylor 2011; AWCTRT 

2013). This has led to WCT being listed as threatened in Alberta and as of special concern in BC 

under SARA (COSEWIC 2016). Most WCT populations are now restricted to high elevation 

headwater streams, and the sole mechanism in maintaining genetic purity among many WCT 

populations are physical barriers, isolating WCT populations from downstream Rainbow Trout 

populations (Rasmussen et al. 2010). 

Anthropogenic activities on the landscape are increasing the pressure and impact on aquatic 

resources within critical habitats of WCT (Farr et al. 2017, 2018). Habitat loss and fragmentation 

across landscapes forces managers to prioritize, conserve and restore habitat for threatened 

species within watershed networks (Rieman and Dunham 2000). One of the principle land-uses 

within the Eastern Slopes of the Rocky Mountains that impact aquatic environments is large scale 

surface mining. In contrast to the underground mining methods of the past (Felske 1991), large 

scale surface mining along the mountains and foothills of Alberta has developed over time as 

commonly used practice for the removal of coal (Government of Alberta 2018). Concurrently, 

surface mining activities across North America have become of increased interest due to the 

growing amount of evidence indicating the negative effects on aquatic ecosystems, namely altered 

hydrology and water pollution (Palmer et al. 2010). Recently, a coal mining development (Grassy 
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Mountain Coal Project) was proposed near Blairmore, Alberta. It is expected that these activities 

will influence and alter the hydrology of nearby basin catchments (SRK Consulting Inc. 2016), 

likely impacting fish habitat. The future coal mine impacts are of particular interest due to the 

presence of threatened WCT in both headwater streams surrounding the mine site, Blairmore 

Creek and Gold Creek (Fisheries and Oceans Canada 2014). 

Differences in landscape features (e.g. vegetation, geology, land use, climate) play an 

important role in influencing characteristics of streams and rivers (Charlton 2008), which 

ultimately influences habitat. Landscape features influence how water enters and exits streams 

and how sediment erosion, transport, and deposition occur, which all influence channel formation 

(Charlton 2008). Headwater streams, particularly those in mountainous areas, provide highly 

heterogeneous and complex systems due to the considerable spatial and temporal variability 

among landscape features, those of which determine local habitat conditions. Often, salmonids 

(i.e. trout, char, salmon) require specific microhabitat features during different seasons and life 

stages, such as for spawning, rearing, and overwintering (Bjornn and Reiser 1991). The 

microhabitat features water velocity, cover, depth, and substrate vary among specific habitat 

patches (e.g. riffles, runs, pools) and are considered to be critical components of salmonid ecology 

(Bjornn and Reiser 1991).  

Spatial considerations of habitat are often lacking in ecological research, particularly  

regarding salmonids in fluvial environments (i.e. streams and rivers) (Rieman and Dunham 2000, 

Falke and Fausch 2010). Suitable habitat patches that fish require are contained within a linear 

network of less suitable habitat. Within the stream network, required habitat patches also occur at 

varying distances from one another. Barriers within the network further restrict movement among 

habitat patches, either completely or temporarily. Spatial position of needed habitat patches within 

stream networks have a significant influence on obligate aquatic organisms, such as fish, as 

movement by those organisms is restricted to only within the network (Rieman and Dunham 
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2000). Thus, when there are strong effects of habitat heterogeneity, spatial scale, and dispersal in 

fluvial environments, fish populations may become spatially structured (i.e. metapopulation 

theory) (Rieman and Dunham 2000, Falke and Fausch 2010). The headwater stream habitats that 

are currently occupied by WCT along the Rocky Mountains of southern Alberta, have been 

shaped by past glacial and tectonic forces which provide a wide range of landscape features 

(Beaty 1975). These features in landscape likely dictate the characteristics and spatial position of 

habitat patches within these headwater stream networks and thus influence WCT populations.  

This study investigates the ecological impacts of environmental and spatial factors 

influencing WCT populations within potentially mine impacted headwater streams. Pools were 

identified as the main habitat patch of interest, as they are often noted in the literature to be the 

primary habitat of many stream dwelling salmonids (Bjornn and Reiser 1991). The objectives of 

this study are to: 1) describe how landscape features at different scales influence summer pool 

habitat characteristics within the chosen headwater streams and 2) determine which 

environmental, spatial, and biological factors composed of summer pool habitat influence WCT 

populations. The overall goal of this study is to make recommendations to aid in the conservation 

of WCT in headwater stream habitats, specifically considering a proposed large-scale surface coal 

mine.  

Materials and Methods 

Study Area 

The study area is located along the east slopes of the Rocky Mountains of Southern 

Alberta, Canada (Figure 2.1). I selected three study streams within the larger Oldman watershed 

drainage system. Specifically, the study streams Gold Creek and Blairmore Creek are located 

within the Crowsnest River sub-watershed, and Daisy Creek within the Upper Oldman River sub-

watershed. All three streams share drainage basin borders at their headwaters and occur around 

the proposed Grassy Mountain Coal Project site. Total watershed area is similar among streams, 
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with the largest being Daisy Creek (64 km2), followed by Gold Creek (63 km2), and Blairmore 

Creek (51 km2). At their largest point and considering only perennial tributaries, all streams are 

3rd order in size (Strahler 1964, Bain and Stevenson 1999). Study sites are located along the 

length of all study streams at elevations between 1340 m to 1880 m, with main channel slopes 

ranging between 19.8 m/km to 22.5 m/km. Presence of pure and near pure WCT occur among all 

streams, with other species including native Bull Char Salvelinus confluentus (Daisy Creek), 

introduced Brook Char (Blairmore Creek and Gold Creek), native Mountain Whitefish Prosopium 

williamsoni (Blairmore Creek and Daisy Creek), and introduced Rainbow Trout (Blairmore 

Creek).    



 

 

43 

 

 

Figure 2.1 Study area map showing study stream watersheds, study sites (pools, N = 133), 

and barriers used in summer analysis. Surveyed stream area includes data from summers 

2016 and 2017. Points of interest include Grassy Mountain (site of the proposed Grassy 

Mountain Coal Mine), the historical town of Lille, and the towns of Coleman and Blairmore 

of the Crowsnest Pass. 
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Habitat 

Sampling Strata 

All streams where surveyed along their entire length to quantitatively characterize habitat 

within the streams’ main stems. Wetted width was measured to the nearest meter at 100 m 

transects along the entire length of the study streams and was later used to estimate wetted area 

(m2) of each stream. Each stream was stratified into three geomorphic segments, designated here 

as: canyon, alluvial, and headwater. Each segment contains characteristics of differing 

geomorphology, dictating the formation and characteristics of pool habitat. Each segment occurs 

in a consistent sequential order on each stream where the canyon is characterized by a highly 

confined, bed rock dominated channel (lowest elevations, 3rd order); the alluvial is characterized 

by an unconfined and alluvium (fluvial or glacial) dominated channel (mid elevations, 3rd to 2nd 

order); and the headwater is characterized by a moderately confined, boulder dominated channel 

(highest elevations, 2nd to 1st order).  

The study focuses on pools as the main habitat patch of interest. Pools were defined as 

areas within the stream with an average lower velocity and greater depth than the surrounding 

habitat. All pools throughout each of the streams entire length were identified, georeferenced with 

a global positioning system (GPS)(GARMIN, model 64s), characterized by type using a habitat 

classification system (modified from Flosi et al. 1998), and rated for habitat quality. Pool types 

included: dammed pool, lateral scour pool, mid-channel pool, plunge pool, side channel pool, step 

pool, and trench pool. The rating for habitat quality (low, medium, high) was based on subjective 

sampling (Brown and Austen 1996), where measured habitat values and the available literature 

suggested the most favourable habitat for stream dwelling salmonids. Suitable pool habitat was 

rated based on the maximum pool depth and available cover. Pools that were very deep and had 

the presence of cover were classified as high-quality pools. Pools that had diminished factors of 

depth or cover were classified as medium-quality. If pools were shallow and had little or no cover, 
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these pools were classified as low-quality pools. Since high-quality pools were limited, all high-

quality pools were sampled. Thirty randomly selected low and medium-quality pools were 

sampled among each stream, which were divided equally among geomorphic segments (5 low and 

5 medium quality pools each per stratum). Habitat and fish population data were collected for 

each selected pool during the summer low flow period (mid to late August and early September) 

of 2016 and 2017. 

Pool Habitat 

Pool length (longest axis) and wetted width (widest axis) were measured to the nearest 

meter, and later were used to estimate pool area (m2). Pool area was estimated using a standard 

ellipse area equation: 

𝐴 =  𝜋 𝑤 𝑙 

Equation 2.1 

where π = constant; w = wetted width divided by two; l = length divided by two. This was 

assumed to better approximate the typical oval shape observed among pools since only one length 

and width measurement were made (modified from Heifetz et al. 1986). Maximum depth was 

measured with a meter stick or measuring pole to the nearest centimetre at the deepest point 

within the pool. Pool water velocity (m/s) was estimated using the float method (Bain and 

Stevenson 1999). In this case, a neutrally buoyant object (an orange), was randomly placed 

upstream of the pool and floated through the length of the pool a minimum of five times. The 

average water velocity for the pool was then calculated. A multimeter (YSI Inc., model 556 MPS) 

was used to measure water quality parameters such as temperature (nearest 0.1 °C), conductivity 

(µS/cm), and dissolved oxygen (mg/L). Canopy coverage (%) was measured directly above the 

center of the pool, approximately 30 cm from the water surface with a densiometer (Bain and 

Stevenson 1999). 
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Qualitative estimates of habitat that were visually estimated consisted of available habitat 

cover, bank condition, turbidity, silt cover, and dominant substrate. Available habitat cover was 

visually estimated in relation to pool area (aerial estimate) (Department of Fisheries and Oceans 

and British Columbia Ministry of Environment 1989, Harper and Farag 2004). Habitat cover was 

defined here as the proportional area (%) of small woody debris (diameter < 30 cm), large woody 

debris (diameter > 30 cm), root mass, vegetation overhang, boulder, and undercut bank. Each 

cover type was estimated individually, and the percentages were then summed and converted to 

an available habitat cover score. The percent available habitat cover was scored as follows: 0-20 

% (1), 21-40 % (2), 41-60 % (3), 61-80 % (4), 81-100 % (5). Each pool bank (river right, river 

left) was separately evaluated for bank condition, rated as being low (no to little vegetation cover 

and/or loose small rocky material), moderate (moderate vegetation cover with some root mass 

and/or moderate rocky material cover including larger cobbles and boulders), or highly stable 

(high vegetation cover with deep root mass, multiple species and age classes and/or complete 

rocky material cover with larger boulders or bedrock). Bank type and habitat evaluation was 

modified from descriptions provided by Bain & Stevenson (1999). These ratings were later 

converted to a numeric value (low = 1, moderate = 2, high = 3) and an average was taken for the 

pool. Presence-absence of silt cover was noted by visually inspecting fine sediment cover over the 

substrate surface area. Turbidity was indirectly assessed based on visibility assessments during 

snorkel surveys and rated as: none, low, moderate, high, or very high (see fish surveys for further 

detail). Dominant substrate was classified as the substrate material that covered the greatest 

proportion of pool area. Dominant substrate was based off of a modified Wentworth classification 

system (Bain and Stevenson 1999), where substrate types were categorized as either bedrock, 

boulder (> 256 mm), cobble (256 – 64 mm), pebble (63 – 16 mm), gravel (15 – 2 mm), sand (1 – 

0.06 mm), silt (< 0.059 mm) or organic material.  
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Water velocity was only assessed during the summer of 2017 and held constant for the 

missing year assuming no significant change in flow. No flow data was available at the time of 

this study to allow comparisons between years 2016 and 2017. Available habitat cover, canopy 

cover and dominant substrate were assessed in detail during the summer of 2016, and reassessed 

if there was significant change to the pool in 2017 (e.g. due to spring flooding).  

Spatial Data 

Spatial data were derived from the geographic information system (GIS) software 

ArcMap (ESRI 2016) and field collected georeferenced data. Data were collected during summer 

surveys of 2016 and 2017 with a handheld global positioning system (GPS). Key tributaries to the 

study streams’ main stems were also surveyed for additional information on pool habitat and 

barriers during the summer of 2017. During initial surveys all pools identified were 

georeferenced. During the same time, streams and barriers were also georeferenced. For this 

study, only barriers previously known or obvious were considered, as full assessments to 

determine passability for all potential barriers encountered were not possible during the time 

period of this study. Barrier types for analysis included: water falls, weirs, debris jams and 

subsurface flow areas (dry sections of creek bed). Debris jams were frequently encountered on 

smaller tributaries in high gradient areas and were only considered when a full drop was greater 

than one meter (Kondratieff and Myrick 2006) and/or had flow through the structure (i.e. no water 

passing over the barrier). Georeferenced data collected in the field consisted of: pools (points), 

streams (lines), and barriers (points). These data were then later used in GIS for network analysis 

and watershed analysis. 

Network analysis allowed the calculation of distances regarding spatial position among 

pools within the stream network. Longitudinal position (km) of each pool was determined by 

measuring the distance from the upstream most boundary (end of all surface flow or other 

impassable barrier), to each downstream pool. To assess connectivity for each study pool, the 
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distance to the nearest pool upstream and downstream (m), and distance to the nearest barrier 

upstream and downstream (m) were measured. Different barrier types were set as either “active” 

(i.e. fish are not able to pass the barrier) or “inactive” (i.e. fish are able to pass the barrier) during 

the nearest pool analysis depending on flow direction and fish movement. For example, waterfalls 

and weirs allow fish movement in the downstream direction, but no fish movement in the 

upstream direction, so these barriers would be set as “inactive” for downstream calculations and 

set as “active” for upstream calculations. In contrast, subsurface flow sections do not allow any 

fish movement in either direction and so these barriers would always be set as “active”. Lastly, 

the total number of alternate pools was also counted for each study pool. In this case all barriers, 

including falls and weirs, were kept “active” during the analysis. Even though fish can access 

pools downstream of falls and weirs, if they were to go over the barrier, they would not be able to 

return to the former pool, effectively removing itself from the previous population. In the cases 

were no barrier was present below the study pool and connectivity extended into the larger 

watersheds (Crowsnest and Oldman), the maximum value plus a 50 % increase was used as the 

limit. This was done for both distance calculations and pool counts to avoid adding 

disproportionate weight to the analysis for those pools, yet still reflect the greater connectivity 

present.  

Watershed area (km2) and elevation (m) were also determined by GIS. This was done 

using a 10-meter digital elevation model (DEM) (Canadian GIS & Geomatics 2017) and the 

georeferenced stream and pool data. Elevation was determined by extracting DEM elevation 

values with matched pool location data. Watershed analysis was done to calculate watershed area 

for each pool using a flow direction raster derived from the DEM.  

Fish Survey 

Fish population surveys were performed using the least invasive methods possible, due to 

WCT being a threatened species (COSEWIC 2016). Snorkel surveys have been used as a non-
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invasive technique to estimate population size, size-class, and habitat use (Thurow 1994, O’Neal 

2007). Snorkel surveys for selected pools occurred just prior to habitat sampling with the 

snorkeler entering the stream from the downstream end of the pool so to not spook or disturb fish. 

Visibility was periodically checked by measuring the distance from a stationary object resembling 

a salmonid silhouette (a 20 cm long trout fishing lure with parr marks was used) to the maximum 

distance where the snorkeler could no longer see the object (Thurow 1994). Snorkel surveys were 

only performed if visibility in the pool was at a minimum of 2-4 m depending on stream size 

(Thurow 1994). When snorkel surveys encountered complex cover (e.g. undercut banks, log jams, 

boulder crevasses) that had limited amounts of light, an under-water flash light was used.  

Within pools fish were identified to species, counted, and put into size classes of 10 cm 

increments (< 10 cm, < 20 cm… to < 80 cm), with the exception of < 5 cm individuals, as 

suggested by Thurow (1994). Species identification during snorkel surveys were done using the 

key characteristics described for each species present in the study streams (Nelson and Paetz 

1992, Thurow 1994, Behnke 2002). Genetically pure WCT have been recorded above the lowest 

barrier (weir) located on Gold Creek, and in the headwaters of both Daisy Creek (Rasmussen et 

al. 2010) and Blairmore Creek (Fisheries and Oceans Canada 2014). However, the ability to 

distinguish WCT hybrids during these surveys based on phenotypic characteristics (i.e. 

morphological characteristics) such as coloration and spotting pattern are unreliable (Allendorf et 

al. 2004, Robinson 2007) and thus unless fish provided all phenotypic characteristics of positive 

Rainbow Trout identification, they were counted as WCT.  

Abundance within each pool and for each species was calculated based on the number of 

individuals per estimated surface area (m2). Biomass (g/m2) was estimated for WCT in each study 

pool using an equation derived from length-weight relationships of 1,235 WCT (Robinson 2007), 

predicting the mass (g) of an individual WCT based on the mean size class length (cm). The 

equation is: 
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𝑊𝐶𝑇 𝑚𝑎𝑠𝑠 (𝑔) = 0.0122𝑥3.0009 

Equation 2.2 

where x is WCT length (cm). Individual WCT masses were then summed and the total mass was 

divided by the pool area. Finally, a species diversity score was given to each pool, calculated as 

the sum of all possible species observed occurring to the point of last observation in the upstream 

direction. Here it is assumed if at the last point a species was observed along the length of the 

stream, it could be present in all pools below that point. Thus, a species did not need to be present 

during the time of sampling to be counted in species diversity score.  

Statistical Analysis 

To identify patterns among streams and geomorphic segments, a multivariate analysis 

approach was used. The environmental and spatial variables varied greatly by scale and in 

magnitude. As data often did not meet assumptions of linearity and normality, non-metric 

multidimensional scaling (NMDS) was chosen as the most appropriate method. Specifically, 

NMDS was used to assess the underlying gradients among study pools surveyed during the 

summer of 2016. The R package vegan was used to perform the NMDS analysis (Oksanen et al. 

2018). Essentially NMDS transforms the variable information into distances (Bray-Curtis was 

used) and maps them in a multidimensional space (ordination space) (Oksanen 2013). Data were 

square root transformed and then subjected to Wisconsin double standardization (Oksanen 2013). 

Wisconsin double standardization divides observations by their maxima and standardizes by the 

sites unit totals (Oksanen 2013). This transformation results in dissimilarity indices becoming 

identical in rank ordering (Oksanen 2013). All environmental and spatial variables were used for 

the NMDS analysis except those variables found highly colinear (e.g. r > 0.85 among elevation, 

longitudinal distance, and watershed area) based on Spearman Rank correlation. In this case the 

variable that had the highest correlation with WTC abundance and biomass was chosen for the 

analysis. Lastly, significance of factors within NMDS analysis are derived from class centroids, 
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where a goodness of fit statistic is calculated from R2 values and tested with permutations (e.g. 

999 permutations) (Oksanen 2013). 

Once gradients were visually assessed and key environmental and spatial variables 

identified, differences among creek and geomorphic segment groups were tested with one-way 

permutation analysis of variance (permANOVA) using the package LmPerm in R (Wheeler and 

Torchiano 2016). PermANOVA was used as some data remained non-normally distributed after 

transformations (using Shapiro-Wilk test (Quinn and Keough 2002)). A set number of 

permutations (10,000), was used to derive the likelihood (P) of group mean differences. When 

comparing means WCT abundance and biomass among streams, one-way analysis of variance 

(ANOVA) was used. To make multiple comparisons between means, Tukey’s honestly significant 

difference (HSD) test was used (Quinn and Keough 2002).  

Multiple Linear Regression Model 

To identify key variables influencing WCT abundance and biomass in pools during the 

summer of 2016, a multiple linear regression approach was used. A total of 133 observations were 

used for model development, to identify key variables influencing WCT abundance and biomass 

in pools during the summer of 2016. Correlation analysis was used to determine the correlation 

(and its significance) between each independent variable and WCT abundance and biomass in 

pools using the R package Hmisc (Harrell 2017). Some independent variables remained non-

normally distributed and so the robust Spearman Rank based correlation was used (Quinn and 

Keough 2002). Significant correlations (P ≤ 0.05) between independent variables and dependant 

variables were investigated further. If a pair of independent variables were highly colinear (r ≥ 

0.75) one of the two variables was eliminated from the analysis. The remaining variables were 

used for model development.  
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All categorical variables (i.e. factors) for which have values that range on a scale (e.g. 

available habitat cover score, bank condition, turbidity, and silt cover) were treated as continuous 

variables and transformed into numeric values (Quinn and Keough 2002). Other categorical 

variables such as creek, geomorphic segment, pool type, and dominant substrate were instead 

interpreted using their factor levels (Quinn and Keough 2002). For example, coefficients for 

categorical variables in the model were derived through a partial regression slope, which 

measures the difference in the adjusted mean of the dependant variable between each level of the 

category to the reference category (e.g. reference category being the highest adjusted mean) 

(Quinn and Keough 2002). For the remaining independent variables with highly skewed 

distributions logarithmic transformations (X = log10 or X = log10 [X + 1] if zeros were present) 

were able to approximate normality and linearity (Quinn and Keough 2002). To confirm if 

normality and linearity was achieved through transformation, histograms were visually assessed, 

and a Shapiro-Wilk test was performed.  

Stepwise regression procedures using the R package MASS (Venables and Ripley 2002), 

utilized forward and backward selection to provide the most parsimonious model as determined 

by the lowest Akaike Information Criterion (AIC) (Quinn and Keough 2002). Multicollinearity 

was checked after model development by the variance inflation factor using the R package car 

(Fox and Weisberg 2011), where values less than 5 were considered optimal (Craney and Surles 

2002). Further, model assumptions were evaluated using diagnostic plots for normality, linearity, 

and influential observations (Zuur et al. 2007). Relative importance of model variables (%) were 

calculated using the R package relaimpo, in which the R2 partitioned averaging over orderings 

method was used (Grömping 2006). 

After a model was produced and assumptions met, to see if observed trends were 

consistent through time, the equation derived from the summer 2016 data was used to predict 

WCT abundance and biomass in pools using data values from the summer of 2017. The predictive 
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ability was determined similar to common cross-validation techniques (Hair et al. 2006), where 

the accuracy of estimates were evaluated by comparing predicted and actual values through: (1) 

assessing the root mean square error; (2) assessing the mean absolute error; and (3) examining 

Pearson correlation coefficients between observed and predicted values (Wiley et al. 2004, 

Walther and Moore 2014). Root mean square error and mean absolute error were calculated using 

the R package Metrics (Hamner and Frasco 2017). 

All statistical analyses were conducted using the programming language R (R Core Team 

2016) running within RStudio (RStudio Team 2015). The package ggplot2 was used for graphical 

display of data (Wickham 2009). All independent variables encompassing environmental, spatial 

and biological components of pool habitat were also given variable codes (Table 2.1). 
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Table 2.1 Descriptions and codes for all independent variables used in analyses.  

Component 

of Pool 

Habitat 

# Independent Variable Description (Units) Code 

Spatial 

1 Study Streams * CREEK 

2 Geomorphic Segment * SEGMENT 

3 Elevation (m) ELEV 

4 Longitudinal Distance Downstream (km) LONG 

5 Watershed Area (km2) WTSH 

6 Distance to Nearest Pool Downstream (m) DISNPD 

7 Distance to Nearest Pool Upstream (m) DISNPU 

8 Distance to Nearest Barrier Downstream (m) DISNBU 

9 Distance to Nearest Barrier Upstream (m) DISNBD 

10 Alternate Number of Pools  ALTPOOL 

Chemical  

11 Conductivity (µS) COND 

12 Dissolved Oxygen (mg/L) DO 

13 Water Temperature (°C) TEMP 

Physical  

14 Pool Type * POOLTYPE 

15 Maximum Depth (m) MAX_DEPTH 

16 Area (m2) AREA 

17 Pool Velocity (m/s) VEL 

18 Turbidity c TURB 

19 Dominant Substrate * DOMSUB 

20 Silt Cover a SILT 

21 Available Habitat Cover (%) HABCOV 

22 Canopy Coverage (%) CANOPY 

23 Bank Condition b BCOND 

Biological 

24 Species Diversity SPDIVERSITY 

25 Bull Char Abundance (BLCH/m2) BLCH_ABUND 

26 Brook Char Abundance (BKCH/m2) BKCH_ABUND 

27 Mountain Whitefish Abundance (MNWH/m2) MNWH_ABUND 
* variable is a factor – see methods for level classification 
a values are scores ranging 1 to 2 
b values are mean scores ranging 1 to 3 
c values are scores ranging 1 to 5 
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Results 

Habitat 

A total of 602 pools were identified across the three study streams (Blairmore N = 172, 

Daisy N = 177, and Gold N = 253), from which a total of 133 pools were sampled (Blairmore n = 

42, Daisy n = 44, Gold n = 47). During the summer of 2017, 4 study pools on Blairmore were not 

surveyed due to increased turbidity from a tributary draining off Grassy Mountain. The increase 

in turbidity did not meet the required minimum visibility for snorkel surveys to take place.  

A total of 12 barriers were identified in the mainstems of the study streams during the 

summer of 2016 and a total of 11 barriers identified during the summer of 2017 (Table 2.2). In 

addition, a total of 10 barriers limiting upstream movement by WCT were observed on main 

tributaries to the study streams during the summer of 2017, which included fall, debris, and 

subsurface flow barriers. 

Table 2.2 Barriers identified on study stream mainstems during the summers of 2016 and 

2017. 

  Barrier Type Blairmore Creek  Daisy Creek  Gold Creek 

2016    

 Subsurface Flow 0 4 4 

 Falls 2 0 1 

 Weir 0 0 1 

 Debris Dams 0 0 0 

2017    

 Subsurface Flow 0 3 4 

 Falls 2 0 1 

 Weir 0 0 1 

 Debris Dams 0 0 0 

 
Among all study streams, pools within channel mainstems only accounted for on average 

6 % of the entire stream surface area. Lateral scour pools were the most common pool type among 

pools sampled for habitat (35.3 %), followed by step pools (30.1 %), mid-channel pools (20.3 %), 

plunge pools (9.8 %) and all other pool types (5.2 %) (Figure 2.2). There was no statistical 
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difference among streams for pool type (permANOVA: F2,130 = 0.899, P = 0.409), however, pool 

type differed significantly among geomorphic segments (permANOVA: F2,130 = 6.05, P = 0.003). 

Pool type was significantly different between canyon and alluvial segments (P = 0.002), but not 

between alluvial and headwater segments (P = 0.245) or between canyon and headwater segments 

(P = 0.143). Alluvial segment pools were predominantly lateral scour pools (44.7 %). In contrast, 

canyon segment pools were predominantly step pools (48.0 %). Headwater segment pools were 

comprised of mixed pool types including lateral scour pools (31.1 %), mid-channel pools (26.6 

%), step pools (24.4 %), and plunge pools (17.7 %).  
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Figure 2.2 Total count of pool types sampled in all study streams among geomorphic 

segments during the summer of 2016 (N = 133). For pool type code descriptions: DAM = 

dammed pool; LATSC = lateral scour pool; MID = mid-channel pool; PLUNGE = plunge 

pool; SIDE_CHAN = side channel pool; STEP = step pool; and TRENCH = trench pool. 

 

Cobble was the most common dominant substrate found among all study pools (47.4 %) 

(Figure 2.3). There was no statistical difference among streams for dominant substrate 

(permANOVA: F2,130 = 2.14, P = 0.122), however, dominant substrate differed significantly 

among geomorphic segments (permANOVA: F2,130 = 4.06, P = 0.019). Dominant substrate was 

significantly different between canyon and headwater segments (P = 0.016), but not between 
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canyon and alluvial segments (P = 0.205) or between alluvial and headwater segments (P = 

0.611). Pool dominant substrate in alluvial segments was mainly comprised of cobble (71.1 %). 

Pools within canyon segments were dominated by cobble (46.0 %) and bedrock (24.0 %). Pools 

within headwater segments had mixed dominant substrate including: gravel (31.1 %), cobble 

(28.9 %), boulder (20.0 %), and pebble (17.8 %).   

 

Figure 2.3 Total count of dominant substrate types sampled in all study streams among 

geomorphic segments during the summer of 2016 (N = 133). See methods for dominant 

substrate classification.  
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Only three variables, including elevation, longitudinal position downstream, and 

watershed area, were determined to be highly colinear (all having r > 0.85). Because the inclusion 

of all three variables overpowered the analysis and made determining gradients of other variables 

difficult, only watershed area was chosen for the NMDS analysis. Watershed area was chosen 

over the other variables because it was found to have the greatest correlation with WCT 

abundance. All variables, excluding elevation and longitudinal distance downstream, were then 

used in the analysis.  

The final results of the NMDS analysis separated all study sites by the difference within 

their environmental and spatial data matrix. Separately, I asked questions on how the 

environmental and spatial variables describe variations first among study sites between streams 

(Figure 2.4) and second, variations of the same study sites between geomorphic segments 

(Figure 2.5). Post-hoc analysis revealed that stream groups identified among pools by NMDS 

were significant (r = 0.16, P < 0.001). Similarly, geomorphic segment groups identified among 

pools by NMDS were also significant (r = 0.16, P < 0.001). Further post-hoc analysis of 

significant vectors (P < 0.05) determined by NMDS were further assessed.  
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Figure 2.4 Non-metric multidimensional scaling (NMDS) plot showing environmental and 

spatial vectors (P < 0.05) among pools during the summer of 2016 (N = 133). Colour denotes 

the factor level within the variable Creek: Blairmore Creek (●), Daisy Creek (▲), and Gold 

Creek (■). Ellipses are drawn at one standard deviation and show group fitting between 

creeks. Blue arrows indicate the strength and direction of each environmental and spatial 

variable. For environmental and spatial variable code descriptions, see methods (Table 2.1). 
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Figure 2.5 Non-metric multidimensional scaling (NMDS) plot showing environmental and 

spatial vectors (P < 0.05) among pools during the summer of 2016 (N = 133). Colour denotes 

the factor level within the variable geomorphic segment: canyon (●), alluvial (▲), and 

headwater (■). Ellipses are drawn at one standard deviation and show group fitting between 

geomorphic segments. Blue arrows indicate the strength and direction of each 

environmental and spatial variable. For environmental and spatial variable code 

descriptions, see methods (Table 2.1). 

 

Environmental and spatial components of pool habitat were found to be significantly 

different among streams. The only variables showing no significant difference among streams 

were maximum depth, area, mean bank condition, and habitat cover score (Table 2.3). Tukeys 

HSD test further revealed significant differences between streams. Generally, Gold Creek pools 

during summer were characterized by having low turbidity, little silt cover, cold water 

temperatures, low conductivity, higher dissolved oxygen, and higher water velocity. In contrast, 

Blairmore Creek pools during summer were characterized by having higher turbidity, higher silt 
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cover, higher water temperatures, higher conductivity, lower dissolved oxygen, and lower water 

velocity. Daisy Creek pool characteristics remained intermediate in comparison to both streams, 

but generally had the highest conductivity and lowest canopy cover.  

Table 2.3 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for environmental and spatial variables in study pools between Blairmore Creek (n = 

42), Daisy Creek (n = 44), and Gold Creek (n = 47) during the summer of 2016. 

  Blairmore Creek Daisy Creek Gold Creek   
  Variables Mean ± SE F value P 

Environment        

 Maximum Depth (m) 0.82 ± 0.05 0.79 ± 0.06 0.90 ± 0.06 1.02 0.365 

 Area (m2) 23.9 ± 2.5 65.4 ± 21.5 40.3 ± 4.6 2.65 0.075 

 Pool Velocity (m/s) 0.13 ± 0.01b 0.11 ± 0.02b 0.27 ± 0.03a 16.50 <0.001 

 Conductivity (µS) 218.0 ± 5.5b 319.1 ± 7.8a 211.3 ± 7.1b 76.02 <0.001 

 Turbidity *** 2.0 ± 0.1 a 1.0 ± 0.0b 1.2 ± 0.1b 59.22 <0.001 

 Water Temperature (C°) 10.3 ± 0.4b 9.5 ± 0.3b 7.7 ± 0.3a 19.63 <0.001 

 Dissolved Oxygen (mg/L) 11.1 ± 0.2a 11.6 ± 0.2ab 11.8 ± 0.2c 3.96 0.021 

 Silt Cover * 2.0 ± 0.0a 1.4 ± 0.1b 1.4 ± 0.1b 30.19 <0.001 

 
Mean Bank Condition ** 2.4 ± 0.1 2.5 ± 0.1 2.6 ± 0.1 1.85 0.161 

 Habitat Cover Score *** 1.7 ± 0.2 1.6 ± 0.1 1.7 ± 0.1 0.11 0.899 

 Canopy Coverage (%) 27.9 ± 3.4ab 19.4 ± 3.3a 35.0 ± 3.5c 5.36 0.006 

Space      
 

Elevation (m) 1496.7 ±17.8b 1628.4 ±19.6a 1501.7 ±17.8b 16.26 <0.001 

 
Watershed Area (km2) 27.8 ± 2.4 29.6 ± 3.6 35.0 ± 2.9 1.72 0.183 

 Longitudinal Distance (km) 7.4 ± 0.7 8.5 ± 0.9 8.2 ± 0.8 0.44 0.648 

 Nearest Pool Upstream (m) 98.8 ± 12.2 79.6 ± 10.9 80.1 ± 11.3 0.90 0.410 

 Nearest Pool Downstream (m) 84.6 ± 11.7 82.8 ± 11.7 69.0 ± 8.0 0.68 0.508 

 Nearest Barrier Upstream (km) 3.3 ± 0.4a 4.1 ± 0.5a 2.3 ± 0.3a 5.00 0.008 

 Nearest Barrier Downstream (km) 23.7 ± 0.0ab 12.8 ± 1.5c 10.6 ± 1.5a 28.94 <0.001 

Total Number of Alternate Pools  380.9 ± 14.5b 346.7 ± 30.7b 105.7 ± 6.3a 59.73 <0.001 

Means that do not share a letter are significantly different 
* values are scores ranging 1 to 2 
** values are mean scores ranging 1 to 3 

*** values are scores ranging 1 to 5 

 

Elevation, distance to the nearest barrier upstream, distance to the nearest barrier 

downstream, and the total number of alternate pools were statistically significant among streams 

(Table 2.3). Elevation was highest in Daisy Creek pools, in comparison to both Gold Creek and 

Blairmore Creek pools. Out of all three streams, Blairmore Creek pools had the highest degree of 
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connectivity, while Gold Creek pools had the lowest degree of connectivity. Daisy Creek pools 

were intermediate to both Blairmore Creek and Gold Creek in terms of connectivity. Specifically, 

Blairmore Creek pools had longer distances on average to the nearest barrier downstream and 

access to the highest number of alternate pools. In contrast, Gold Creek had the shortest distances 

on average to the nearest barrier downstream and upstream, and access to the lowest number of 

alternate pools.   

Environmental and spatial components of pool habitat were also found to be significantly 

different among geomorphic segments. The only variables showing no significant difference 

among geomorphic segments were dissolved oxygen, turbidity and silt cover (Table 2.4). Tukeys 

HSD test further revealed differences between geomorphic segments. Generally, canyon segment 

pools during summer were characterized by having the greatest maximum depth, higher surface 

area, highest water velocity, highest water temperature, highest conductivity, lowest habitat cover 

score, and low canopy coverage. In contrast, headwater segment pools during summer were 

characterized by having the lowest maximum depth, lowest pool area, lowest water velocity, 

lower conductivity, highest habitat cover score, and highest canopy coverage. Alluvial segment 

pools were intermediate to both canyon and headwater segments, however, pools located here on 

average had the lowest bank condition.   
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Table 2.4 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for environmental and spatial variables in study pools between geomorphic segments 

canyon (n = 50), alluvial (n = 38), and headwater (n = 45) during the summer of 2016.  

  Canyon Alluvial Headwater  

  Variables Mean ± SE F value P 

Environment     

 Maximum Depth (m) 1.14 ± 0.06c 0.75 ± 0.04b 0.58 ± 0.02a 41.10 <0.001 

 Area (m2) 58.2 ± 5.1b 59.4 ± 24.4b 13.6 ± 1.3a 4.35 0.015 

 Pool Velocity (m/s) 0.27 ± 0.03c 0.18 ± 0.02b 0.06 ± 0.01a 26.09 <0.001 

 Conductivity (µS) 287.5 ± 9.7a 222.2 ± 8.8b 229.1 ± 8.4b 16.09 <0.001 

 Turbidity *** 1.5 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.49 0.229 

 Water Temperature (C°) 10.1 ± 0.3a 8.8 ± 0.5b 8.3 ± 0.3b 9.44 <0.001 

 Dissolved Oxygen (mg/L) 11.7 ± 0.2 11.5 ± 0.3 11.4 ± 0.1 0.58 0.561 

 Silt Cover * 1.6 ± 0.1 1.6 ± 0.1 1.5 ± 0.1 0.96 0.384 

 
Mean Bank Condition ** 2.6 ± 0.1b 2.2 ± 0.1a 2.7 ± 0.1b 14.13 <0.001 

 Habitat Cover Score *** 1.3 ± 0.1a 1.7 ± 0.2ab 2.0 ± 0.1c 7.09 0.001 

 Canopy Coverage (%) 16.1 ± 2.0b 24.9 ± 3.8b 42.8 ± 3.6a 20.13 <0.001 

Space       
 

Elevation (m) 1403.7 ± 6.8a 1544.2 ± 9.7b 1693.9 ± 10.4c 281.00 <0.001 

 
Watershed Area (km2) 53.28 ± 1.3c 28.7 ± 1.2b 8.5 ± 0.2a 459.90 <0.001 

 Longitudinal Distance (km) 13.9 ± 0.3c 7.5 ± 0.3b 2.0 ± 0.5a 431.00 <0.001 

 Nearest Pool Upstream (m) 79.0 ± 10.7b 119.2 ± 14.6a 65.3 ± 7.8b 5.89 0.004 

 Nearest Pool Downstream (m) 69.0 ± 7.9b 108.9 ± 14.2a 64.1 ± 8.9b 5.16 0.007 

 Nearest Barrier Upstream (km) 3.9 ± 0.5b 4.06 ± 0.4b 1.7 ± 0.2a 11.50 <0.001 

 Nearest Barrier Downstream (km) 23.7 ± 0.0a 12.01 ± 1.8b 9.2 ± 1.3b 44.01 <0.001 

Total Number of Alternate Pools  354.7 ± 32.5a 97.2 ± 25.3b 207.8 ± 10.6b 9.92 <0.001 

Means that do not share a letter are significantly different 
* values are scores ranging 1 to 2 
** values are mean scores ranging 1 to 3 

*** values are scores ranging 1 to 5 

 

A significant difference was found for all spatial variables among geomorphic segments 

(Table 2.4). The canyon segment pools were generally characterized as having the lowest 

elevation, largest watershed area, and greatest longitudinal distance downstream. In addition, 

canyon segment pools typically had the highest degree of connectivity, such as having farther 

distances to the nearest barrier downstream and having the greatest access to more alternate pools. 

In contrast, headwater segment pools had the highest elevation, smallest watershed area, and 

shortest longitudinal distance downstream. Although both alluvial and headwater segments had a 

lower degree of connectivity, such as having shorter distances to the nearest barrier downstream 
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and less access to alternate pools. However, alluvial segments further differed from headwater 

segments by having significantly farther distances to nearest pools upstream and downstream.  

Fish Communities and Populations 

  Out of the total fish counted (2016 N = 2375; 2017 N = 1860), WCT (including hybrids) 

were found to be the most abundant species among all study streams during both summers (2016 

= 94.6 %; 2017 = 92.2 %). Furthermore, within individual streams among both summers, WCT 

were still the most abundant species: Blairmore Creek (2016 = 92.2 %; 2017 = 95.9 %), Daisy 

Creek (2016 = 99.2 %; 2017 = 97.8 %), Gold Creek (2016 = 89.8 %; 2017 = 72.4 %). In 

Blairmore Creek the remainder of fish counted were composed of Brook Char (2016 = 7.7 %; 

2017 = 4.1 %), Mountain Whitefish (2016 = < 0.1 %; 2017 = 0 %), and Rainbow Trout (2016 = 

0.3 %; 2017 = 0 %). In Gold Creek the remainder of fish counted were composed of only Brook 

Char (2016 = 10.2 %; 2017 = 27.6 %). Finally, in Daisy Creek the remainder of fish counted were 

composed of only Bull Char (2016 = 0.8 %; 2017 = 2.2 %).  

Among streams, ranges of species diversity were from one to five. Only salmonid species 

were found in these headwater streams. Increased species diversity was significantly correlated to 

decreasing elevation (r = -0.59, P < 0.001), increasing longitudinal distance downstream (r = 

0.80, P < 0.001), and increasing watershed area (r = 0.72, P < 0.001). WCT were the only 

salmonid species found at the highest elevations among all streams.  

During both summers, Brook Char in both streams were not found above 1445 m of 

stream elevation (Blairmore 1444 m, Gold Creek 1445 m). Brook Char abundance in pools 

(Blairmore Creek and Gold Creek, N = 89) was correlated to elevation (r = -0.59, P < 0.001), 

longitudinal distance downstream (r = 0.42, P < 0.001), and watershed area (r = 0.41, P < 0.001). 

Furthermore, elevation (R2 = 0.35, P < 0.001), longitudinal distance downstream (R2 = 0.38, P < 

0.001), and watershed area (R2 = 0.37, P < 0.001) strongly explained cube root transformed Brook 

Char abundance.  
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During both summers, Bull Char in Daisy Creek were found up to 1717 m of stream 

elevation. Bull Char abundance in pools (Daisy Creek, N = 44) was correlated to elevation (r = -

0.34, P = 0.0012), longitudinal distance downstream (r = 0.34, P = 0.0012), and watershed area (r 

= 0.34, P = 0.0012). Elevation (R2 = 0.13, P < 0.001), longitudinal distance downstream (R2 = 

0.14, P < 0.001) and watershed area (R2 = 0.15, P < 0.001) did only weakly explain cube root 

transformed Bull Char abundance. Both Brook Char abundance (R2 = 0.31, P < 0.001) and Bull 

Char abundance (R2 = 0.13, P < 0.001) significantly increased with increasing pool depth.  

Westslope Cutthroat Trout  

 Mean WCT abundance and biomass in pools among all streams in 2016 was 0.63 ± 0.07 

WCT/m2 and 17.7 ± 1.59 g/m2 and in 2017 was 0.42 ± 0.04 WCT/m2 and 20.3 ± 1.89 g/m2. 

However, WCT abundance and biomass varied considerably among pools during both summers 

2016 and 2017, with values ranging from 0 to as high as 4.0 WCT/m2 and 109.0 g/m2. Although 

pools with zero WCT present were recorded, only 10 pools (3.8 %) out of all pools sampled had 

zero WCT observed for both 2016 and 2017 summer surveys. Nine of the fishless pools were 

located on Gold Creek. In pools, WCT abundance differed significantly between summers 2016 

and 2017 (ANOVA: F1,260 = 5.33, P = 0.022), however WCT biomass did not differ significantly 

between summers 2016 and 2017 (ANOVA: F1,260 = 0.257, P = 0.613).  

WCT abundance in pools was significantly different among streams (Table 2.5). During 

both summers Blairmore Creek had significantly more WCT present per pool compared to Daisy 

Creek and Gold Creek. WCT were also more abundant in Daisy Creek than Gold Creek during 

both summers. WCT biomass in pools was also significantly different among streams during both 

summers. Biomass in pools did not differ significantly between Blairmore Creek and Daisy 

Creek. Gold Creek had significantly lower WCT biomass in pools compared to both, Blairmore 

Creek and Daisy Creek. Mean WCT abundance and biomass among geomorphic segments was 

not significantly different (Table 2.6).  
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Table 2.5 Estimated Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2), 

descriptive statistics, and analysis of variance (ANOVA: F2, 130) results between study 

streams during the summer of 2016 and 2017. 

Blairmore Creek Daisy Creek Gold Creek   

  Mean ± SE F value P 

Summer 2016      

N 42 44 47   

Abundance (WCT/m2) 1.12 ± 0.14c 0.66 ± 0.10b 0.17 ± 0.04a 46.01 <0.001 

Biomass (g/m2) 22.94 ± 2.84b 20.65 ± 2.69b 10.29 ± 2.40a 13.91 <0.001 

Summer 2017      

N 38 44 47   

Abundance (WCT/m2) 0.82 ± 0.09c 0.35 ± 0.06b 0.15 ± 0.03a 32.75 <0.001 

Biomass (g/m2) 30.32 ± 4.13b 21.94 ± 2.78b 10.76 ± 2.36a 15.62 <0.001 

Means that do not share a letter are significantly different 

   
 

Table 2.6 Estimated Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2), 

descriptive statistics, and analysis of variance (ANOVA: F2, 130) results between geomorphic 

segments during the summer 2016 and 2017. 

 Canyon Alluvial Headwater   

  Mean ± SE 

F 

value P 

Summer 2016      

N 50 38 45   

Abundance (WCT/m2) 0.41 ± 0.06 0.70 ± 0.14 0.83 ± 0.14 2.276 0.107 

Biomass (g/m2) 15.68 ± 2.30 22.24 ± 3.47 16.14 ± 2.58 0.908 0.406 

Summer 2017      

N 46 38 45   

Abundance (WCT/m2) 0.31 ± 0.06 0.43 ± 0.09 0.51 ± 0.08 1.331 0.268 

Biomass (g/m2) 19.19 ± 2.89 24.78 ± 3.84 17.76 ± 3.16 1.695 0.188 

 

WCT Regression Model 

Nine variables were significantly correlated to summer 2016 WCT abundance and three 

variables were significantly correlated to summer 2016 WCT biomass (Table 2.7). Spearman 

rank correlation identified three variables to be colinear: WTSH – LONG (r = 0.98, P < 0.001), 

WTSH – ELEV (r = -0.89, P < 0.001) and LONG – ELEV (r = -0.87, P < 0.001). Elevation and 

longitudinal distance were subsequently removed from further analyses as watershed area had a 
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higher significant correlation with WCT abundance. The remaining variables significantly 

correlated with WCT abundance and biomass were used for multiple linear regression model 

development. WCT abundance and biomass distributions were highly right skewed (Poisson 

distributed), thus cube root transformations (X = X 1/3) were used instead of logarithmic 

transformations to approximate normality and linearity (Quinn and Keough 2002). Normality and 

linearity were achieved through transformation, as indicated through visually assessing the 

histograms and the Shapiro-Wilk test statistic (Abundance W = 0.97, P < 0.001; Biomass W = 

0.95, P < 0.001). 
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Table 2.7 Correlation analysis (Spearman rank correlation coefficients (r)) results for 

summer 2016 data. Relationships are among environmental, spatial and biological variables 

by Westslope Cutthroat Trout abundance (WCT/m2) and biomass (g/m2) in pools (N = 133). 

For environmental, spatial and biological variable code descriptions, see methods. 

 Variable 

Abundance 

(WCT/m2) 

Biomass  

(g/m2) 

CREEK -0.65** -0.37** 

STRATUM 0.07 -0.11 

POOLTYPE -0.05 0.03 

DEPTH 0.00 0.30** 

AREA -0.22* 0.09 

VEL -0.31** -0.14 

CONDUCT 0.04 0.08 

TURB 0.27** 0.12 

TEMP 0.28** 0.17 

DO -0.17 -0.03 

DOMSUB 0.23** 0.09 

SILT 0.25** 0.18* 

HABCOV 0.23** 0.04 

CANOPY 0.01 -0.14 

BCOND -0.04 0.02 

ELEV 0.20* 0.07 

WTSH -0.27** -0.05 

LONG -0.20* 0.00 

DISNPU 0.17 0.07 

DISNPD 0.07 0.09 

DISNBU 0.12 0.11 

DISNBD 0.22* 0.17* 

ALTPOOLS 0.50** 0.31** 

SPDIVERSITY -0.07 0.04 

BKCH_ABUND -0.03 0.02 

BLCH_ABUND -0.01 0.22* 

MNWH_ABUND 0.03 -0.05 

**Indicates significance at P < 0.01 

*Indicates significance at P < 0.05  
 

Stepwise procedures (forward and backward) were used to developed two multiple linear 

regression models, one model to explain WCT abundance in pools, and another model to explain 
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WCT biomass in pools. The best predictor model for WCT abundance in pools during the summer 

of 2016 consisted of four variables: Stream with levels Blairmore Creek, Daisy Creek, and Gold 

Creek (CREEK), log transformed pool area (AREA), habitat cover score (HABCOV), watershed 

area (WTSH), and the number of alternate pools (ALTPOOLS) (Equation 2.3). The WCT 

abundance model accounted for 49.6 % (adjusted R2) of the variation in WCT abundance in pools 

(Ra
2 = 0.496; F = 22.66; P < 0.001). CREEK was proportionally the most important variable in 

the model, explaining 53.5 % of the variance. AREA and ALTPOOLS explained 2.6 % and 20.9 

% of the variance but were both not significant in the model (P = 0.105; P = 0.092). HABCOV 

and WTSH were both significant in the model (P < 0.001; P = 0.009) and explained 13.7 % and 

11.1 % of the variance.  

 

𝑌 = 0.628 − 0.159𝐷𝐴𝐼𝑆𝑌 − 0.447𝐺𝑂𝐿𝐷 +  0.124 𝑙𝑜𝑔10(𝐴𝑅𝐸𝐴) + 0.098𝐻𝐴𝐵𝐶𝑂𝑉

− 0.005𝑊𝑇𝑆𝐻 + 0.0004𝐴𝐿𝑇𝑃𝑂𝑂𝐿𝑆 

Equation 2.3 Multiple linear regression equation predicting cube root transformed WCT 

abundance (WCT/m2) in pools during the summer of 2016 (Ra
2 = 0.496; F = 22.66; P < 

0.001). Variables include: Daisy Creek (DAISY), Gold Creek (GOLD), log transformed area 

(m2) (AREA), habitat cover score (HABCOV), watershed area (km2) (WTSH), and the 

number of alternate pools (ALTPOOLS). 

Using the summer 2017 data set (N = 129) the WCT abundance model accounted for 35.3 

% (adjusted R2) of the variation in WCT abundance in pools. Root mean square error was 

calculated at 0.30 or 0.03 WCT/m2, and mean absolute error was calculated at 0.23 or 0.01 

WCT/m2. A significant correlation between model predictions and observed WCT abundance was 

also found (r = 0.59, P < 0.001). These measures indicate that this model was successful in 

predicting observed trends in WCT abundance in pools during the summer of 2017. 

The best predictor model for WCT biomass consisted of 3 variables: Stream with levels 

Blairmore Creek, Daisy Creek, and Gold Creek (CREEK), maximum depth (MAX_DEPTH) and 

the number of alternate pools (ALTPOOLS) (Equation 2.4). The WCT biomass model accounted 
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for 29.0 % (adjusted R2) of the variation in WCT biomass in pools (Ra
2 = 0.290; F = 14.48; P < 

0.001). CREEK explained 54.1 % of the variance in the model. MAX_DEPTH was the second 

significant variable in the biomass model (P < 0.001) and explained 33.1 % of variance. 

ALTPOOLS was the third variable in the model (P = 0.068) and explained the least amount of 

variance (12.9 %).  

𝑌 = 2.072 − 0.089𝐷𝐴𝐼𝑆𝑌 − 1.506𝐺𝑂𝐿𝐷 + 1.155𝑀𝐴𝑋_𝐷𝐸𝑃𝑇𝐻 −  0.001𝐴𝐿𝑇𝑃𝑂𝑂𝐿𝑆 

Equation 2.4 Multiple linear regression equation predicting cube root transformed WCT 

biomass (g/m2) in pools during the summer of 2016 (Ra
2 = 0.290; F = 14.48; P < 0.001). 

Variables include: Daisy Creek (DAISY), Gold Creek (GOLD), maximum depth (m) 

(MAX_DEPTH), and the number of alternate pools (ALTPOOLS). 

 

Using the summer 2017 data set (N = 129) the WCT biomass model accounted for 24.3 % 

(adjusted R2) of the variation in WCT biomass in pools. Root mean square error was calculated at 

1.91 or 1.29 g/m2 and mean absolute error was calculated at 1.67 or 0.67 g/m2. A significant 

correlation between model predictions and observed WCT biomass was also found (r = 0.40, P < 

0.001). These measures indicate that this model also was successful in predicting observed trends 

in WCT biomass in pools during the summer of 2017. 

Discussion 

This study investigated the ecological impacts of the environmental and spatial factors of 

pool habitat and how they influenced WCT populations within potentially mine impacted 

headwater streams. Specifically, the objectives of this study were to first determine how 

landscape features at different scales influence pool characteristics within the chosen headwater 

streams. The second objective was to determine which environmental, spatial, and biological 

factors that constituted pool habitat influenced WCT abundance and biomass.  

Among the three headwater streams studied, large scale stream features have a 

superimposed influence on smaller scale habitat characteristics. Specifically, a hierarchy of 
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habitat scale emerged, with watersheds and geomorphology superimposing pool habitat features. 

Study streams were found to have differing watershed characteristics and a gradient of 

geomorphological characteristics, such as those related to physical habitat, water quality and 

connectivity, which in turn influenced pool habitat characteristics. Lastly, analysis of WCT 

populations showed that as pool characteristics changed under different watershed and 

geomorphological conditions, they significantly influenced WCT abundance and biomass. 

Pool Habitat Among Landscapes and Watersheds 

The most influential variable associated with both WCT abundance and biomass was 

related to the specific watershed in which the population was contained. Due to the significant 

differences in pool habitat found among and within study streams, landscape features strongly 

influenced pool habitat. Differences in landscape features (e.g. vegetation, geology, land use, 

climate) play an important role in influencing characteristics of streams and rivers (Charlton 

2008), which ultimately influences habitat. Landscape features influence how water enters and 

exits streams or how sediment erosion, transport, and deposition occurs (Charlton 2008). These 

features therefore influence channel formation and the habitats contained within them. The main 

differences in habitat observed among my study streams (i.e. watersheds) was related to water 

quality variables such as temperature, silt cover, and turbidity.  

Summer Water Temperature 

Water temperature influences habitat quality among streams and geomorphic segments. 

Stream shading by canopy cover, including vegetation and other overhead cover, reduces the 

amount of direct radiation entering streams, effectively moderating maximum water temperatures 

(Amaranthus et al. 1989, Rutherford et al. 1997, Johnson 2004). In my study streams, the 

increased canopy cover in the headwater segments was reflected in the cooler water temperatures. 

Johnson (2004) reported in addition to shade, differences in substrate type also affect water 

temperature. Specifically, bedrock substrates could increase daily maximum water temperatures 
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over alluvial substrates due the limited amount of hyporheic exchange (Johnson 2004). Hyporheic 

exchange is the mixing of surface and shallow subsurface water through porous sediment (i.e. re-

emergent surface water) (Kalbus et al. 2006). Another and possibly more significant source of 

cooler water in streams is groundwater (i.e. water stored in deep underground aquifers) (Kalbus et 

al. 2006). Groundwater contributions to streams significantly reduce stream temperatures and 

maintain streamflow during summer, consequently influencing stream salmonid populations 

(Power et al. 1999). 

Cold water streams are often found to be positively associated with WCT and are 

highlighted as critical remaining habitat for the species persistence (Muhlfeld et al. 2009, Yau and 

Taylor 2013, 2014). Interestingly, the warmest streams (i.e. Blairmore Creek and Daisy Creek) 

had significantly higher WCT abundance and biomass. In contrast, Gold Creek had the lowest 

water temperatures among pools and had significantly lower WCT abundance and biomass. 

However, hybridization between WCT and Rainbow Trout has occurred in Blairmore Creek 

(Fisheries and Oceans Canada 2014) and Daisy Creek, while no hybridization has occurred in 

Gold Creek above permanent barriers (Rasmussen et al. 2010). WCT-Rainbow Trout hybrids 

have a higher water temperature tolerance and optimum than pure WCT (Yau and Taylor 2014). 

Thus, the relationship between higher WCT abundance and higher water temperatures could be a 

result of hybridization with Rainbow Trout within the study streams. Yet, the greatest proportion 

of hybridization in Blairmore Creek and Daisy Creek has occurred in the lowest elevations while 

pure WCT in those streams remain in the higher elevations (Rasmussen et al. 2010, Fisheries and 

Oceans Canada 2014). Stream temperatures in higher elevations of Blairmore Creek and Daisy 

Creek are both warmer than the mean temperature of all Gold Creek, and yet still have higher 

abundance and biomass of WCT. 

A study by Isaak and Hubert (2004) found summer stream temperature, trout densities 

and biomass relationships were non-linear among 24 first to fourth order montane streams. That 
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is, there was an upper and lower temperature threshold that could no longer support trout 

populations (Isaak and Hubert 2004). It may be also possible that among my study streams, the 

colder water temperatures that negatively affect WCT abundance and biomass were captured in 

Gold Creek. Bear et al. (2007) found the optimal growth temperature range of wild stock WCT in 

Montana was between 13 – 15 °C and that the upper lethal water temperatures were near 20 °C. 

Average water temperature during both summers within the Gold Creek study pools was only 7.5 

°C, nearly half of the optimal reported by Bear et al. (2007). Cold water temperatures reduce 

growth rates of trout in streams, due to reduced metabolism rates (Xu et al. 2010). WCT require 

water temperatures approaching 8 °C for optimal spawning (Nelson and Paetz 1992, Behnke 

2002). In Gold Creek, water temperatures in some areas were never higher than 5 °C during both 

summers. Colder water temperatures in Gold Creek could limit or delay spawning opportunity. 

Late spawning would induce late fry emergence and reduced growth, which could result in poor 

overwintering success (Smith and Griffith 1994, Magee et al. 1996, Coleman and Fausch 2007a). 

Cold summer temperature regimes (mean July water temperatures of 7.4 °C) have been shown to 

limit recruitment of age-0 Cutthroat Trout (O. c. pleuriticus and O. c. stomias) in high-elevation 

streams (Coleman and Fausch 2007b). Furthermore, cold summer temperature regimes caused 

recruitment bottlenecks in age-0 Colorado River Cutthroat Trout (O. c. pleuriticus) reared in 

laboratory streams (Coleman and Fausch 2007a). Therefore, extremely cold summer water 

temperatures could have contributed to the lower observed WCT abundance and biomass in Gold 

Creek pools. In contrast, Blairmore Creek and Daisy Creek both had significantly higher summer 

water temperatures than Gold Creek, much closer to optimum, even in the highest elevations 

where pure WCT occur (8 – 12 °C). Warmer water temperatures in Blairmore Creek and Daisy 

Creek in comparison to Gold Creek, likely contribute to better recruitment, growth and survival.  
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Silt Cover and Turbidity 

Silt cover and turbidity significantly influenced WCT abundance and biomass among 

streams. Specifically, study streams with increased silt cover and turbidity (Blairmore Creek and 

Daisy Creek) had higher WCT abundance and biomass (Figure 2.6). These results are in contrast 

to literature that suggests increased siltation and turbidity negatively affect trout in streams due to 

lower reproductive success and food production (Tebo Jr. 1955, Waters 1983, 1995). Siltation in 

particular is often associated with naturally erosive geology (Magee et al. 1996), natural 

disturbances such as wild fire (Florsheim et al. 1991) and increased land-use (Rabeni and Smale 

1995, Wagenhoff et al. 2011). Berkman and Rabeni (1987) found that as fine sediment increased, 

the distinction between habitats such as riffles, runs and pools decreased, reducing invertebrate 

diversity and altering food resources for fish. Sedimentation fills interstitial spaces between 

gravel, effectively reducing spawning success and embryo survival (Jensen et al. 2009). However, 

Magee et al. (1996) found in spite of increased fine sediment levels within naturally sediment-rich 

stream basins and low predicted emergence success of fry, Cutthroat Trout recruitment was 

unaffected and densities were high (32.5 – 43.5 Cutthroat Trout / 100 m2). High fry mortality due 

to low emergence success, could  have led to decreased fry densities, and consequently, may have 

resulted in decreased competition, increased growth, and compensatory survival (Magee et al. 

1996). In addition, Magee et al. (1996) also suggested that the small, resident Cutthroat Trout 

may have been adapted to high fine-sediment loading because small egg sizes survive better than 

large eggs in highly sedimented substrates (van den Berghe and Gross 1989). The majority of 

WCT observed in Blairmore Creek were small (93 % ≤ 20 cm). It may be possible that in this 

case, the increased silt cover and turbidity in Blairmore Creek was not enough to negatively effect 

the resident WCT and may have contributed to the smaller sizes observed and thus increased 

abundance.  
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Figure 2.6 Examples of different levels of silt cover and turbidity observed in study streams 

during summer. A) Blairmore Creek canyon segment pool with extensive silt cover on 

substrate and moderate to high turbidity; B) Gold Creek alluvial segment pool with no silt 

cover on substrate and turbidity at low to none.  

Physical Habitat 

Generally, streams and rivers most often increase in size moving downstream in a 

watershed as water flow accumulates (Strahler 1964). Thus, it is no surprise certain physical 

variables measured among pools, such as maximum depth and water velocity were closely related 

to longitudinal position, elevation and watershed area. In addition to stream size, stream habitat 

on a small scale is often found to be a function of larger geologic processes (Lanka et al. 1987). 

Lanka et al. (1987) presented evidence that drainage basin morphology and trout standing stock 

were related through a functional link between geomorphic features and stream habitat. When 

they compared geomorphic variables of forest and rangeland streams they found that larger scale 

geomorphic variables (e.g. basin area, basin relief, channel slope, drainage density, elevation, 

stream order) easily explained smaller scale stream measurements (e.g. average reach width, 

reach gradient, reach velocity, substrate type, width:depth ratio), which together best explained 

trout biomass (Lanka et al. 1987). Specifically, stream measurements such as increased 

width:depth ratio (i.e. increasingly wider and shallower stream channels) were negatively 

correlated with trout biomass (Lanka et al. 1987). However, in rangeland streams for example, 

increased width:depth ratio was significantly related to decreasing reach elevation and increasing 

A B 
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stream order (Lanka et al. 1987). In my study streams, maximum depth in pools was found to 

significantly influence WCT biomass, however geomorphic segments significantly influenced 

pool type (e.g. lateral scour, step, plunge) which is a function of channel formation, velocity, 

substrate and depth (Flosi et al. 1998). Furthermore, canyon segment channels were dominated by 

bed rock which is conducive for forming long lasting, deep pools. In contrast, alluvial segment 

channels were dominated by alluvium, which is easily moved when banks are unstable, which is 

less conducive for forming deep pools. Physical pool characteristics, such as depth of pools, 

reflect the differences in landscape between canyon and alluvial segments, specifically features 

related to geology, rather than stream size alone. Therefore, incorporating landscape features such 

as geomorphology at various scales in analyses of headwater stream habitats are important in 

interpreting responses by stream dwelling salmonid populations such as WCT. 

Deeper pools supported higher WCT biomass. Since biomass did not differ among 

geomorphic segments, depth was the most important physical characteristic of pools influencing 

WCT biomass. In manipulation experiments, Brown Trout Salmo trutta biomass (Greenberg et al. 

2001) and Cutthroat Trout biomass (Gowan and Fausch 1996) increased when pool depth 

increased. The increased biomass I observed in deeper pools is likely due to higher numbers of 

larger WCT being present in those pools, as the relationship between length and weight is 

exponential. In particular, other studies have often noted that larger, adult trout use deeper pools 

(Baltz et al. 1991, Vondracek and Longanecker 1993, Gowan and Fausch 1996). Greenberg et al. 

(2001) suggests that large trout use pools with greater depth during the day to avoid predation.  

In contrast to biomass, my results show that WCT abundance was not related to pool 

depth, and instead cover was the most important factor. Similar to my results, other studies have 

reported that variability in trout abundance in streams is not related to pool depth (Lewis 1969, 

Horan et al. 2000). Instead, Lewis (1969) identified habitat cover in pools as the most important 

factor describing variation in Brown Trout densities. However, in Lewis' (1969) study the pool 
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depths investigated were within a narrower range (mean pool depth range 0.4 – 0.8 m) compared 

to the wider range of pool depths in my study (max pool depth range 0.3 – 2.3 m), yet with a 

similar conclusion. In contrast to larger trout, smaller juvenile trout often use shallower habitats 

(Baltz et al. 1991, Vondracek and Longanecker 1993) and are usually more abundant than larger 

fish (Anderson and Neumann 1996). Therefore, in my study streams, increased cover within pools 

is more important for smaller WCT as they use shallower habitats (indicated by high abundance), 

while increased pool depth is more important for larger WCT as they prefer deeper habitats 

(indicated by higher biomass). Since cover in pools was increasingly limited in the downstream 

canyon segments, particularly with less undercut banks and woody debris, depth becomes 

increasingly more important to larger WCT further downstream. In contrast, alluvial and 

headwater segments may have provided habitat more suitable for the smaller WCT as even 

though pools are shallower, they contained higher amounts of cover.  

Spatial Variation in Abundance – Watershed Area and Connectivity 

Variation in WCT abundance in pools was not only explained among the different 

streams, but the model also suggested variation in WCT abundance in pools was related to spatial 

position within streams. Specifically, as watershed area decreased WCT abundance increased. 

WCT biomass however was not related to watershed area. This means there were fewer fish in 

lower stream segments, but they were larger. In contrast, there were more fish in the upper stream 

segments, but they were smaller. The higher abundance further up in the watershed may reflect 

differences in population recruitment. For example, Magee et al. (1996) found that recruitment 

was most successful in the higher elevation sub basins (1st – 2nd order) and lowest in the lower 

elevation sub basins. They attributed this difference to better spawning substrate found in the 

higher elevations within streams, leading to higher numbers of younger juvenile trout (Magee et 

al. 1996). In my study streams, pools with substrate conducive for spawning (i.e. clean gravels) 

were more abundant within the headwater segments and could have granted greater recruitment 

and higher numbers of WCT.   
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Lower WCT abundance in pools with larger watershed areas could also be due to 

cumulative effects from human activities such as the number of roads and trails, cattle grazing, 

and recreational activity (e.g. off-road vehicle use and angling) (Figure 2.7). Lanka et al. (1987) 

noted that an increase in human impacts in higher order streams could result in the lower observed 

trout biomass in their streams. Increasing road density has been shown to negatively impact trout 

and char populations due to decreased suitable spawning substrate (i.e. through sedimentation) 

and reduced connectivity (Rieman et al. 1997, Baxter and McPhail 1999, McCaffery et al. 2007). 

For example, in my study watersheds there are a number of off-road trails and roads that are 

regularly used, many of which have stream crossings. Along just Daisy Creek’s mainstem alone, 

there were a total of thirteen stream crossings observed, all with no bridge or culvert present. 

Furthermore, increased access due to roads may increase angling pressure within lower elevation 

segments of my study streams, which may be impacting WCT more than in higher elevation 

segments. Increased road access has been found to increase angling pressure in a number of 

systems and effect population structure (Gunn and Sein 2000, Parker et al. 2007, Kaufman et al. 

2009). In addition, in even catch and release fisheries, increased exploitation and recapturing of 

individuals can have the potential to induce stress and mortality on salmonid populations (Schill 

et al. 1986). Lastly, another prominent impact throughout these watersheds were concentrations of 

cattle, which in most areas had direct access to the streams and their tributaries. Increased grazing 

intensity can have substantial impacts to water quality, including increased fine sediment and 

excess nutrients (Meehan and Platts 1978). Additionally, increased grazing intensity around 

streams can alter stream habitat by reducing streamside cover (e.g. undercut banks and 

vegetation) whereby increasing stream temperatures and reducing bank stability (Meehan and 

Platts 1978, Platts 1991). Altered stream habitats through excessive grazing can also reduce the 

amount of pool habitat (Meehan and Platts 1978).      
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Figure 2.7 Examples of road and trail crossings, as well as cattle impacts within study 

streams. A) Typical road/trail crossing (Gold Creek). B) Old road/off-highway vehicle trail 

near unnamed tributary to Blairmore Creek. C) Cattle impacted area located on Blairmore 

Creek. Note the presence of salt blocks in close proximity to the creek in C. D) Heavy 

grazing impacts on the banks of Daisy Creek leading to reduced bank stability. Inset photo 

showing a large algae bloom in a pool during the summer (Daisy Creek), likely as a result of 

increased nutrient loading.  

 

Reduced connectivity in the headwater and alluvial segments may have led to increased 

WCT abundance within smaller watershed areas. Increased rocky, shallow and poorly developed 

soils, smaller watershed area, and increased slope, are all characteristics of higher elevation 

montane catchments and contribute to variable flows seasonally, particularly those catchments 

dominated by snowmelt (Sueker et al. 2000). Seasonal flow variability is then higher as water 

storage capacity decreases with increasing elevation and decreasing watershed size in these 

streams. Decreased flow and resulting decreased connectivity during summer among all streams 
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was evident (i.e. apparent by the prevalence of subsurface flow barriers) and was especially 

pronounced in the upstream segments (e.g. alluvial and headwater segments). Decreased 

connectivity due to low flows and subsurface barriers could be acting to increase WCT abundance 

(densities) in pools because alternate habitats are reduced or not accessible. Furthermore, the 

effect that low flows have on connectivity becomes further exasperated when pools are much 

farther apart, as was shown within alluvial segments. In contrast, low flows may impact WCT less 

in canyon segments as there are a greater amount of alternate pools which are closer together.  

Connectivity or the degree of isolation among habitats, on large scale (landscape) and 

small scale (habitat patches), influence dispersal, colonization, and gene flow within and among 

local populations (Rieman and Dunham 2000). Accessibility to high-quality pool habitat (i.e. 

availability of alternate accessible pools without impedance by a barrier) positively affected WCT 

abundance and biomass among streams and geomorphic segments. Blairmore Creek habitat was 

the best connected, as barriers were very limited, in turn granting greater access to more pool 

habitat. In contrast, Gold Creek contained multiple barriers, which limited access to alternate pool 

habitat, significantly reducing connectivity. Gowan & Fausch (1996) found that when pool habitat 

was artificially added to streams, abundance and biomass of large trout increased. However, 

immigration was the primary reason for the increase in their study and regional factors were likely 

influencing fish populations over large spatial scales (Gowan and Fausch 1996). Thus, even if 

deep pool habitat with enough cover is present within a stream, if fish cannot immigrate to those 

habitats due to barriers, effective habitat to those populations is reduced. As a negative 

consequence of increased connectivity to larger watersheds, the threat of hybridization with 

Rainbow Trout increases (Rasmussen et al. 2010), evident by current pure WCT populations in 

Gold Creek above barriers and hybridized WCT in lower elevations of Blairmore Creek 

(Rasmussen et al. 2010, Fisheries and Oceans Canada 2014). 
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Warming by climate change is expected to increase the variability of streamflows in 

mountainous areas of southern Alberta, particularly reducing summer and fall flows (Rood et al. 

2008) and increasing summer water temperatures (MacDonald et al. 2014). In addition, increased 

land use along the east slopes of southern Alberta is also expected to alter basin hydrology and 

reduce stream base flows in the future (Wijesekara et al. 2012). This may further decrease 

connectivity in these streams and increase the importance of high quality pool habitat as refuge 

during summer low flows.  

Fish Communities 

When Brook Char are introduced into an ecosystem, they often displace Cutthroat Trout from 

their native habitats (Krueger and May 1991, McIntyre and Rieman 1995, Thompson and Rahel 

1996, Shepard 2004, Roberts et al. 2017). However, WCT abundance and biomass was not 

significantly related to introduced Brook Char abundance in pools during my study. Instead, my 

results show WCT as the dominant species in both Blairmore Creek and Gold Creek and that 

Brook Char distribution was limited to the lowest elevations. In Blairmore Creek, the current 

distribution of Brook Char is likely the result of the permanent water fall barrier, which is limiting 

further upstream movement (Figure 2.8). In contrast, there is no permanent barrier blocking any 

further upstream movement of Brook Char in Gold Creek.  
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Figure 2.8 Species distributions within the study streams Blairmore Creek, Daisy Creek, 

and Gold Creek. Westslope cutthroat trout distributions are classified here as confirmed 

(positive identification during all survey types) or unknown/none observed (occurring on 

tributary locations were no positive identification occurred, mainly due to limited surveys, 

i.e. bank surveys). Barriers (seasonal and permanent) used in summer analysis are included. 

Also shown is Grassy Mountain (site of the proposed Grassy Mountain Coal Mine) of the 

Crowsnest Pass, Alberta. Note, this map does not consider or provide species distributions 

from other or historical sources. Data are derived from summer snorkel and bank surveys 

during the duration of this study (2016 – 2017).  
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Increased undercut bank cover and suitable stream temperature are primary abiotic variables 

supporting increased Brook Char invasions in mountainous streams of Southern Alberta 

(Warnock and Rasmussen 2013). Undercut bank cover increased further in the headwaters among 

all of my study streams. Thus, even though habitat cover is likely more than suitable for Brook 

Char farther in the headwaters of Gold Creek, the current distribution of Brook Char does not 

reflect this. Invasion ability of Brook Char into Cutthroat Trout habitat increases with higher 

water temperatures (De Staso and Rahel 1994, Dunham et al. 2002). However, at lower water 

temperatures (approximately ≤ 15 °C), Brook Char have no competitive advantage over similar 

sized Cutthroat Trout (Griffith, 1972; De Staso & Rahel 1994). Thus, Brook Char distribution in 

Gold Creek may be determined by the colder water temperatures in the upper stream segments as 

Brook Char have a limited ability to compete with WCT at those water temperatures. With future 

warming of the environment by climate change, Brook Char’s distribution and invasion ability is 

expected to increase (Roberts et al. 2017). In addition to illegal stocking above barriers 

(Thompson and Rahel 1998), this could extend Brook Char distribution further upstream in these 

watersheds.  

Currently, there are also habitats that lie outside of Gold Creeks’ mainstem and above 

permeant barriers that may be providing key source areas for the Brook Char population, those 

providing little competition with WCT (Figure 2.9). Letcher et al. (2007) found in their study of 

native Brook Char, that small tributaries with open access to larger stream networks provided 

reproductive sources and can be a significant factor in the population’s persistence. Within the 

distribution of Brook Char on Gold Creek, there is a small tributary named Green Creek which 

has been found to contain Brook Char in the lower gradient reaches and has been previously 

looked at as a possible reproductive source for the population (Hatfield Consultants 2016). 

Another possibly significant source of Brook Char is a pond, of which is directly connected to 

Gold Creek. This pond was dammed, possibly during the time the historic town of Lille and 
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railway line was active (1902-1912) (Felske 1991, Porter 2006), but has since been used by 

beaver Castor canadensis. In May of 2017, Brook Char fry were observed in abundance near a 

ground water seep located at the southwest corner of the pond. 

 

Figure 2.9 Possible reproductive sources of Brook Char on Gold Creek above a permanent 

barrier (waterfall). A) Pond near Gold Creek looking south-southwest. B) Brook Char fry 

observed in the pond during May of 2017 as indicated by red circles. C) Map showing pond 

location and Green Creek in relation to the historic town of Lille, barriers, and current 

Brook Char distribution within Gold Creek.   

Conclusion 

Pools in these headwater mountain streams makes up a very small proportion of total 

stream habitats but have a disproportionally high importance for WCT survival. Pool habitat 

characteristics can also vary considerably among watersheds and geomorphic segments. 

Sufficient cover in pools is one of the most important habitat features for WCT, however pool 

depth is an increasingly important habitat feature when cover is limited. In addition, physical 

barriers to movement are a significant influence, and specifically sections of subsurface flow and 

high waterfalls decrease connectivity and reduce fish presence in pools of separated stream 

sections. During low seasonal base flows in mountain streams, pool habitats are of increased 
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importance as seasonal refugia. However, future changes in the landscape and climate may further 

exacerbate or impair habitat in Rocky Mountain headwater streams in Alberta. These factors will 

likely increase isolation among and within WCT populations, and management of headwater 

stream habitat should consider the conservation and protection of deep and well-connected pool 

habitats in conserving threatened WCT populations.  
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Chapter 3 - Westslope Cutthroat Trout (Oncorhynchus clarki lewisi) Winter Pool 

Use in Three Small, Steep, Rocky Mountain Headwater 

Streams in Southern Alberta. 

Abstract 

Westslope Cutthroat Trout (WCT) Oncorhynchus clarki lewisi are a threatened species in 

Alberta, where most remaining WCT populations are restricted to small headwater streams along 

the Rocky Mountains’ eastern slopes. Winter is a critical time, where anthropogenic effects such 

as land-use, resource extraction, and climate change may have amplified effects on the survival of 

WCT populations. Comprehensive habitat surveys and non-invasive population estimate 

techniques, such as snorkeling and underwater cameras, were used to identify key features of 

WCT overwintering habitat quality, quantity and its use by WCT. This research focused on pools 

as the primary winter habitat for adult WCT, which is of increased importance for winter survival 

in small, high gradient mountainous streams. Using both habitat and spatial characteristics of 

pools, I investigated the feasibility of developing a two-step modelling approach to predict WCT 

winter habitat use within study watersheds. The first step in modeling incorporated multiple 

logistic regression methods, where summer habitat metrics in addition to seasonal changes in 

water temperature were able to reliably predict large WCT (> 20 cm) presence-absence in pools 

during mid winter by 82%. Where large WCT were present, the second step of modeling used 

multiple linear regression methods to predict large WCT abundance in winter. Here, generally the 

observed large WCT abundance during summer was not an indicator of winter large WCT 

abundance. However, during winter large WCT abundance responded to pool velocity, surface ice 

cover, and connectivity. The models identified key overwintering features and locations for 

threatened WCT within the study watersheds, which will lead to better informed decisions on the 

management of critical WCT habitat considering different land use practices and climate change.  
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Introduction 

Anthropogenic impacts across the world threaten water resources and aquatic biodiversity 

through physical and chemical impairment (Malmqvist and Rundle 2002, Sanderson et al. 2002, 

Vörösmarty et al. 2010). In particular, habitat loss and effects of increased land use are the 

leading causes of species extirpations and extinctions globally (Baillie et al. 2004, Venter et al. 

2006). However, changes in land use that negatively effect habitat may only be apparent within a 

seasonal context, for example during reproduction or environmentally challenging times of year 

(e.g. higher summer water temperatures vs. colder winter water temperatures) (Hicks et al. 1991, 

Cunjak 1996). Due to seasonal changes in the environment, what may be considered suitable 

habitat in one season, may not be suitable in another. In this case, although land use may not have 

a significant negative effect on summer habitat, negative effects may be more pronounced during 

winter (Cunjak 1996).  

Winter is often considered a critical time of year for stream dwelling salmonids because of the 

significant changes to stream habitat (Cunjak 1996, Huusko et al. 2007). Near freezing water 

temperatures and the resulting ice formation in streams and rivers is the main source of habitat 

change from summer to winter (Cunjak 1996, Huusko et al. 2007, Stickler et al. 2010, Brown et 

al. 2011). For example, cold water temperatures lower fish’s metabolism and thus activity 

(Cunjak 1988a) and consequently, reducing fish’s ability to respond to a predator or changing 

environmental conditions. Ice formation physically alters stream habitat by altering streamflow 

(Stickler and Alfredsen 2009, Stickler et al. 2010) and excluding available habitats (Craig 1989, 

Whalen et al. 1999). These changes to stream habitat in winter make salmonid populations 

particularly vulnerable to the effects from land use and other environmental change (Cunjak 

1996). 

In streams and rivers, ice can be described within three main groups: frazil, anchor, and 

surface ice (Huusko et al. 2007, Brown et al. 2011). Surface ice is formed at the water surface 



 

 

89 

 

within low velocity areas, such as slow runs and pools (Prowse 1994, Brown et al. 2011). In 

contrast, frazil and anchor ice are usually formed in turbulent areas of streams, such as riffles, 

which support sufficient supercooling (i.e. the cooling of water below 0 °C due to physical 

movement) throughout the water column (Martin 1981, Brown et al. 2011). Ice crystals that are 

suspended in the water column are termed frazil ice (Martin 1981, Brown et al. 2011). When the 

ice crystals are deposited on the bottom substrate, it is termed anchor ice (Martin 1981, Stickler 

and Alfredsen 2009, Brown et al. 2011). Frazil ice can be hazardous to fish due to the direct 

physiological effects to the respiratory system (e.g. abrading and plugging of the gills), caused by 

numerous and growing ice crystals (Brown et al. 1993). Frazil ice and anchor ice development 

also can cause substantial and rapid changes to habitat, physically altering water velocities and 

water depth (Brown et al. 1993, Stickler and Alfredsen 2009, Stickler et al. 2010). Ice growth that 

penetrates deep enough into the substrate can freeze incubating eggs and alevins of fall spawning 

salmonids (Reiser and Wesche 1979, Curry et al. 1995, Baxter and McPhail 1999).  

In general, groundwater influence in streams has a moderating effect on surface water, 

maintaining colder water temperatures during summer and warmer water temperatures during 

winter (Power et al. 1999). Since groundwater discharge is water that is stored in underground 

aquifers, in winter it usually maintains higher temperatures than that of surface water, dictating 

ice persistence and development in streams (Power et al. 1999, Lindstrom and Hubert 2011).  For 

example, in stream segments with high groundwater influence, little or no ice formation occurs 

which can provide thermal refuge for fish during winter (Brown and Mackay 1995, Power et al. 

1999). However, as groundwater discharge moves downstream from the original source, it is 

cooled by air temperatures resulting in dynamic ice forming processes (Brown 1999, Lindstrom 

and Hubert 2011).  

To avoid near freezing water temperatures and ice formation, smaller salmonids, usually 

young of the year and juveniles, seek concealment in the interstitial space of substrate and may 
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move to shallower habitats (Cunjak 1988b, Bjornn and Reiser 1991, Heggenes et al. 1993, 

Gregory and Griffith 1996, Jakober et al. 2000). In contrast, deep pools are the primary habitat 

used by larger bodied salmonids (mainly adults) in winter (Heifetz et al. 1986, Brown and 

Mackay 1995, Cunjak 1996, Bonneau and Scarnecchia 1997, Jakober et al. 1998, Brown 1999, 

Dieterman et al. 2018) because they are too large to conceal within cover interstices and must 

congregate in limited open habitat (Cunjak and Power 1986, Brown and Mackay 1995, Cunjak 

1996). Pool habitats contain lowered water velocities and increased physical space (e.g. in 

contrast to riffles), which provide conditions that facilitate reduced activity and predation risk 

(Cunjak 1996). The congregating behaviour of salmonids during winter in pools (a type of 

shoaling behaviour) is caused by habitat limitation, also called the “squeezing effect”, when 

salmonids are forced from alternative summer habitats due to further decreasing water 

temperatures and ice formation (Cunjak 1996, Brown 1999, Power et al. 1999). Although deep 

pools may often seem to provide conditions to facilitate refuge habitats in winter, not all deep 

pools are suitable. Even in deep pools, habitat suitability can be compromised by frazil and 

anchor ice development (Cunjak 1996).  

Spatial position of habitat and connectivity within stream networks plays an important role in 

the ecology of many stream dwelling salmonids (Rieman and Dunham 2000). For example, in 

order to avoid deleterious ice conditions, some fish make large migrations between summer and 

winter habitats (Brown and Mackay 1995, Cunjak 1996). Cutthroat Trout in an Idaho river system 

moved greater than 80 km to winter habitat (Bjornn and Mallet 1964). In less migrant life history 

forms of Cutthroat Trout, movements up to 2.5 km are not uncommon (Brown and Mackay 1995, 

Brown 1999). Continual dynamic ice forming processes throughout winter can further induce 

significant movements of salmonids (Brown 1999, Lindstrom and Hubert 2011). Thus, 

connectivity among habitats that provide winter refuge must be available when environmental 

conditions change.  
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Even though winter is considered a critical time, there is still limited knowledge surrounding 

winter salmonid ecology (Cunjak 1996, Huusko et al. 2007). The lack of knowledge of specific 

components of winter ecology is especially significant as we start to find land use practices and 

climate change have the ability to drastically alter winter habitats (Cunjak 1996, Quayle et al. 

2002). Improper land use management can lead to a loss of habitat complexity and altered 

streamflows (Bonta et al. 1997, Negley and Eshleman 2006, Ferrari et al. 2009, Bernhardt and 

Palmer 2011). Climate change in northern regions is expected to increase winter temperatures 

(Corell 2006), altering winter freeze and thaw cycles (Magnuson et al. 2000). Therefore, it is 

important to be able to describe winter habitats before they are altered which is imperative for 

proper fisheries management.  

Currently, little information exists for describing threatened Westslope Cutthroat Trout 

Oncorhynchus clarki lewisi (WCT) winter habitat, and what stream features are conducive for 

winter survival in small and steep mountain headwater streams (AWCTRT 2013). In Alberta, 

these major knowledge gaps have been identified in the recovery plan for the species (AWCTRT 

2013). Limits of technology and gear, as well as reduced accessibility to remote headwater 

streams in winter has hindered research in this area. Consequently, studies have mainly focused 

on rivers and larger streams (> 3rd order) (e.g. Brown & Mackay 1995; Brown 1999), and very 

few have looked at smaller and steep mountain headwater streams (≤ 3rd order) (e.g. Jakober et al. 

1998, 2000; Muhlfeld et al. 2001).  

Although deep pool habitat may be primarily suitable for WCT during winter (Brown and 

Mackay 1995, Jakober et al. 1998, 2000, Brown 1999), other factors, such as seasonal changes in 

environmental conditions, as well as spatial position within the stream network, may become 

important in explaining habitat use during winter. The main objectives of this study are to: 1) 

describe the seasonal changes in pool habitat, specifically focusing on water temperature, ice 

conditions, and the extent of barriers limiting movement among pools; 2) describe the seasonal 
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changes in size class specific WCT abundance in pools, which may be related to differences in 

concealment or aggregation in winter; 3) develop predictive models to explain WCT pool use, 

including presence-absence and abundance, from summer and winter habitat metrics.  

Materials and Methods 

Study Sites 

The study area is located along the east slopes of the Rocky Mountains of Southern 

Alberta, Canada (see Chapter 2, Figure 2.1). I selected three study streams within the larger 

Oldman watershed drainage system. Specifically, the study streams Gold Creek and Blairmore 

Creek are located within the Crowsnest River sub-watershed, and Daisy Creek within the Upper 

Oldman River sub-watershed. During the summer of 2016, streams were surveyed and stratified 

into three geomorphic segments: canyon, alluvial, and headwater. Pools are the main habitat patch 

of interest, where a total of 133 pools (randomly selected from a larger subset of all pools = 602) 

were identified for summer and winter sampling: Blairmore N = 43, Daisy N = 44, Gold N = 47. 

All of the study pools were georeferenced with a global positioning system (GPS)(GARMIN, 

model 64s) and characterized by type using a habitat classification system (modified from Flosi et 

al. 1998). For a full description of the study area, streams and geomorphic segments, see 

Materials and Methods in Chapter 2 (pg. 41). 

Summer habitat and fish surveys for all study pools were conducted within the low flow 

periods during mid to late August and early September. For the winter analysis, habitat and fish 

surveys took place during two main winter periods: early winter (November – December) and mid 

winter (January – February). Late winter surveys (March – April) were attempted for all streams, 

however, high variability of turbidity in Blairmore Creek due to partial snow melt led to 

conditions not adequate for snorkel surveys (e.g. visibility often < 0.5 m). Because late winter 

surveys contained incomplete fish and habitat data for Blairmore Creek, this period was not used 

for this analysis.  
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Stream Habitat 

Quantitative and qualitative stream habitat variables were assessed in pools during the 

summer of 2016 including but not limited to: maximum depth (cm), area (m2), pool velocity 

(m/s), dominant substrate, silt cover, available habitat cover, and bank condition (see Chapter 2, 

Materials and Methods, pg. 44, for descriptions on how variables were derived and Table 2.1 for 

a complete list of variables). Several summer habitat variables were not expected to change across 

the seasons and were held constant from summer 2016 to be used to predict WCT pool use during 

winter. These qualitative habitat variables held constant over winter were: available habitat cover, 

bank condition, silt cover, and dominant substrate. Maximum depth, area, and pool velocity were 

also held constant from summer to winter. Pool dimensions and velocity were kept constant 

because complete or accurate measurements for these variables in winter was difficult due to 

complete or partial ice and snow cover. Moreover, the removal of ice and snow cover to measure 

these variables was not conducted because of the threatened status of WCT in Alberta (Fisheries 

and Oceans Canada 2014). In this case, priority was given to minimize disturbance of critical 

habitat.  

During both summer and winter, water quality parameters were measured. Water 

temperature (nearest 0.1 °C), conductivity (µS/cm), and dissolved oxygen (mg/L) were measured 

with a multimeter (YSI Inc., model 556 MPS). Turbidity was assessed indirectly in a similar 

manner as summer fish surveys and rated as: none, low, moderate, high, or very high. In winter, 

the addition of air temperature and seasonal water temperature difference was used for analysis. 

Air temperature was measured to the nearest 1.0 °C using a standard outdoor thermometer. 

Seasonal water temperature difference was estimated by subtracting the observed average winter 

water temperature (mean water temperature taken between early and mid winter) by the summer 

water temperature. The difference between winter and summer water temperatures (i.e. seasonal 

variation) was used to estimate the moderating effect of groundwater on stream temperatures for 

each pool, since groundwater temperatures are much more stable throughout the year (i.e. small 
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seasonal temperature variation) in contrast to stream water temperatures, which vary strongly on a 

daily and seasonal basis (i.e. larger seasonal temperature variation) (Kalbus et al. 2006). 

Therefore, each study pool was assigned the calculated seasonal water temperature difference 

value for both summer and winter analyses to indicate groundwater influence. 

To further obtain detailed seasonal water temperature data in pools, water temperatures 

were also recorded using pendant temperature loggers (Onset-Hobo®, model numbers UA-002-64 

and UA-001-08). A subset of pools was randomly chosen (N = 55) with priority given to pools 

classified as potentially high quality (see Chapter 2, Materials and Methods, pg. 44). Loggers 

were attached to rebar and placed near the deepest part of the pool to avoid removal during spring 

flooding or ice scour. Loggers were set to record water temperature every hour for approximately 

one year (August 2016 to August 2017). Furthermore, because groundwater temperatures were 

not directly measured and later comparisons to stream temperature profiles were intended, to 

approximate groundwater temperature the average yearly air temperature was used (Power et al. 

1999, Kalbus et al. 2006, Menberg et al. 2014). Generally, the average yearly air temperature 

above the ground surface is equal to the temperature of groundwater (Power et al. 1999, Kalbus et 

al. 2006, Menberg et al. 2014). Data were used from five stations surrounding the study area 

(Pelletier Creek, Crowsnest River, Blairmore, Vicary Creek, Chapel Rock) and the mean average 

yearly air temperature was calculated for years 2016 and 2017 (Government of Alberta 

Agriculture and Forestry 2018). 

Measured winter habitat characteristics consisted of mean surface ice thickness and mean 

snow depth. Surface ice thickness was taken at the thickest and thinnest point found within the 

pool, measured to the nearest millimeter, and an average then taken for the pool. Snow depth was 

measured at the deepest and shallowest point within the pools’ surface area, measured to the 

nearest centimeter, and measurements were averaged for the pool. Percent surface ice cover (%), 

percent snow cover (%), presence of frazil ice and anchor ice, and cumulative ice exclusion were 
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assessed visually for each pool as metrics for qualitative winter habitat. Percent surface ice and 

snow cover were visually estimated in relation to the pools’ surface area and transformed into a 

scale as follows: 0-25 % (1), 26-50 % (2), 51-75 % (3), 76-100 % (4). The presence of frazil ice 

and anchor ice were both noted for the pool individually. Individually, percent surface ice, percent 

frazil ice, and percent anchor ice exclusion were visually estimated relative to the pool volume 

and summed up. Cumulative ice exclusion was then transformed into a scale in the same manner 

as surface ice and snow cover.  

Spatial Data 

 Spatial data were derived from field collected georeferenced data and the use of 

geographic information system (GIS) software ArcMap (ESRI 2016). During summer surveys 

pools, barriers and streams were georeferenced with a handheld GPS. In addition to spatial data 

collected within the study streams’ mainstems, key tributaries were also surveyed for additional 

information on pool habitat and barriers during the following summer of 2017. Only barriers 

previously known or obvious were considered, as full assessments to determine passability for all 

potential barriers encountered were not possible during the time period of this study. Barriers to 

fish movement were reassessed during winter surveys and the new barrier extent was 

georeferenced and used for winter analyses. Barrier types identified included: water falls, weirs, 

debris jams and subsurface flow areas (i.e. dry sections of creek bed). Debris jams were 

frequently encountered on smaller tributaries in high gradient areas and were only considered 

when a full drop was greater than one meter (Kondratieff and Myrick 2006) and/or had flow 

through the structure (i.e. no water passing over the barrier). 

To assess connectivity for each study pool, the distance to the nearest pool upstream and 

downstream (m), and distance to the nearest barrier upstream and downstream (m) were 

measured. Different barrier types were set as either “active” (i.e. fish are not able to pass the 

barrier) or “inactive” (i.e. fish are able to pass the barrier) during the nearest pool analysis 
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depending on flow direction and fish movement. For example, waterfalls and weirs allow fish 

movement in the downstream direction, but no fish movement in the upstream direction, so these 

barriers would be set as “inactive” for downstream calculations and set as “active” for upstream 

calculations. In contrast, subsurface flow sections do not allow any fish movement in either 

direction and so these barriers would always be set as “active”. Additionally, the total number of 

alternate pools were also counted for each study pool. In this case all barriers, including falls and 

weirs, were kept “active” during the analysis. Even though fish can access pools downstream of 

falls and weirs, if they were to go over the barrier, they would not be able to return to the 

originating pool, effectively removing themselves from the previous population. In the cases were 

no barrier was present below the study pool and connectivity extended into the larger watersheds 

(Crowsnest or Oldman River), the maximum value recorded plus a 50 % increase was used as the 

limit. This was done for both distance calculations and pool counts to avoid adding 

disproportionate weight to the analysis for those pools, yet still reflect the greater connectivity 

present.  

Other variables used during analysis to describe spatial position in streams included: 

longitudinal position (e.g. the distance from the upstream most boundary, downstream to each 

pool), watershed area, and elevation. For more detail on how spatial variables were derived see 

Materials and Methods section in Chapter 2 (pg. 44). 

Fish Surveys 

Due to WCT being a threatened species (COSEWIC 2016), fish population surveys 

during summer were performed using the least invasive methods possible. Snorkel surveys were 

first used as a non-invasive technique to estimate population size, size-class, and habitat use 

(Thurow 1994, O’Neal 2007). Snorkel surveys for selected pools occurred just prior to habitat 

sampling with the snorkeler entering the stream from the downstream end of the pool so to not 

spook or disturb fish. Visibility was periodically checked by measuring the distance from a 
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stationary object resembling a salmonid silhouette (a 20 cm long trout fishing lure with parr 

marks was used) to the maximum distance where the snorkeler could no longer see the object 

(Thurow 1994). Snorkel surveys were only performed if visibility in the pool was at a minimum 

of 2-4 m depending on stream size (Thurow 1994). When snorkel surveys encountered complex 

cover that had a limited amount of light (e.g. undercut banks, log jams, boulder crevasses), an 

under-water flash light was used. Lastly, because exceptionally large aggregations of WCT were 

encountered during winter, to make the most accurate count, a mean of five repeated snorkeling 

counts per pool was taken. Exceptionally large aggregations were defined as containing 50 or 

more individuals. 

Similar to summer surveys, the least invasive methods to minimize disturbance to threatened 

WCT were employed during winter. Thus, in winter snorkel surveys continued to be the primary 

means of fish surveys, however video camera surveys (Carlson and Quinn 2005, Mueller et al. 

2006) and bank surveys supplemented snorkeling whenever surface ice conditions (e.g. full 

surface ice cover) and extremely low temperatures (e.g. -20 to -30 °C)  prevented snorkel surveys. 

Where there was no surface ice present, visibility was excellent, and the entire pool could be 

viewed to the bottom (i.e. only in the shallowest pools), some surveys were conducted at the 

stream bank using polarized glasses (Figure 3.1) to limit disturbance on threatened overwintering 

fish. However, because the combination of these characteristics was rare, the majority of sites 

were surveyed using a camera.  

For camera surveys a commercial ice-fishing camera (Aqua-vu®, model 760cz) was used 

in combination with either an ice fishing tripod (Aqua-vu® Mo-Pod) or a modified four-meter-

long collapsible painting pole (Figure 3.2). When surface ice was present, the tripod was used to 

suspend the camera through a hole in the ice. If a hole through the ice was needed, a single hole 

was drilled through the center of the pool using a 16 cm diameter hand auger. If visibility was 

obstructed by features preventing a full view of the pool, additional holes were made. Using the 
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tripod allowed for a horizontal 360° view of the pool under ice cover. When surface ice was 

limited but air temperatures where too cold for snorkeling, the camera was mounted to a bracket 

on a painting pole (i.e. the bracket allowing the camera to pivot). Like snorkel surveys, the camera 

entered the pool from the downstream end near the shore so to not spook or disturb fish and then 

was moved up through the pool as needed. In both cases of camera use, the real time video 

captured in the field allowed counts, identification of species, and estimates of size classes on the 

adjacent 17.8 cm, full colour, Aqua-vu® fishing camera LCD monitor. To make the most accurate 

count, fish surveys were conducted a minimum of 15 min after the hole was drilled to allow fish 

to settle after being disturbed. However, fish were often observed in normal behaviour within a 

few minutes of the hole being drilled in the ice or the camera entering the pool. In cases were 

snow was sufficiently deep or ice sufficiently thick and the amount of light reaching the pool was 

limited, the used model of Aqua-vu® camera included an infrared lighting feature to capture 

video in low light conditions. If this feature was still not enough to view the pool due to extremely 

low light conditions, an under-water flood light (Aqua-vu®) was attached to the camera to aid in 

viewing. Fish had low fright response to light, a similar observation made by other studies 

(Jakober et al. 1998). After all surveys were completed, if holes in the ice were present or a hole 

in the snow was dug to access the pool, these features were carefully filled in and/or covered with 

snow or ice to ensure there was limited effect to habitat and fish. To limit any detection bias 

between the snorkel and camera surveys, cover that may provide concealment for fish (e.g. 

cobbles, wood debris) were not moved during snorkel surveys during summer or winter.  
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Figure 3.1 An example of a study pool that provided conditions for bank surveys. Note the 

aggregation of WCT can be seen in the center of the pool (indicated by the yellow circle), 

uninterrupted by cover or turbulence. 

 

Figure 3.2 Photos showing A) ice cover set up with camera and tripod (Aqua-vu®) used in 

fish surveys; B) pole set up used in fish surveys for remote sites when no ice cover was 

present and air temperatures posed a risk to the snorkeler. 

 

A B 
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Fish within pools were identified to species, counted, and put into size classes of 10 cm 

increments (< 10 cm, < 20 cm… to < 80 cm), with the exception of < 5 cm individuals (Thurow 

1994). Species identification during surveys was done using the key characteristics described for 

each species present in the study streams (Nelson and Paetz 1992, Thurow 1994, Behnke 2002). 

Genetically pure WCT have been recorded above the lowest barrier (weir) located on Gold Creek, 

and in the headwaters of both Daisy Creek (Rasmussen et al. 2010) and Blairmore Creek 

(Fisheries and Oceans Canada 2014). However, the ability to distinguish WCT hybrids during 

these surveys based on phenotypic characteristics (i.e. morphological characteristics) such as 

coloration and spotting pattern are unreliable (Allendorf et al. 2004, Robinson 2007) and thus 

unless fish provided all phenotypic characteristics of positive Rainbow Trout identification, they 

were counted as WCT.  

When conditions permitted both snorkel and camera surveys to take place (e.g. only 

partial ice cover), camera surveys were calibrated with snorkel surveys to ensure comparable 

counts. Here camera surveys were conducted first, then after a brief rest period (15-20 minutes), 

snorkel surveys took place. Camera surveys took place first as they were assumed to be less 

intrusive within the pool compared to snorkel surveys and because of this, camera surveys may 

detect less fish. Between these two methods, no significant difference among fish counts were 

found (see Results pg. 115). 

Abundance within each pool and for each species was calculated based on the number of 

individuals per estimated surface area (m2). Finally, a species diversity score was given to each 

pool, calculated as the sum of all possible species observed occurring to the point of last 

observation in the upstream direction. Here it is assumed if at the last point a species was 

observed along the length of the stream, it could be present in all pools below that point. Thus, a 

species did not need to be present during the time of sampling to be counted in species diversity 

score.  
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Statistical Analysis 

WCT abundance was checked for normality using Shapiro-Wilk test (Quinn and Keough 

2002), and due to zero inflation (variable containing high numbers of zeros and having a highly 

skewed Poisson distribution) transformations to include zeros were not possible. Thus, to test if 

salmonid abundance was statistically different among sample periods (summer, early winter, and 

mid winter) while still including “true” zeros, one-way permutation analysis of variance 

(permANOVA) using the package LmPerm in R (Wheeler and Torchiano 2016) was used. To 

make multiple comparisons between means, Tukey’s honestly significant difference (HSD) test 

was used (Quinn and Keough 2002). Further investigation of winter habitat characteristics also 

used this approach as many habitat variables were also non-normally distributed.  

Due to zero inflation of winter WCT abundance estimates in pools, a two-step modelling 

approach was used. The first step involves using multiple logistic regression to predict the 

probability of a pool having WCT present or absent (binomial function) based on its 

environmental and spatial variables. Where WCT are present, the second step of the analysis 

models WCT abundance in pools using multiple linear regression based on the same 

environmental and spatial variables. In other words, these analyses asked two separate questions 

regarding pool use by WCT where the first analysis explains the probability of suitability by a 

single individual and the second analysis explains suitability by a number of individuals.  

Multiple Logistic Regression 

The underlying basis of logistic regression is to discriminate between two groups or 

outcomes (i.e. in this case presence and absence) based on the relationship with the independent 

variable (Hair et al. 2006). Therefore, to select independent variables for multiple logistic model 

development, emphasis was given to those that had significant group differences (i.e. were highly 

discriminant) (Hair et al. 2006). In this case, correlation analysis was only used to help identify 

variables that may differ significantly among groups as well as identify collinearity. Significant 
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correlations (P ≤ 0.05) between independent variables and dependant variables were investigated 

further. If a pair of independent variables were highly colinear (r ≥ 0.75) one of the two variables 

was eliminated from the analysis. Independent variables were then further assessed through 

permANOVA, and only variables found significantly different among groups presence and 

absence (P ≤ 0.05) were used for model development. Where transformation increased logistic 

model fit, independent variables were logarithmic transformed (X = log10 or X = log10 [X + 1] if 

zeros were present) (Rieman and McIntyre 1995, Quinn and Keough 2002). Models were 

developed using the logistic function form: 

Pi =  
eg(xi)

1+ eg(xi)
 

Equation 3.1 

where Pi = probability of WCT presence or absence, e = the inverse natural logarithm of 1, and 

g(xi) = linear model: 

g(xi) = α + β1X1i +…+ β pXpi, 

Equation 3.2 

where α = regression constant, βp = regression coefficients, and Xpi = independent variables (Zuur 

et al. 2007). The maximum (-2) log likelihood method was used to estimate regression 

coefficients and probabilities of those regression coefficients are given by: 

Pi = (
𝑒𝛽

1+ 𝑒𝛽
) ×  100 

Equation 3.3 

where β is the regression coefficient in log odds (Hair et al. 2006, Zuur et al. 2007). 

Stepwise regression procedures, using forward and backward selection provided the most 

parsimonious model determined by the lowest Akaike Information Criterion (AIC) (Quinn and 
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Keough 2002, Zuur et al. 2007). In R the package MASS was used for stepwise regression 

(Venables and Ripley 2002). Multicollinearity was checked after model development by the 

variance inflation factor using the R package car (Fox and Weisberg 2011), where values less 

than five were considered optimal (Craney and Surles 2002). Further, model assumptions were 

evaluated using diagnostic plots for influential observations (Zuur et al. 2007). Statistical 

significance of models were assessed using a chi-square test using the (-2) log-likelihood statistic 

(Quinn and Keough 2002, Hair et al. 2006, Zuur et al. 2007). In addition to chi-square tests and 

for ease of interpretation, McFadden R2 measures were also calculated for the logistic regression 

model to asses model fit (Hair et al. 2006), using the R package DescTools (Signorell et al. 2018). 

McFadden R2 measures are categorized as a pseudo R2 measure that has similar interpretation to 

linear R2 measures (i.e. coefficient of determination). 

After the logistic regression model (based on summer habitat values collected during 

2016) was produced and assumptions met, it was used to try and predict WCT presence-absence 

in winter. The model was tested using both winter data sets independently (i.e. early and mid 

winter data sets). The predictive ability was determined by the percentage of correctly or 

incorrectly classified predictions (Newcomb et al. 2007). In this case, large WCT presence-

absence probabilities were predicted by the logistic model and compared with observed values. 

Predicted probabilities of ≥ 0.50 indicated WCT were present and predicted probabilities of ≤ 

0.50 indicated WCT were absent. Model accuracy for the logistic regression model considered: 

(1) the proportion of observations correctly classified; (2) the proportion of WCT presence 

correctly classified, providing a measure of model sensitivity; (3) the proportion of WCT absence 

correctly classified, providing model specificity; (4) the proportion of presences incorrectly 

classified as false positives; and (5) the proportion of absences incorrectly classified as false 

negatives (Newcomb et al. 2007). Lastly, the Cohen’s kappa statistic expresses the proportion of 

sites correctly classified by the selected model after removing the effect of correct classification 
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by chance (Titus and Mosher 1984, Beauchamp et al. 1992, Kruse et al. 1997). Kappa values with 

95 % confidence limits were tested to determine if WCT presence-absence classifications by the 

logistic model were significantly different than random classifications (Titus and Mosher 1984). 

In R, the package fmsb was used to calculate and test Kappa values (Nakazawa 2018). 

Multiple Linear Regression 

To identify key variables influencing WCT abundance in pools during the summer of 

2016 and both winter periods, a multiple linear regression approach was used. A total of 133 

observations were used for model development. Correlation analysis was used to determine the 

correlation (and its significance) between each independent variable and WCT abundance in pools 

using the R package Hmisc (Harrell 2017). Some independent variables remained non-normally 

distributed and so the robust Spearman Rank based correlation was used (Quinn and Keough 

2002). Significant correlations (P ≤ 0.05) between independent variables and dependant variables 

were investigated further. If a pair of independent variables were highly colinear (r ≥ 0.75) one of 

the two variables was eliminated from the analysis (e.g. the independent variable least correlated 

to the dependant variable was removed). The remaining variables were used for model 

development.  

All categorical variables (i.e. factors) for which have values that range on a scale (i.e. 

available habitat cover score, bank condition, turbidity, and silt cover) were treated as continuous 

variables (Quinn and Keough 2002). Other variables such as creek, geomorphic segment, pool 

type, and dominant substrate were instead interpreted as categorical variables and transformed 

into numeric “dummy variables” (Quinn and Keough 2002). For the remaining independent 

variables with highly skewed distributions logarithmic transformations (X = log10 or X = log10 [X 

+ 1] if zeros were present) were able to approximate normality and linearity (Quinn and Keough 

2002). To confirm if normality and linearity was achieved through transformation, histograms 

were visually assessed, and a Shapiro-Wilk test was performed.  
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Similar to multiple logistic regression analysis, stepwise regression procedures used the R 

package MASS (Venables and Ripley 2002) to help select the most parsimonious model. Models 

were further assessed through their adjusted R2 to select the best model (Hair et al. 2006). After 

model development multicollinearity and model assumptions were checked by evaluating the 

variance inflation factor and diagnostic plots (Zuur et al. 2007).  

Large WCT Aggregation 

Often large bodied salmonids aggregate in winter (Cunjak and Power 1986, Brown and 

Mackay 1995, Cunjak 1996). Therefore, to assess if aggregation of WCT in pools took place 

within each of the study streams an index of dispersion (variance-mean ratio) (VMR) was 

calculated using the total count for each pool: 

𝑉𝑀𝑅 =  
𝜎2

𝜇
 

Equation 3.4 

where σ2 is the variance and µ is the mean (McGrew and Monroe 2000). In this case, a larger ratio 

(VMR > 1) indicates a higher degree of aggregation in pools, while a smaller ratio (VMR < 1) 

indicates a smaller degree of aggregation in pools (McGrew and Monroe 2000). VMR of one 

would indicate a random distribution (McGrew and Monroe 2000). The VMR was calculated for 

each stream during summer, early winter and mid winter sample periods. To compare changes in 

aggregation among streams and sample periods, the percent change in the VMR was calculated.  

All statistical analyses were conducted using the programming language R (R Core Team 

2016) running within RStudio (RStudio Team 2015). The package ggplot2 was used for graphical 

display of data (Wickham 2009).  
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Results 

 During the summer of 2016 a total of 133 pools were assessed: Blairmore N = 42, Daisy 

N = 44, Gold N = 47. Due to changes in flow and ice formations, some sample sites were lost over 

the course of the winter. During early winter, 132 sites were sampled. One site in Gold Creek was 

lost due to upstream expansion of a subsurface flow area below the site. Partial surface ice formed 

over the pool indicates the loss of flow may have been sudden. By mid winter, the number of sites 

sampled declined to 129. Further dynamic ice formation through back water effects (Stickler et al. 

2010) left thin or hanging surface ice layers on pools and in combination with heavy snow 

loading, caused conditions in two pools to be very unstable (both on Daisy Creek) and ultimately 

leading to surface ice collapse. In another pool located on Gold Creek, the ice formation became 

too thick for the hand auger to fully drill through the ice (surface ice thickness was > 80 cm).  

Water Temperature and Ice 

Out of the 55 temperature loggers deployed, five loggers had data logging errors, and 13 

loggers were not recovered during the second summer. As indicated by the temperature loggers, 

water temperature in pools varied by season, stream and geomorphic segment (Figure 3.3). 

Furthermore, the average yearly air temperature (approximating groundwater temperatures) was 

approximately 3.0 °C during 2016 and 2017. Examining the average yearly air temperature on 

Figure 3.3, we find some pools during winter closely match this temperature, particularly in 

alluvial segments. Many other pools, particularly those in headwater segments and occurring in 

Blairmore Creek, remain near or at sub-freezing temperatures (i.e. near 0 °C) throughout winter. 

The time of year when the average water temperature in pools becomes colder than the 

groundwater temperature (i.e. when the average water temperature lines intersect and cross the 

average yearly air temperature line) occurs earlier for higher elevation segments (headwater - mid 

to late October), and later for lower elevation segments (canyon - early November). 
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Figure 3.3 Hourly mean water temperature (°C) in pools for streams Blairmore Creek (N = 

13), Daisy Creek (N = 10), and Gold Creek (N = 14) recorded over a one year period 

(approx. from August 2016 to August 2017). Faceting is by geomorphic segment and 

coloured lines indicate mean water temperature for each study stream. The green line 

indicates average yearly air temperature (2016-2017) at 3.03 °C, which is approximating 

groundwater temperature. The light blue line indicates freezing temperatures at 0.0 °C. 
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Water temperature recorded during field surveys show that it was significantly colder 

from summer to winter periods (Table 3.1). Although early winter had significantly colder air 

temperature than mid winter (P < 0.001), water temperature was not significantly different 

between early and mid winter. Among individual streams, water temperature was significantly 

different in summer of 2016, early winter and mid winter (Table 3.2). Among all sample periods, 

Tukey’s HSD test revealed no significant difference in mean water temperature between 

Blairmore Creek and Daisy Creek, except during mid winter. However, Gold Creek was found to 

be significantly colder during summer than both Blairmore Creek and Daisy Creek and was 

significantly warmer during winter.   
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Table 3.1 Descriptive statistics, and permutations analysis of variance (permANOVA) results for environmental variables in study pools 

between summer 2016 (N = 133), early winter (N = 132) and mid winter (N = 129) periods. Where no units of measure are specified, values 

are score ranges. 

  Summer 2016 Early Winter Mid Winter   

Variable Mean ± SE Max  Min Mean ± SE Max  Min Mean ± SE Max  Min F value P 

Conductivity (µS) 249.1 ±5.8c 421.0 148.0 155.6 ±2.1a 209.0 94.0 182.2 ± 3.1b 286.0 113.0 144.30 <0.001 

Dissolved Oxygen (mg/L) 11.5 ±0.1a 13.7 7.0 16.1 ±0.1c 18.3 10.1 15.4 ±0.1b 18.7 10.7 357.70 <0.001 

Turbidity *** 1.4 ±0.1b 4.0 1.0 1.0 ±0.0a 1.0 1.0 1.0 ±0.0a 2.0 1.0 49.85 <0.001 

Water Temperature (C°) 9.1 ±0.2b 16.7 4.2 0.8 ±0.1a 3.6 -0.1 0.7 ±0.1a 3.6 -0.1 1180.00 <0.001 

Air Temperature (C°) 13.2 ±0.4c 31.0 5.0 -6.5 ±0.7b 3.0 -25.0 -2.1 ±0.6a 10.0 -18.0 314.00 <0.001 

Surface Ice Thickness (mm)     75.3 ±7.8a 400.0 0.0 123.7 ±13.9b 720.0 0.0 9.33 0.003 

Snow Depth (cm)     4.1 ±0.6a 29.0 0.0 20.0 ±1.6b 96.0 0.0 85.18 <0.001 

Surface Ice Cover **    2.9 ±0.1 4.0 1.0 3.1 ±0.1 4.0 1.0 1.83 0.178 

Snow Cover **    2.4 ±0.1a 4.0 1.0 3.0 ±0.1b 4.0 1.0 11.85 0.001 

Frazil Ice Presence *    1.2 ±0.0b 2.0 1.0 1.0 ±0.0a 1.0 1.0 22.86 <0.001 

Anchor Ice Presence *    1.0 ±0.0b 2.0 1.0 1.0 ±0.0a 1.0 1.0 5.04 0.026 

Cumulative Ice Exclusion **    1.0 ±0.0 3.0 1.0 1.2 ±0.0 4.0 1.0 1.42 0.235 

Means that do not share a letter are significantly different 
* values are scores ranging 1 to 2 

  

** values are scores ranging 1 to 4 

*** values are scores ranging 1 to 5 
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Table 3.2 Descriptive statistics, and permutations analysis of variance (permANOVA) 

results for water temperature (°C) in study pools between Blairmore Creek, Daisy Creek , 

and Gold Creek during summer 2016 (N = 133), early winter (N = 132) and mid winter (N = 

129). 

    Blairmore Daisy Gold   

  Sample Period Mean ± SE F value P 

 Summer 10.35 ±0.38b 9.48 ±0.27b 7.53 ±0.23a 24.56 <0.001 

 Early Winter 0.01 ±0.03a 0.28 ±0.09a 2.13 ±0.18b 94.98 <0.001 

 Mid Winter 0.05 ±0.04a 0.74 ±0.16b 1.37 ±0.14c 29.04 <0.001 

Means that do not share a letter are significantly different 

 
 

 

When water temperature that was collected in the field was then further plotted against 

longitudinal distance downstream (Figure 3.4), we find that water temperatures varied spatially 

within streams. Specifically, during summer point sources of colder water temperature are 

present. During winter, point sources of higher water temperature become even more clearly 

visible. In Blairmore Creek water temperatures remained homogenous throughout the majority of 

the stream length during winter, while Daisy Creek, and further Gold Creek, became increasingly 

more heterogeneous in water temperature throughout the stream length.  



 

 

111 

 

 

Figure 3.4 Water temperature (°C) in relation to longitudinal distance downstream (km). 

Here, streamflow is from left to right or from 0 km (highest elevation) to 15 km or greater 

(lowest elevation). For aid in visual interpretation, water temperature is also broken into 

classes using natural breaks (Coulson 1987). All observations are included. Faceting is by 

study stream and sample period (summer N = 133, early winter N = 132, mid winter N = 

129).   

 

When the seasonal water temperature difference in pools was calculated, means were 

found significantly different among streams (Table 3.3).  Temperature variations in Gold Creek 

were significantly smaller, while temperature variations in Blairmore Creek and Daisy Creek 

were significantly larger (Tukey HSD, P < 0.001; Figure 3.5). 
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Table 3.3 Descriptive statistics, and permutations analysis of variance (permANOVA: F2,130) 

results for seasonal water temperature difference (°C) in study pools between Blairmore 

Creek (N = 42), Daisy Creek (N = 44), and Gold Creek (N = 47). 

 Blairmore Creek Daisy Creek Gold Creek   

Variable Mean ± SE 

F 

value P 

Water Temperature 

Difference 
10.34 ± 0.38b 9.40 ± 0.28b 5.75 ± 0.28a 61.85 <0.001 

Means that do not share a letter are significantly different 

 
 

 

 

Figure 3.5 Seasonal water temperature difference (°C) in pools from summer to winter. 

Outliers are indicated (○) and lines indicate mean standard error.  

 

In early winter, surface ice cover score (r = -0.78, P < 0.001) and mean surface ice 

thickness (r = -0.76, P < 0.001) significantly increased with falling water temperature (Figure 

3.6). By mid winter, surface ice cover score was found not significantly different from early 

winter (Table 3.1) and water temperature was still significantly correlated (r = -0.71, P < 0.001). 
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In contrast, mean surface ice thickness had increased significantly from early winter, however 

water temperature and mean surface ice thickness became less correlated (r = -0.21, P < 0.019).  

 

Figure 3.6 Mean water temperature (°C) by (A) surface ice cover score; (B) snow cover 

score; (°C) mean surface ice thickness (mm); and (D) mean snow depth (cm). Percent pool 

surface area cover scores range from: 1 = 0-25 %, 2 = 25-50 %, 3 = 50-75 %, and 4 = 75-100 

%. All observations (pools) were used, where outliers are indicated (○) and lines indicate 

mean standard error. Faceting is by winter periods early winter (N = 132) and mid winter 

(N = 129). 
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Snow cover significantly increased on top of pools over the winter (Table 3.1). In mid 

winter, both snow cover (r = 0.29, P = 0.001) and snow depth (r = 0.38, P < 0.001) increased with 

increasing elevation. Both snow cover (r = 0.90, P < 0.001) and snow depth (r = 0.62, P < 0.001) 

also increased with increasing surface ice cover. Both snow cover (r = -0.69, P < 0.001) and snow 

depth (r = -0.62, P < 0.001) decreased with increased water temperature. Frazil ice and anchor ice 

presence was significantly higher in pools during early winter compared to mid winter (Table 

3.1). No significant difference in habitat exclusion by ice (cumulative ice exclusion) in pools was 

found between early and mid winter.  

Other water quality measurements were also found to be significantly different from 

summer to winter periods (Table 3.1). Both conductivity and turbidity were significantly lower in 

winter compared to summer. Dissolved oxygen was significantly higher in winter compared to 

summer and no measurements were observed below 10 mg/L during both winter periods. The 

lowest dissolved oxygen measurements observed during winter and summer were in pools 

directly below strong groundwater seeps.  

Seasonal Changes in Barriers 

A total of 12 barriers were identified in the mainstems of the study streams during the 

summer of 2016 (Table 3.4) and a total of 10 barriers limiting upstream movement by WCT were 

observed on main tributaries to the study streams during the summer of 2017. Two additional 

barriers were identified during the winter period on the main stems. These two additional barriers 

were subsurface flow areas located on Blairmore Creek near the confluence of the Crowsnest 

River and Gold Creek near the historic town of Lille. All subsurface flow barriers observed in 

summer persisted into winter and further increased in size, both in the upstream and downstream 

direction. The most extensive subsurface flow barrier located on Gold Creek had not yet 

developed during summer, but by early winter was approximately 600 m in length. The number of 

alternate pools was significantly lower during winter periods compared to summer 
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(permANOVA: F2,391 = 4.91, P = 0.008; early winter P = 0.016; mid winter P = 0.023), but not 

between early and mid winter periods. 

Table 3.4 Barriers identified on study stream mainstems during the summer of 2016 and 

both combined early and mid winter periods. 

  Barrier Type Blairmore Creek  Daisy Creek  Gold Creek 

Summer    

 Subsurface Flow 0 4 4 

 Falls 2 0 1 

 Weir 0 0 1 

 Debris Dams 0 0 0 

Winter     

 Subsurface Flow 1 4 5 

 Falls 2 0 1 

 Weir 0 0 1 

 Debris Dams 0 0 0 

 

Camera and Snorkel Counts 

Due to large areas free of ice cover and mild temperature periods, snorkel surveys 

continued into winter making up 30 % of surveys during early winter and 21 % of surveys during 

mid winter. Because surface ice completely covered the majority of pools or air temperatures 

were often too cold for snorkeling, camera surveys became the main survey type over winter 

(early winter = 70 %; mid winter = 77 %). Eleven pools provided conditions for calibration 

between camera and snorkel surveys. Presence and absence between snorkel and camera surveys 

were in agreement 100 % of the time within size categories of small fish (< 20 cm) and 91 % of 

the time within the large fish category (> 20 cm). No difference in total fish counts (both WCT 

and Brook Char combined) or counts among size classes were found between snorkel or camera 

surveys (Table 3.5). Furthermore, significant relationships between log transformed total snorkel 

counts and log transformed total camera counts were found within size categories of small fish (< 

20 cm) (N = 11, R2 = 0.98, P < 0.001) and large fish (>20 cm) (N = 11, R2 = 0.81, P < 0.001). 
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Bank surveys only occurred three times during winter in very shallow pools with little to no cover 

present. Visibility in early and mid winter was excellent, often greater than 10 m. 

Table 3.5 Total, mean, standard deviation and one-way analysis of variance (permANOVA) 

results for fish counts (WCT and Brook Char combined) among snorkel and camera 

surveys in pools (N = 11). Fish are also grouped by categories small (<20 cm) and large (>20 

cm). 

  Snorkel Survey Camera Survey  

Size Class Mean ± SE F value P 

TOTAL 2.64 ±0.97 2.36 ±0.81 0.047 0.831 

0-5 cm 0.09 ±0.09 0.00 ±0.00 1.000 0.329 

5-10 cm 0.09 ±0.09 0.27 ±0.19 0.714 0.408 

10-20 cm 1.63 ±0.69 1.45 ±0.61 0.039 0.845 

20-30 cm 0.54 ±0.25 0.36 ±0.20 0.323 0.576 

30-40 cm 0.27 ±0.27 0.27 ±0.27 0.000 1.000 

SMALL 1.82 ±0.84 1.73 ±0.73 0.007 0.936 

LARGE 0.82 ±0.33 0.64 ±0.31 0.164 0.690 

* indicates significant difference detected (P < 0.05). 

 

Seasonal Changes in Salmonid Communities 

Out of the total fish counted among all streams during the summer of 2016 (N = 2375), 

WCT (including hybrids) were the most abundant species among all study streams during both 

summers (94.6 %). Furthermore, within individual streams, WCT were still the most abundant 

species: Blairmore Creek (92.2 %), Daisy Creek (99.2 %), Gold Creek (89.8 %). In Blairmore 

Creek the remainder of fish counted were composed of Brook Char (7.7 %), Mountain Whitefish 

(< 0.1 %), and Rainbow Trout (0.3 %). In Gold Creek the remainder of fish counted were only 

Brook Char (10.2 %). Finally, in Daisy Creek the remainder of fish counted were only Bull Char 

(0.8 %).  

By early winter the total fish count among streams had decreased by 53 % (N = 1119). 

Brook Char observations declined in Blairmore Creek by 100 % (i.e. none observed) and Gold 

Creek by 94 % from summer. Bull Char observations in Daisy Creek remained similar to summer 
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counts making up 1.7 % of the fish count. In mid winter the total fish count had further decreased 

by 32 % from early winter (N = 845). Brook Char observations remained absent in Blairmore 

Creek and low in Gold Creek (only one single individual was observed in Gold Creek). In Daisy 

Creek Bull Char observations remained about the same making up 1.1 % of the total count. 

During both winter periods, WCT remained the most abundant fish species (early winter = 97.9 

%, mid winter = 99.2 %). Nine mountain whitefish where observed during early winter in a single 

pool on Daisy Creek, however none were observed by mid winter. No individuals identified 

where observed to display complete phenotypic characteristics consistent with Rainbow Trout 

during winter periods.  

During the summer of 2017, the total number of fish counted among all streams had 

doubled from mid winter counts (N = 1860), and WCT were still the most abundant species 

among all study streams (92.2 % of the total fish counted). Summer Brook Char observations 

increased from winter in both Blairmore Creek and Gold Creek, making up 4.1 % and 27.6 % of 

the fish count. Bull Char observations in Daisy Creek remained similar to previous sampling 

periods making up 2.2 % of the fish count.  

Seasonal Changes in WCT Size Class Specific Abundance 

 In general, differences in mean total WCT abundance and size specific WCT abundance 

in pools were found among sample periods (Table 3.6). Total WCT abundance was significantly 

different among sample periods in pools, where specifically, WCT abundance significantly 

decreased from summer to winter (early winter P < 0.0000; mid winter P < 0.0000), and that there 

was no significant difference among early and mid winter (P = 0.8385).  Only WCT size classes < 

20 cm were significantly different among sample periods. WCT size classes > 20 cm did not 

differ significantly among sample periods. Subsequently, WCT size classes were grouped into 

categories small (< 20 cm) and large (> 20 cm) based on these differences and used in these 

groupings for further analysis. Abundance for small WCT was higher during summer, while large 
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WCT did not show significant differences among sampling periods.  Including WCT survey data 

from the summer of 2017 with the first years WCT data (summer of 2016, early winter and mid 

winter) reveals that most small size classes (< 20 cm) return to similar mean abundance levels, 

while large size classes (> 20 cm) remain the same (Figure 3.7).  

Table 3.6 Mean, standard deviation and permutations one-way analysis of variance 

(permANOVA) results for WCT abundance (WCT/m2) among sample periods in pools. 

  Summer 2016 Early Winter Mid Winter     
WCT Size 

Class Mean ± SE F value P 

ALL 0.638 ±0.067a 0.227 ±0.034b 0.178 ±0.025b 30.36 <0.001* 

0-5 cm 0.090 ±0.018a 0.000 ±0.000b 0.000 ±0.000b 25.12 <0.001* 

5-10 cm 0.290 ±0.043a 0.059 ±0.014b 0.036 ±0.009b 27.16 <0.001* 

10-20 cm 0.218 ±0.024a 0.123 ±0.019b 0.113 ±0.018b 8.05 <0.001* 

20-30 cm 0.035 ±0.004 0.039 ±0.009 0.024 ±0.004 1.49 0.227 

30-40 cm 0.002 ±0.001 0.006 ±0.002 0.004 ±0.001 2.97 0.052 

SMALL 0.602 ±0.066a 0.182 ±0.030b 0.150 ±0.023b 32.37 <0.001* 

LARGE 0.036 ±0.005 0.045 ±0.010 0.028 ±0.005 1.48 0.228 

N 133 132 129   

* indicates significant difference detected 

Means that do not share a letter are significantly different 

 

 

 

 

 

 

 

 

 



 

 

119 

 

 

Figure 3.7 Mean Westslope Cutthroat Trout abundance (WCT/m2) in pools by study stream and size class, among sample periods summer 

2016 (N = 133), early winter (N = 132), mid winter (N = 129). Data from the summer of 2017 (N = 129), second chapter of this thesis is 

included. Lines indicate mean standard error.
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 Because many of the barriers (e.g. subsurface flow areas or large water falls) do not allow 

any mass migrations to occur for most of the study streams, the reduced small (< 20 cm) WCT 

abundances from summer to winter was thought to be due to concealment (Cunjak 1988b, Bjornn 

and Reiser 1991, Heggenes et al. 1993, Gregory and Griffith 1996, Jakober et al. 2000, 

Valdimarsson et al. 2000). Therefore, to approximate this change in abundance of small WCT less 

than 20 cm, an estimate of concealment was considered. Estimated concealment was calculated as 

the difference in abundance for each pool between two periods: 1) from summer to early winter 

and 2) from early winter to mid winter (Table 3.7).  

Table 3.7 Mean, standard error and permutations one-way analysis of variance 

(permANOVA) results for small (< 20 cm) WCT estimated concealment (difference) among 

streams in pools for two periods: summer to early winter (SEW) and early winter to mid 

winter (EMW). Note that a negative difference indicates decreased concealment, while a 

positive difference indicates increased concealment. 

 
  Blairmore Daisy Gold     

Period WCT Size 

Class Mean ± SE 

F 

value 
P 

SEW 

COMBINED 0.817±0.119c 0.394 ±0.103b 0.094 ±0.031a 16.22 <0.001* 

0-5 cm 0.178±0.043b 0.096 ±0.030ab 0.006 ±0.003a 8.35 <0.001* 

5-10 cm 0.529±0.098b 0.189 ±0.063a 0.028 ±0.015a 14.95 <0.001* 

10-20 cm 0.111±0.040 0.110 ±0.044 0.060 ±0.023 0.648 0.525 

EMW 

COMBINED -0.066±0.054 -0.008 ±0.055 0.011 ±0.019 0.79 0.458 

0-5 cm -0.001±0.001 -0.000 ±0.000 -0.000 ±0.000 2.00 0.140 

5-10 cm -0.008±0.028 -0.046 ±0.025 0.010 ±0.009 1.67 0.192 

10-20 cm -0.057±0.040 0.037 ±0.035 0.001 ±0.012 2.316 0.103 

N 42 42 45   
* indicates significant difference detected 

Means that do not share a letter are significantly different 

 

Including all WCT less than 20 cm, the number of individuals concealing was highest in 

Blairmore Creek and lowest in Gold Creek from summer to early winter (Figure 3.8). 

Furthermore, when looking at specific size classes, only estimated concealment of WCT 10-20 

cm was not significantly different. WCT size classes 0-5 cm and 5-10 cm had significantly higher 
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estimated concealment in Blairmore Creek compared to Daisy Creek and Gold Creek. In 

comparison, there was no difference in estimated concealment for the combined or specific size 

classes of small WCT from early winter to mid winter (Figure 3.9). When the estimated 

concealment was scaled for differences in population density (e.g. dividing estimated 

concealment by the total number of fish counted) no significant differences were found for the 

combined or size specific classes.  

 

Figure 3.8 Summer – early winter (SEW) estimated concealment of combined small WCT (< 

20 cm) among study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), and Gold 

Creek (N = 45).  
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Figure 3.9 Early winter – mid winter (EMW) estimated concealment of combined small 

WCT (< 20 cm) among study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), and 

Gold Creek (N = 45). 

  

Summer and Winter WCT Presence-Absence in Pools 

All together, WCT were present in all but 15 of the 133 pools sampled during the summer 

of 2016, 14 of those pools being located on Gold Creek. By early winter, WCT resided in 82 of 

132 pools and in mid winter in 76 of 129 pools. Small WCT were present in 114 of the 133 pools 

sampled during summer of 2016. In early winter small WCT occupied 73 of the 132 pools 

sampled and by mid winter were present in 68 of the 129 pools sampled. When developing a 

multiple logistic model, ideally group proportions closer to a 50:50 ratio are best (e.g. pools 

divided by 50 % WCT presence: 50 % WCT absence) (Hair et al. 2006). Due to the group bias 

presented by presence-absence groups of small WCT in summer (i.e. 11 % absent to 89 % 

present), a multiple logistic model predicting presence-absence in winter could not be developed 

for this size category. In contrast, large WCT were present in only 55 of 133 pools sampled 

during summer of 2016. In early winter, large WCT were present in 39 of the 132 pools sampled 
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and by mid winter were present in 38 of the 129 pools sampled. Because there was little group 

bias between presence and absence for large WCT (41 % absent to 59 % present) in summer, a 

multiple logistic model was developed for this size category.  

A total of 133 observations were used for multiple logistic regression model 

development, only for the large WCT group. The best predictor model accounted for 43.2 % 

(McFadden R2) of the variation in large WCT presence-absence during the summer of 2016 and 

was statistically significant (log-likelihood = -55.23; X2 (5) = 77.9, P < 0.001) (Equation 3.5). 

This model consisted of 4 variables: the categorical variable geomorphic segment (SEGMENT); 

and the continuous variables log maximum depth (MAX_DEPTH), log area (AREA), and 

seasonal water temperature difference (WTEMP_DIFF). SEGMENT was significant in the model 

for two factor levels (Canyon P = 0.0580, Headwater P = 0.0027). The probability of large WCT 

presence in canyon segment pools was 22.6 % compared to the alluvial segment pools. The 

probability of large WCT presence in headwater segment pools was further reduced to only 6.7 % 

compared to the alluvial segment pools. Log MAX_DEPTH was significant in the model (P = 

0.0007) where a one-unit increase in log MAX_DEPTH increased the probability of large WCT 

presence in a pool by 99.9 %. Log AREA was not significant in the model (P = 0.0549), however 

a one-unit increase in log AREA increased the probability of WCT presence in a pool by 86.9 %.  

Lastly, WTEMP_DIFF was significant in the model (P = 0.0316) where a one-unit increase in 

WTEMP_DIFF decreased the probability of WCT presence in a pool by 45.2 %. 

𝐿𝑜𝑔𝑖𝑡 (𝑝) =  −2.970 − 1.230 𝐶𝐴𝑁𝑌𝑂𝑁 − 2.627 𝐻𝐸𝐴𝐷𝑊𝐴𝑇𝐸𝑅 + 6.823 𝑙𝑜𝑔10(𝑀𝐴𝑋_𝐷𝐸𝑃𝑇𝐻)

+ 1.894 𝑙𝑜𝑔10(𝐴𝑅𝐸𝐴) − 0.191 𝑊𝑇𝐸𝑀𝑃_𝐷𝐼𝐹𝐹 

Equation 3.5 Multiple logistic regression equation predicting the probability (p) of large (> 

20 cm) WCT presence-absence in pools during summer (McFadden R2 = 0.43; log-likelihood 

= -55.23; X2 (5) = 77.9, P < 0.001). Variables include: canyon segment (CANYON), 

headwater segment (HEADWATER), log transformed maximum depth (m) 

(MAX_DEPTH), log transformed area (m2) (AREA), and seasonal water temperature 

difference (°C) (WTEMP_DIFF).  



 

 

124 

 

Log maximum depth and log area were correlated (r = 0.69, P < 0.001) but not colinear. 

Alone, log maximum depth had the greatest influence in predicting large WCT distributions 

during the summer of 2016, however, including log area further improved the model. While log 

maximum depth and log area continue to influence large WCT distributions during winter, the 

predictive ability was slightly reduced (Figure 3.10). Some large WCT did seek lower velocity 

pools in canyon segments, particularly in early winter, however, overall pool velocity was not a 

great predictor of large WCT presence-absence.  

 

Figure 3.10 Presence and absence of large Westslope Cutthroat Trout (>20 cm) in relation 

to maximum depth (m) in pools. All observations are included, where outliers are indicated 

(○) and lines indicate mean standard error. Faceting is by geomorphic segment and sample 

period (summer N = 133, early winter N = 132, mid winter N = 129). 
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Seasonal water temperature also influenced large WCT distributions during the summer 

of 2016. In Blairmore Creek, large WCT presence was more associated with larger seasonal water 

temperature differences in pools. Between pools predicting large WCT presence and absence in 

Blairmore Creek, a significant difference in seasonal water temperature difference was found 

during summer (ANOVA: F1,40 = 6.82, P = 0.0126) and early winter (ANOVA: F1,40 = 4.10, P = 

0.0496). No significant difference was detected for seasonal water temperature difference 

between pools predicting large WCT presence and absence during mid winter in Blairmore Creek. 

In contrast, large WCT presence was more closely associated with decreased seasonal water 

temperature difference in Gold Creek pools. Between pools predicting large WCT presence and 

absence in Gold Creek, a significant difference in seasonal water temperature difference was 

found during early winter (ANOVA: F1,44 = 7.851, P = 0.008). Seasonal water temperature 

difference was not significantly different between pools with large WCT present and absent in 

Daisy Creek.  

 The categorical variable geomorphic segment influenced large WCT presence and 

absence. One of the largest differences among geomorphic segments was the distance to the 

nearest pool upstream and downstream (Figure 3.11). During summer, the distance to the nearest 

pool upstream and downstream was significantly farther in the alluvial segment than both canyon 

and headwater segments (Table 3.8). On average the distance to the nearest pool in the alluvial 

segment was 1.5 to 1.8 times farther than within both canyon and headwater segments. The 

distance to the nearest pool upstream and downstream did not significantly differ by sample 

period.   
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Figure 3.11 Distance to the nearest pool upstream (m) (A) and distance to the nearest pool 

downstream (m) (B) in relation to geomorphic segments. All observations (pools) were used, 

where outliers are indicated (○) and lines indicate mean standard error. Faceting is by 

sample periods summer (N = 133) and mid winter (N = 129). 

 

Table 3.8 Mean, standard deviation and permutations one-way analysis of variance 

(permANOVA) results for distance to the nearest pool upstream (m) (DISTNPU) and 

distance to the nearest pool downstream (m) (DISTNPD) among geomorphic segments in 

pools during the summer of 2016. 

  Canyon Alluvial Headwater     

Variable Mean ± SE F value P 

DISTNPU 79.0 ±10.7b 119.2 ±14.6a 65.3 ±7.8b 5.89 0.004* 

DISTNPD 69.0 ±7.9b 108.1 ±14.2a 64.1 ±8.9b 5.16 0.007* 

N 50 37 45   
* indicates significant difference detected 

Means that do not share a letter are significantly different 
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Large group differences between presence and absence existed for large WCT in winter, 

presenting the potential for group bias in predictions (Titus and Mosher 1984, Hair et al. 2006). 

For example, large WCT were only present in 39 of the 132 pools sampled during early winter 

(30 % present : 70 % absent) and by mid winter were present in 38 of the 129 pools sampled (30 

% present : 70 % absent). In this case, the absent group within the large WCT category is over 

represented. To remediate this, observations within the absent group were randomly selected for 

removal to match the present group (i.e. maintain group ratios closer to 50:50) (Hair et al. 2006). 

Selections were based on random numbers assigned to each observation, where the highest 

numbered observations were chosen for removal. The remaining observations were used to test 

the models.  

The best predictor model correctly classified presence-absence in pools 79.5 % of the 

time in early winter (Table 3.9). The Cohens Kappa statistic of the model predictions strongly 

supported a non-random effect. Here the model correctly classified large WCT presence-absence 

in pools 75.0 % of the time in Blairmore Creek, 89.7 % of the time in Daisy Creek, and 72.0 % of 

the time in Gold Creek. Out of all predicted classifications, a total of 11.5 % of incorrect 

classifications were false positives. False positives were mainly comprised by pools located in 

Gold Creek (56 %). Among streams, false positives also occurred predominantly in pools located 

within canyon segments (89 %). Out of all predicted classifications, a total of 9.0 % of incorrect 

classifications were false negatives. False negatives were mainly comprised by pools located in 

Blairmore Creek (43 %). Among streams, false negative predictions were mainly associated with 

pools in alluvial segments (71 %).  
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Table 3.9 Model prediction results, between actual and predicted large (> 20 cm) Westslope 

Cutthroat Trout (WCT) in pools during early winter (N = 78, Present = 39, Absent = 39) 

and mid winter (N = 76, Present = 38, Absent = 38). Cohen’s kappa statistics calculated at 95 

% confidence. 

 

Sample 

Period 

Misclassification 

Error (%) 

Correct Classification (%)  

Present Absent Overall Kappa 

 Early Winter 16 (20.5) 32 (82.1) 30 (76.9) 62 (79.5) 0.590* 

 Mid Winter 14 (18.4) 33 (86.8) 29 (76.3) 62 (81.6) 0.632* 

*indicates significance at P < 0.001 

 

In midwinter, the model correctly classified presence-absence in pools 81.6 % of the time. 

Again, the Cohens Kappa statistic of the model predictions strongly supported a non-random 

effect. The best model correctly classified large WCT presence-absence in pools 82.6 % of the 

time Blairmore Creek, 76.9 % of the time in Daisy Creek, and 85.2 % of the time in Gold Creek. 

Out of all predicted classifications, a total of 11.8 % of incorrect classifications were false 

positives. False positives were primarily comprised by pools located in Daisy Creek (44 %) and 

Gold Creek (33 %). Among streams, almost all false positives occurred in pools located within 

canyon segments (89 %). Out of all predicted classifications, a total of 6.6 % of incorrect 

classifications were false negatives. False negative predictions were mainly associated with pools 

located in Blairmore Creek (40 %) and Daisy Creek (40 %). Among streams, false negatives in 

pools where largely located in alluvial segments (80 %).   

Large WCT Abundance in Pools 

Among all pools (i.e. pools with large WCT present and absent) correlation analysis 

revealed cube root transformed large WCT abundance in summer was only moderately correlated 

to cube root transformed large WCT abundance in early winter (Pearson’s r = 0.49, P < 0.001) 

and mid winter (Pearson’s r = 0.63, P < 0.001). Pools with only large WCT present between 

sample periods revealed a weaker correlation between log large WCT abundance in summer and 

log large WCT abundance in early winter (Pearson’s r = 0.40, P = 0.0471) and mid winter 
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(Pearson’s r = 0.42, P = 0.0364). However, there was a significant positive correlation between 

log large WCT abundance in early winter and log large WCT abundance in mid winter (Pearson’s 

r = 0.83, P < 0.001). The linear relationship in pools with large WCT present during both winter 

sampling periods was also significant (N = 25, R2 = 0.67, P < 0.001). In contrast, the linear 

relationship between summer and both winter periods was found to be weak (N = 25, R2 = 0.12, P 

= 0.047; N = 25, R2 = 0.14, P = 0.036).  

Investigation of environmental and spatial characteristics of pools during the summer of 

2016 only found two variables significantly correlated to large WCT abundance (Table 3.10). 

However, none of these variables identified provided any strong predictors of large WCT 

abundance in winter. Further investigation of environmental and spatial characteristics of pools 

during early winter found no variables significantly correlated to large WCT abundance. 

Variables were found significantly correlated to large WCT abundance during mid winter (Table 

3.10).  

Table 3.10 Correlation analysis (Spearman rank correlation coefficients (r)) results for 

summer 2016 (N = 55) and mid winter (N = 38). Relationships are only those that are 

significant (P < 0.05) among environmental, spatial and biological variables by large (> 20 

cm) Westslope Cutthroat Trout abundance (WCT/m2). Only pools with large WCT present 

were used. 

 

 Variable 

Large WCT Abundance 

(WCT/m2) 

 r P 

Summer    

 Area (m2) -0.37 0.006 

 Species Diversity Score a -0.30 0.026 

Mid Winter   

 Creek -0.34 0.034 

 Velocity (m/s) -0.37 0.022 

 Conductivity (µS) 0.43 0.007 

 Mean Surface Ice Thickness (mm) -0.38 0.020 

 Number of Alternate Pools 0.40 0.013 

 Bull Char Abundance (BLCH/m2) 0.41 0.011 
 a values are scores ranging 0 to 4 
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Stepwise procedures (forward and backward) were used to find the linear regression 

model that best explained large WCT abundance in pools during mid winter. The best model that 

accounted for the variation in large WCT abundance in pools among all streams consisted of just 

one variable: water velocity (VELOCITY). When an outlier was removed, this model accounted 

for 23.1 % (adjusted R2) (P = 0.0015) of the variation in large WCT abundance in pools during 

mid winter (Figure 3.12).  

 

Figure 3.12 Log transformed large (>20 cm) Westslope Cutthroat Trout (WCT) abundance 

(WCT/m2) in relation to pool velocity (m/s). All observations (pools) with large WCT 

present were used. A) no significant linear relationship was found for summer: N = 55, R2 = 

0.005, P = 0.6218. B) a line of best fit indicates the linear relationship for mid winter: N = 37, 

R2 = 0.23, P = 0.0015.  
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VMR calculations in summer and winter for large WCT counts indicate that even the 

lowest VMR for pools was non-random (VMR = 3.03, χ2 = 387.84, P < 0.001) and that only 

certain pools contained increased numbers of large WCT (Table 3.11). Furthermore, VMR’s 

substantially increased from summer to winter, confirming that large WCT did aggregate more in 

pools during winter compared to summer. The stream which had the greatest increase in 

aggregation of large WCT from summer to early winter was Blairmore Creek, while Gold Creek 

had the lowest increase in aggregation from summer to early winter. From early winter to mid 

winter, aggregation by large WCT had decreased in Blairmore Creek but aggregation was still 

higher than in summer by 38.6 %. Large WCT aggregation in both Daisy Creek and Gold Creek 

had increased from early winter to mid winter by 22 to 24 %. Throughout winter, aggregation by 

large WCT was consistently high in Daisy Creek and lowest in Gold Creek.     

Table 3.11 Calculated index of dispersion and percent change (%) from the previous 

sampling period of large (> 20 cm) WCT total counts in pools. In addition, the combined 

mean winter dispersion and percent change (%) from summer is included. Observations are 

by each sample period for study streams Blairmore Creek (N = 42), Daisy Creek (N = 42), 

and Gold Creek (N = 45).   

Creek 
Summer Early Winter Mid Winter Mean Winter Dispersion 

and Percent Change (%) Index of Dispersion (Percent Change %) 

Blairmore 3.03 10.70 (253.1) 4.20 (-60.7) 7.45 (145.9) 

Daisy 8.37 20.83 (148.9) 25.49 (22.4) 23.16 (176.7) 

Gold 7.07 8.49 (20.1) 10.49 (23.6) 9.49 (34.2) 

 

Among all streams from summer to early winter, large WCT abundance increased in 16.3 

% of study pools, decreased in 25.6 % of study pools; and 58.1 % of study pools had no change 

(i.e. where pools had both zero abundance in summer and early winter). When excluding pools 

that had no change in large WCT abundance and further grouping pools into categories of 

“increased” (n = 21) or “decreased” (n = 33) large WCT abundance, a multiple logistic regression 

model was developed to find the variables which most accounted for this difference. Using early 
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winter environmental and spatial habitat data to derive the model, and step wise procedures 

(forward and backward) to find the best model, the three top variables identified to explain the 

increase or decrease in large WCT abundance were: mean surface ice thickness (SURF_ICE), 

average pool velocity (VEL), and the number of alternate pools (ALT_POOLS) (Equation 3.6). 

This model accounted for 18.7 % (McFadden R2) (P = 0.0037) of the variation in pools that had 

either an increase or decrease in large WCT abundance from summer to early winter.  

𝐿𝑜𝑔𝑖𝑡 (𝑝) =  −1.087 + 0.006 𝑆𝑈𝑅𝐹_𝐼𝐶𝐸 + 0.003 𝐴𝐿𝑇𝑃𝑂𝑂𝐿𝑆 − 7.808 𝑉𝐸𝐿 

Equation 3.6 Multiple logistic regression equation predicting the probability (p) of large (> 

20 cm) WCT abundance increase or decrease in pools from summer to early winter 

(McFadden R2 = 0.187; log-likelihood = -29.35; X2 (3) = 13.46, P = 0.0037). Variables 

include: surface ice thickness (mm) (SURF_ICE), the number of alternate pools 

(ALTPOOLS), and average pool water velocity (m/s) (VEL). 

  

The multiple logistic regression results indicate that a one unit increase in mean surface 

ice thickness would increase the probability that large WCT abundance would increase in that 

pool by 50.1 % (Figure 3.13). Similar to mean surface ice thickness, a one unit increase in the 

total number of alternate pools would further increase the probability that large WCT abundance 

would increase in that pool by 50.1 %. For water velocity however, a one-unit increase would 

actually decrease the probability that large WCT abundance would increase in that pool by 93.9 

%. 
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Figure 3.13 Change in large (> 20 cm) WCT abundance (increase or decrease) from summer 

to early winter for pools (N = 54) in relation to: A) surface ice thickness (mm); B) the total 

number of alternate pools unimpeded by a barrier; C) average water velocity (m/s) of the 

pool.  
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Further visual examination into differences in mean surface ice thickness and surface ice 

cover in early and mid winter revealed three categories in relation to seasonal water temperature 

difference: 1) stable warm = 0-4 °C, 2) dynamic = 4-8.5 °C, 3) stable cold = 8.5-17 °C (Figure 

3.14). Stable warm conditions yielded very little or no surface ice formation on pools throughout 

winter. In contrast, stable cold conditions yielded moderate surface ice thickness on pools but had 

complete surface ice cover throughout winter. Pools under dynamic conditions had variable 

surface ice cover in early winter, and by mid winter yielded the thickest surface. Mean large WCT 

abundance was found to be higher in both stable pool conditions, however due to limited sample 

size was not found to be significantly different.  
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Figure 3.14 Seasonal water temperature difference categories (stable warm = 0-4 °C, N = 8; 

dynamic = 4-8.5 °C, N = 60; stable cold = 8.5-17 °C, N = 61) of pools in relation to (A) mean 

surface ice thickness (mm) (B) surface ice cover (%) and (C) mean large (> 20 cm) WCT 

abundance (WCT/m2). All observations (pools) were used, where outliers are indicated (○) 

and lines indicate mean standard error. Faceting is by winter periods early winter and mid 

winter.  
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Discussion 

This study investigated the ecological impacts of environmental, spatial, and biological 

characteristics of pool habitat and how these variables influenced WCT populations during winter 

in small Rocky Mountain headwater streams. Conducting field work in the study area during 

winter from November of 2016 to March of 2017 proved challenging due to periods of freezing 

temperatures (e.g. the coldest day being -35 °C), but especially due to the remoteness of sites, 

some of which were more than 20 km one-way from any winter-maintained highways or forestry 

roads. By mid winter the only way to access the study area was by snowmobile. Furthermore, 

many sites were not fully accessible by snowmobiles during winter because of the terrain and the 

lack of roads near the streams. For example, within canyon segments snowshoeing to and from 

many of the sites was the main means of access. Despite these challenges, with the appropriate 

gear I was successfully able to collect winter habitat and fish data in my study streams.  

The first objectives of this study was to investigate the seasonal changes in pool habitat within 

these headwater streams, specifically focusing on water temperature, ice formation, and changes 

in barrier extent. The second objective was to investigate seasonal pool use by different size 

classes of WCT. The third objective was to predict WCT winter habitat use from summer and 

winter habitat metrics. Within pool habitat, ice conditions were found to be significantly affected 

by the seasonal changes in water temperature, which is related to groundwater influence. 

Increased barrier extent in winter significantly reduced connectivity among pool habitats. 

Expectedly, seasonal pool use by WCT was different among size classes which impacted how 

predictive models were derived. Pool characteristics classified in the summer sampling season 

were able to inform on large WCT pool use in winter. However, summer habitat variables were 

limited in their ability to make predictions of large WCT abundance in winter. Winter specific 

conditions, such as variable ice formation and changes in habitat connectivity influenced winter 

habitat use of large WCT in the three small headwater streams.  
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Seasonal Changes in Fish Communities 

Changes in seasonal species abundance were apparent throughout these small mountain 

stream fish communities. The observed changes in WCT abundance were primarily within size 

classes less than 20 cm. During summer, small WCT less than 20 cm were present in almost all 

pools, however, by winter a significant decrease in abundance was observed. During winter young 

of the year and juvenile salmonids seek concealment in the interstitial space of substrate or other 

cover and in some cases may move to shallower habitats (Cunjak 1988b, Bjornn and Reiser 1991, 

Heggenes et al. 1993, Gregory and Griffith 1996, Jakober et al. 2000, Stickler et al. 2008). For 

example, Brown Trout juveniles Salmo trutta < 25 cm seek shelter in interstitial space of substrate 

and vegetation during the day to emerge at night (Heggenes et al. 1993), and young Atlantic 

Salmon Salmo salar < 15 cm (fork length), hide beneath rocks during the day in shallow riffle-run 

habitats instead of pools (Cunjak 1988b). While my study was not designated to detect fish in 

interstitial spaces, the disappearance of young of the year and juvenile WCT from study pools 

during winter and the re-emergence of the same size classes the next summer indicates that small 

WCT concealed during winter to avoid stress from predation, cold water, and ice conditions. This 

is further enforced due to the presence of barriers which did not allow any long-distance 

migration to occur.  

From the data collected from this study there does not appear to be a significant 

difference in the amount of concealment by small WCT among the different streams and 

concealment may have occurred at lower temperatures than were previously reported. Most 

research has found that small salmonids increase daytime concealment during winter when water 

temperatures fall below 7 and 10 °C (Cunjak 1988b, Bjornn and Reiser 1991, Heggenes et al. 

1993, Gregory and Griffith 1996, Jakober et al. 2000, Valdimarsson et al. 2000). However, in 

comparison to the highest water temperatures observed in my study streams during winter 

(maximum of 3.6 °C), many of these studies referenced above have much higher reported 
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maximum winter water temperatures (7.0-8.3). Furthermore, even mean summer water 

temperatures in my streams were within the reported range of concealment (9.1 ± 2.3 °C) and 

small WCT were still observed and abundant. Local adaptation to different water temperature 

regimes and habitats can invoke different responses in concealment behaviour (Valdimarsson et 

al. 2000, Bradford and Higgins 2001). Therefore, if water temperature is one of the main factors 

driving concealment behaviour in WCT, it might be expected that locally adapted populations 

within colder systems might have lower water temperature thresholds which induce daytime 

concealment. In addition, concealment behaviour may still differ among WCT populations in 

headwater stream systems with different temperature regimes.  

  During summer, the mean water temperature among Gold Creek pools was only 7.7 °C, 

but water temperatures as low as 4-5 °C were recorded. In this case, the extremely low numbers of 

small WCT observed in Gold Creek in summer, in comparison to the other study streams 

Blairmore Creek and Daisy Creek, could be due to the extremely low water temperatures (at or 

below 7 °C) which induced concealment in small WCT. Other studies have noted that 

concealment at colder water temperatures is not only restricted to winter and that increased 

daytime concealment may occur at decreasing water temperatures ranging from 2 to 20 °C in fall 

and summer (Hillman et al. 1987, Fraser et al. 1995, Gries et al. 1997). For example, juvenile 

Atlantic Salmon in glacial fed rivers where water temperatures during summer are as low as 2.0 to 

8.4 °C, were only detected at night in both summer and winter (Fraser et al. 1995). Thus, in the 

coldest headwater streams, small WCT may be concealed during the day even during the warmer 

seasons.  

Photic response further dictates concealment behaviour in young of the year and juvenile 

salmonids during winter (Cunjak 1988b, Heggenes et al. 1993, Jakober et al. 2000). Specifically, 

Jakober et al. (2000) provided evidence for strong photonegative response in smaller WCT during 

winter in Montana headwater streams. Here, the amount of concealment during the day from fall 
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to winter increased as water temperatures decreased for both Cutthroat Trout and Bull Char 

(Jakober et al. 2000). Although Jakober et al. (2000), as well as other studies (e.g. Meyer & 

Gregory 2000) have detected these behavioural changes in salmonids during winter, many were 

not conducted under full surface ice and snow cover. Yet, surface ice alters salmonid activity 

(Linnansaari et al. 2008) and reduces concealment behaviour (Gregory and Griffith 1996, Meyer 

and Griffith 1997). For example, as surface ice thickens (e.g. from 50 to 300 mm) juvenile 

Atlantic Salmon increase diurnal activity (Linnansaari et al. 2008). This reduced need to conceal 

during the day is linked to lowered predation risk due to increased overhead cover (Gregory and 

Griffith 1996). Except for groundwater influenced areas, most pools in my study streams were 

completely covered by surface ice and snow cover. In addition, surface ice thickness by mid 

winter was on average 124 mm, but in some locations was greater than 800 mm in thickness. 

Added snow by mid winter was on average 20 cm deep, but ranged as high as 96 cm. Therefore, 

added snow and ice cover during my study may have positively influenced the detection of small 

WCT during the day in some pools even when water temperatures were near freezing. 

WCT greater than 20 cm did not show any significant change in mean abundance from 

summer to winter collectively among pools. However, the number of pools observed to have large 

WCT present decreased from summer to winter. This suggests not all pools used in summer were 

suitable WCT winter habitat. In fact, from summer to early winter the proportion of pools that 

saw large WCT abundance decrease was 1.5 times higher than the proportion of pools that saw 

large WCT abundance increase (i.e. more pools lost large WCT than gained large WCT). 

Furthermore, the highest density of large WCT in pools nearly tripled during winter (e.g. from 

0.23 WCT/m2 to 0.64 WCT/m2). This suggests that large WCT simply redistributed to certain 

pools in winter that supported favourable conditions. These observations also then support the 

habitat limitation hypothesis, which suggests, that fish too large to conceal within interstitial 

cover must congregate in limited open habitat (Cunjak and Power 1986, Brown and Mackay 
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1995, Cunjak 1996). Specifically, congregation increases when alternative habitats become 

unusable due to cold water temperatures and/or increased dynamic ice conditions (Cunjak and 

Power 1986, Brown and Mackay 1995, Cunjak 1996).  

Large WCT Pool Use 

Large WCT presence in pools during summer and winter was largely dependent on pool 

maximum depth and area. As pool size increases within the respected geomorphic segment, the 

probability of large WCT presence increases. Furthermore, pools with slower water velocities had 

higher WCT abundance. Depth alone had the greatest influence among all other pool 

characteristics in determining suitability for large WCT in both summer and winter. Deep pools 

are often optimal habitat for large bodied salmonids in summer (Lewis 1969, Baltz et al. 1991, 

Bjornn and Reiser 1991, Gowan and Fausch 1996, Bonneau and Scarnecchia 1997) and winter 

(Heifetz et al. 1986, Brown and Mackay 1995, Cunjak 1996, Bonneau and Scarnecchia 1997, 

Dieterman et al. 2018). In winter, deep pools with low velocity allow for reduced activity and 

predation risk when water temperatures are low (Cunjak 1996).  

Although predictive logistic models using only summer habitat values did predict large 

WCT presence in both winter periods reasonably well, in some cases classification errors by false 

positives occurred. In Blairmore Creek and Gold Creek, the model expectedly predicted a high 

probability of large WCT presence in five pools with maximum depths ranging from 0.8 to 2.3 m, 

yet there were no large WCT observed in those pools consistently during both winter periods. 

Hence, deep pools do not necessarily imply suitable winter habitat for larger salmonids.  

Geomorphic segments further determined large WCT presence and absence. When pools 

were more abundant and closer together, such as within canyon segments, other factors (e.g. 

depth) had relatively more influence in determining presence or absence. However, when pools 

were less abundant and the distance to the nearest pool was large such as within alluvial segments 

(e.g. up to 347 m), large WCT were also detected in smaller and shallower pools (i.e. false 
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negatives by the model predictions). Consequently, although pool depth may be the dominant 

deciding habitat characteristic, when habitats are limited in availability or connectivity, larger 

salmonids may be forced to use less preferred winter habitats.  

Pools with increased connectivity also supported greater numbers of large WCT during 

winter. However, connectivity also differed between geomorphic segments due to differences in 

the extent of barriers. From the summer low-flow period to winter, the number and extent of 

barriers increased which further reduced connectivity to habitats (i.e. alternate pools) offering 

winter refugia. The most extensive subsurface flow barrier (approximately 600 m in length) 

developed rapidly during early winter. Other subsurface flow barriers had increased in extent by 

nearly 2.5 times from summer to winter. This change in extent of subsurface flow barriers from 

summer to winter is a result of low flows and dynamic ice formation during freeze up. As steep 

streams start to freeze, fast-flowing habitats (e.g. riffles) can be transformed to slow-flowing 

habitats (e.g. pools) independent of discharge (Stickler et al. 2010). Due to ice forming processes 

slowing down water velocities and reducing streamflows, water infiltration into stream beds may 

increase in areas already prone to subsurface flow barriers, for instance within alluvial channels 

(Winter 2007). In contrast to alluvial channels, canyon channels are composed of bed rock, 

allowing little to no water infiltration and continued flow (Winter 2007). Thus, the changes in 

connectivity and the effect it has on WCT populations is greater in alluvial segments compared to 

canyon segments and if low flows are severe, alluvial segments will experience the greatest 

reduction in connectivity and present the greatest stress to WCT populations.   

Ice conditions can also have a large influence on winter habitat use (Cunjak 1996). 

Stickler et al. (2010) suggested temporarily, dynamic ice formation in northern stream systems 

may even become the most important factor for physical habitat characterisation. The results of 

my study further indicate that seasonal water temperature differences influenced large WCT pool 

use, due to varying ice formation conditions. Groundwater input to streams  has a significant 
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moderating effect on water temperatures in streams and influences ice conditions in winter 

(Cunjak 1996, Power et al. 1999, Brown et al. 2011, Lindstrom and Hubert 2011). In my study 

two different stable winter conditions were apparent (Figure 3.15). One of the study streams, 

Gold Creek, is an example of a strongly groundwater influenced stream. Seasonally, Gold Creek 

has colder water temperatures during the summer and comparatively warmer temperatures in the 

winter, reducing overall seasonal variation in water temperature. During cold periods, strong 

groundwater influence produces heterogenous water temperatures throughout the length of the 

stream (e.g. due to large diffuse point sources of input), providing areas with little or no ice 

formation. Furthermore, during milder periods water temperatures may allow the entire stream to 

be free of ice formation. In contrast, Blairmore Creek was less influenced by groundwater. 

Seasonally, Blairmore Creek has warmer water temperatures during summer and comparatively 

colder water temperatures in winter, producing higher seasonal water temperature variability. 

During cold periods, weak groundwater influence produces homogeneous water temperatures 

throughout the length of the stream, producing stable ice conditions. However, it was apparent 

between these stable conditions, there were areas with substantial and dynamic ice formation over 

winter, particularly below groundwater influenced areas. This is analogous with Lindstrom and 

Hubert (2011), who found that areas without groundwater input maintained stable surface ice 

conditions and allowed snow to accumulate (Lindstrom and Hubert 2011). In contrast, areas with 

groundwater input increased water temperatures and kept stream segments ice free (Lindstrom 

and Hubert 2011). However, areas downstream of groundwater input had the greatest amount of 

hazardous and dynamic ice formation (i.e. frazil and anchor ice) (Lindstrom and Hubert 2011). 

The more constant and dynamic ice conditions below groundwater influenced areas are the result 

of water cooling because there is no surface ice or snow cover to insulate it from cold air 

temperatures (Lindstrom and Hubert 2011). In addition, Brown (1999) suggested that in cases 

were sources of warm groundwater discharge are minimal, these areas may not provide suitable 
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winter habitat because water temperatures are not enough to overcome the effects of supercooling 

during cold periods and increased dynamic ice formation can occur.  
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Figure 3.15 Winter stream conditions observed during this study using specific pools as 

examples: B087, G110, G137. Yearly water temperature (°C) plots are shown for each pool, 

where blue indicates subfreezing temperatures (≤ 0 °C), green indicates above freezing 

temperature (> 0 °C). Marginal plots further show seasonal variation in water temperature, 

where lines indicate standard error. B087) area with no groundwater influence and 

complete surface ice and snow cover throughout winter (Blairmore Creek); G110) area with 

only moderate groundwater influence which has had substantial dynamic ice formation 

during cold periods during winter (Gold Creek); G137) area with strong groundwater 

influence and no ice formation throughout winter (Gold Creek).  
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Pools with less groundwater influence (i.e. those with the largest seasonal water 

temperature difference) had a higher probability of large WCT being present due to factors related 

to ice formation and the physical exclusion of habitat. For example, in early winter during initial 

freeze-up periods, streams without strong groundwater influence may have widespread dynamic 

ice forming processes, forcing larger bodied fish to seek refuge in pools throughout the entire 

stream (e.g. Blairmore Creek). In contrast, in streams with strong groundwater influence dynamic 

ice forming processes are only localized within certain areas during initial freeze-up, thus only 

forcing larger bodied fish to seek refuge in areas affected by dynamic ice formation (e.g. Gold 

Creek).  

In addition to ice formation driving large WCT pool use, effects of lower water 

temperatures on fish metabolism may further influence pool choice. At lower water temperatures 

fish metabolism and thus activity is decreased (Elliott 1976, Cunjak 1988a, Clarke and Johnston 

1999). Cunjak (1988b) found that for stream dwelling Brook Char and Brown Trout, lipid levels 

were most rapidly depleted during the onset of early winter, followed by decreased serum protein 

levels and increased serum glucose levels as winter progressed. The trends in body composition 

and hematological conditions were also most apparent during an exceptionally cold and harsh 

winter (Cunjak 1988a). Cunjak (1988b) concluded that acclimation costs can be high during the 

onset of winter when environmental conditions change with rapidly dropping water temperatures 

and increased ice formation. In my streams, differences in summer to winter water temperatures 

in areas that are not moderated by groundwater input can be large (e.g. up to 10 to 16 °C 

difference). Therefore, if water temperatures are not moderated greatly and there is a large amount 

of variation in seasonal water temperatures particularly in the direction of near freezing, there is 

more cost to acclimation during the transition to winter for WCT and more of a requirement to 

move to pools. This was seen in Blairmore Creek which had the largest increase in aggregation 

from summer to early winter and coincidingly also had the greatest amount of seasonal water 
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temperature variation and sharpest drop in water temperatures during the onset of winter. In 

contrast, largely groundwater influenced stream sections, such as those in Gold Creek, maintained 

water temperatures at or near 3.5 °C. Consequently, in these areas daytime seasonal water 

temperature differences (e.g. August vs December) were as low as 2.5 °C. Therefore, if water 

temperatures are moderated greatly and there is little variation in seasonal water temperatures, 

there is less cost to acclimation during the transition to winter for WCT.  

Food may become more important to fish in these winter “warm” conditions later in 

winter, as increased water temperature increases the rate of metabolism, and thus increases energy 

demands (Cunjak 1988a). In small headwater streams, pool habitats can contain lower abundance 

of benthic invertebrates in comparison to riffle habitats (Brown and Brussock 1991, Kobayashi, 

Sohei; Kagaya 2002). Therefore, under warmer conditions there may actually be less of a 

requirement for WCT to move to pools and in some cases motivation to find food within other 

habitats such as shallow runs or even riffles. During mid winter within highly groundwater 

influenced areas on Gold Creek, large WCT were observed outside of pool habitats, such as in 

slow riffles and runs, actively feeding.  

Changes in Habitat Use Throughout Winter 

Generally, large WCT habitat use did not differ among early and mid winter periods and 

fish tended to stay within the chosen pool after the onset of winter. WCT movement is usually 

greatest during the onset of winter and WCT usually remain stationary throughout winter (Jakober 

et al. 1998). Movement by WCT during winter is usually caused by anchor and frazil ice 

excluding habitats (Brown and Mackay 1995, Jakober et al. 1998). Throughout most of my study 

streams, only short term and sudden early winter drops in air temperature lead to frazil and anchor 

ice formation. Similarly, Stickler et al. (2010) observed freeze up in small, steep streams during 

early winter coincided with significant drops in air temperature and that dynamic ice formation 

occurred within very short temporal scales (<12 h). By mid winter, further cold periods lead to 
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stable ice conditions on most pools which allowed large WCT to maintain similar habitat use as in 

early winter. Surface ice and snow cover on many pools had increased or remained stable, which 

resulted in frazil and anchor ice formation in or near most pools to be absent. Generally, deep 

snow insulates small headwater streams preventing further frazil and anchor ice formation 

(Chisholm et al. 1987, Jakober et al. 1998). Therefore, if large WCT were present within a pool 

that had stable surface ice and snow cover to prevent further frazil ice formation there was little 

need for increased movement throughout winter.  

As stable snow cover prevented further frazil ice formation in my study streams, areas of 

strong groundwater influence also prevented ice formation and allowed WCT to remain in those 

pools during mid winter. However, open water allowed access to endothermic predators. 

Endothermic predators such as River Otters Lontra canadensis, Mink Neovison vison, and 

Common Mergansers Mergus merganser occur along streams and rivers and prey on wintering 

salmonids (Salyer and Lagler 1940, Dolloff 1993, Lindstrom and Hubert 2004). During the fall of 

my study, River Otters were captured on video preying on trout in pools just below the study area 

on Gold Creek (Darren Lefort, Riversdale Resources, Blairmore, Alberta, personal 

communication), although by early winter no further sign was observed. Mink sign (i.e. tracks and 

scat) was common throughout the study streams and on one particular occasion during winter, 

scat in one location near open water was found to contain the remains of multiple WCT (Figure 

3.16). Open water conditions due to groundwater influence may be areas frequented by 

endothermic predators in winter. I frequently observed WCT within these areas to respond 

strongly when the pool was approached during surveys. However, when the stream is completely 

enclosed by surface ice, predation risk by endothermic predators is limited or altogether removed 

(Linnansaari et al. 2008, Watz et al. 2016). Watz et al. (2016) found with increased simulated 

surface ice cover Brown Trout used more stream habitat, increasing survival and growth over 

winter. By midwinter in Blairmore Creek, aggregation by large WCT had largely decreased from 



 

 

148 

 

early winter (by approximately 60 %) and coincided with increasing mean surface ice thickness 

(increased by 1.5 times) and mean snow depth on pools (increased by 6.3 times). In, contrast 

aggregation continued to increase or remain stable over winter in both Daisy Creek and Gold 

Creek, both of which contained groundwater influenced areas with no or only partial surface ice 

and snow cover. Thus, WCT populations my face trade offs in winter for survival when under 

different stream conditions. Although strong groundwater influenced areas my have little to no ice 

formation, predation risk can be disadvantageous to survival. On the other hand, weak 

groundwater influenced areas also provide little ice formation when stable and provide little 

predation risk.  

 

Figure 3.16 Mink sign in study streams. A) Mink scat with WCT remains. B) and C) Mink 

tracks on stream bank. D) Adult WCT found dead with deep cuts and puncture wounds 

likely from a mink.  

A B 

D C 
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In sections of my study streams, usually downstream of a groundwater source, the 

development of very thick surface ice (up to 80 cm +) occurred. Continued ice growth reduces 

available habitat in winter and in extreme cases, streams can even freeze completely (Cunjak 

1996, Stickler et al. 2010). However, in my streams the occurrence of the thickest surface ice did 

not seem to develop by thermal ice growth (i.e. surface ice growing down towards the stream bed) 

(Michel and Ramseier 1971). Instead, the source of thickening surface ice was related to flooding 

during early winter. Flooding was caused by anchor and frazil ice accumulation in riffles above 

pools, which forced water to flow over a pre-existing surface ice layer already developed on the 

pool. This produced superimposed ice growth on top of the primary surface ice layer (surface ice 

growing upwards from the stream bed in layers). Thus, significant surface ice formation by itself 

did not seem to exclude pool habitat during winter in these streams and once static may have even 

prevented further frazil and anchor ice formation. In contrast, exclusion of pool habitat by ice in 

mid winter was only observed when a large amount of heavy and wet snow was present, whereby 

weighing down thinner surface ice into pools (Figure 3.17). If snow was present on top of the 

primary surface ice layer, it became saturated by the flooding and froze, forming what is known 

as snow ice or white ice (Gherboudj et al. 2007). 

 

Figure 3.17 Heavy snow loading forcing ice into pools excluding habitat. A) Look from 

above the pool; B) Underwater view of white ice.   
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Brook Char 

Abundance of Brook Char, the second most abundant fish species in the study streams, 

drastically decreased in pools from summer to winter. Many salmonid populations make long 

distance movements from smaller tributaries to overwintering habitats in larger rivers (Craig and 

Poulin 1975, Cunjak 1996). However, large falls and subsurface flow sections located near or at 

the lowest elevations of my study streams, make any mass out-migration very unlikely. 

Therefore, a more likely explanation to the change in Brook Char abundance is that 

Brook Char exhibited a different behavioural strategy from WCT, such that they became inactive 

and concealed during winter. Meyer & Gregory (2000) found that Brook Char, even larger adults 

> 20 cm, were often concealed in winter during the day in pools and increased concealment 

behaviour was related to colder water temperature. Meyer & Gregory (2000) also found that 

concealment behaviour was expressed differently among species and that concealment was higher 

for Brook Char than for Rainbow Trout. Differences in concealment behaviour and activity may 

be a key behavioural distinction among adult WCT and Brook Char during winter.  

Consequently, because seasonal behaviour may differ among species in winter, species 

interactions may also be affected. In my study streams, large WCT were observed to remain 

active during winter regardless of water temperature or time of day, often even observed feeding. 

In contrast, Brook Char, even the largest adults (>30 cm), were almost never observed during 

winter surveys, and none were observed in aggregations with large WCT. Thus, competition 

among larger WCT and Brook Char >20 cm, may even be reduced or non-existent during winter 

when water temperatures are cold for extended amounts of time. On the other hand, intra- and 

inter-specific competition for concealment spaces can be high in salmonids during winter 

(Gregory and Griffith 1996, Armstrong and Griffiths 2001, Harwood et al. 2002). Thus, if most 

Brook Char are in fact seeking concealment spaces during winter, it is possible that competition 
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among Brook Char and small WCT < 20 cm may become heightened seasonally when water 

temperatures are cold.    

Implications for Management 

In the small headwater streams studied here, multiple logistic models using summer 

habitat data, such as maximum depth, area and the underlying geomorphology, were only able to 

reasonably predict large WCT presence and absence in pools for two winter periods. However, 

late summer abundances for large WCT were not indicative of winter habitat use. Here certain 

variables indicating increases in large WCT abundances were only made apparent during winter, 

such as surface ice thickness and velocity. Furthermore, considering the geomorphology and 

changes in connectivity between habitats during winter is imperative in understanding winter 

habitat use. Even though suitable winter habitat may be provided in a stream, if fish cannot move 

to that habitat in winter, it does not benefit the population. Other pool habitat characteristics such 

as seasonal changes in water temperature must also be considered in assessing winter habitat for 

larger adult WCT. For example, water temperature and the location of groundwater point sources 

should be considered in winter habitat surveys. Water temperatures can significantly influence 

snow and ice conditions and thus influence suitable habitats in winter. The assumption of 

increased depth in pools providing better habitat for large WCT may not always hold true in 

winter and traditionally assumed lower quality pools may become more important under seasonal 

changes in connectivity and water temperature (i.e. related to ice conditions).  

Being able to assess the amount of winter habitat during summer is important considering 

the collection of fish and habitat data due to environmental conditions during winter can be 

difficult and expensive, particularly in remote areas. Although a good idea of possible locations 

for overwintering large adult WCT can be made from evaluating summer habitats in combination 

with seasonal water temperature data, it is strongly urged that those habitats be validated during 

winter to ensure they actually support the population. This is because in these mountain streams, 
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slight changes in water temperature can have significant effects on ice conditions and miss 

classifying a pool as “good” winter habitat could be detrimental in evaluating habitats. 

Furthermore, conditions can change throughout winter and fish populations respond to these 

changes. For example, barriers may expand substantially during winter, such as subsurface flow 

barriers, either completely eliminating possible wintering pools or access to others. Ice conditions 

also change throughout winter in response to warming and cooling, influencing pool habitat 

conditions. Lastly, winter stream conditions can vary among years, either being milder or harsher. 

Properly evaluating winter habitats becomes vitally important in prioritization of areas for 

restoration or conservation of threatened species such as WCT. This emphasises the importance of 

including winter as a part of our regular field season (Cunjak 1996). 

Land use practices such as mining, agriculture and forestry can alter basin hydrology and 

streamflow responses (Bent 2001, Blann et al. 2009, Ferrari et al. 2009, Bernhardt and Palmer 

2011), which can lead to changes in channel morphology (Bunn and Arthington 2002, Blann et al. 

2009) and sediment delivery and transport (Wood and Armitage 1997, Blann et al. 2009, 

Anderson and Lockaby 2011). Improper land use practices may lead to the loss of winter habitat 

for WCT through infilling, sedimentation and altered flows (Cunjak 1996). Furthermore, altered 

streamflows may further increase the extent of winter barriers, further reducing connectivity 

among possible winter refugia or even completely eliminating them. Surface mining and logging 

impact groundwater characteristics by altering flow paths and the location of discharge (Bonta et 

al. 1992, Bari et al. 1996, Evans et al. 2015). By altering groundwater inflow to streams, seasonal 

temperature regimes can be altered, impacting ice conditions and stream habitat. Additionally, 

climate change is also expected to alter streamflows and increase winter temperatures in the future 

(Rood et al. 2008, 2016, MacDonald et al. 2014), possibly leading to increased amount of freezing 

and thawing events, making some streams more dynamic throughout winter (Stickler et al. 2010) 

(Figure 3.18).  
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Figure 3.18 A possible look into the effects of future climate change on winter habitat in 

small mountain streams of southern Alberta. Although Blairmore Creek (shown above) had 

stable ice cover for most of winter, during late winter under mild conditions dynamic ice 

formation was evident and constant. With only weak groundwater influence, mild winters in 

streams like Blairmore Creek may cause harsh and stressful overwintering conditions.   

 

The dynamic nature of ice formation in these steep mountain streams remains largely 

unexplored and is an important source of future study. Further detailed research within ice 

formation under different headwater stream conditions and how this effects habitat and fish 

populations over winter would be beneficial. Additionally, work studying the effects that non-

native species have on WCT during other seasons such as winter, is also important, as the 

dynamics of competition may change seasonally. Lastly, more research investigating other barrier 

types during winter, such as those restricting movement by certain size classes and species, could 

be important in further understanding how WCT and other stream dwelling salmonids utilize 

stream habitats.  
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Chapter 4 - General Conclusion 

This thesis described the components (physical, chemical, biological, and spatial) of current 

habitat in relation to WCT populations in three small montane headwater streams. Here I have 

demonstrated the importance of including spatial scale in assessing headwater stream habitats and 

salmonid populations. Specifically, in the study streams large landscape scale factors have a 

superimposed influence on small scale habitat patches, such as pools. Because of this, the ability 

for direct comparisons of fish populations within these systems may be limited when landscape 

features differ greatly. Here even though study streams share watershed borders, there are 

substantial differences in physical and chemical habitat characteristics, thus affecting WCT 

populations. However, when those differences in specific streams are accounted for, general 

habitat features that are required by WCT populations become apparent, such as pools with 

suitable cover, depth, and connectivity.  

This thesis specifically focused on the seasonal changes in habitat and WCT populations in 

the same three small montane headwater streams. Here I have determined there are size-specific 

differences in how WCT overwinter within these smaller streams, which is similar to observations 

made in other larger stream and river systems studied in Alberta (Brown and Mackay 1995, 

Brown 1999). Specifically, most small WCT (< 20 cm) conceal themselves in winter and large 

WCT (> 20 cm) aggregated, while continuing to use pools for winter refuge.  

My work suggests that critical WCT winter pool habitat can possibly be assessed during 

summer sampling while also incorporating seasonal water temperature data. Specifically, summer 

habitat metrics included the geomorphology (related to connectivity and stream size), pool depth, 

and pool area. Moreover, the addition of seasonal changes in water temperature, which is 

accounting for groundwater influence, further improved predictions for WCT habitat suitability 

because groundwater influence significantly effects ice conditions. However, when considering 
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changes in abundance of large WCT in pools (i.e. large aggregations), ice formation, velocity and 

connectivity were further important in describing winter habitat use. The most significant variable 

that was able to predict presence and absence of large WCT, maximum depth, was not related to 

large WCT abundance all together among study streams. Consequently, although increased pool 

depth is the main preferred winter habitat characteristic for an individual large WCT, even 

shallow pools can become more important during winter for large aggregations of adults if 

sections of stream are highly groundwater influenced or isolated.   

Predictions of winter habitat suitability can be made for adult WCT from summer habitat in 

combination with seasonal water temperature data. Although, in order to fully assess the 

importance of particular pools as winter refuge for WCT populations as a whole, surveys 

throughout winter should still be conducted to validate predictions and continued use. 

Misclassification of pools as suitable winter habitat could be detrimental in prioritization of 

habitats for restoration, conservation or enhancement projects for threatened populations. This 

emphasises the importance of still including winter as a part of our regular field season and to 

ensure predicted suitable habitat actually supports fish populations (Cunjak 1996). Yet, with the 

appropriate habitat assessments during summer, sampling efforts in winter can be greatly reduced.  

The results from this study suggest that identifying winter refuge pools is vital for the 

successful management of a threatened species within these small headwater streams. In the 

streams studied, pool habitat made up only a small percentage of all other habitats available (6 

%). Furthermore, out of the total number of pools available, only a small number of these actually 

supported even a single adult WCT during winter (< 30 %). Yet, these pools facilitate the survival 

of the majority of the breeding segment of threatened WCT populations during at least half of the 

year, without many alternatives. This makes pool habitats extremely important in the conservation 

of threatened WCT populations in small headwater streams and attention should be given to 

measures that allow protection of these habitats.  
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Anthropogenic impacts within headwater streams from land use and climate change are an 

important factor to consider. Specifically, land use activities that negatively impact or reduce pool 

habitat in these streams will have substantial effects on threatened WCT populations. With 

climate models predicting altered streamflows and increased stream temperatures into the future 

(Rood et al. 2008, 2016, MacDonald et al. 2014), the importance of refuge habitats such as pools 

will be enforced.  

This thesis contains information that will help make better informed decisions regarding the 

potential effects from land use on small Rocky Mountain headwater streams. Particularly, the 

potential impacts to fish habitat surrounding the proposed Grassy Mountain Coal Project, such as 

altered streamflows and water quality (e.g. altered water temperatures and increased 

sedimentation) could have significant effects on WCT populations if not mitigated properly. This 

thesis highlights a few points that can inform and compliment projects related to mine offsetting 

plans and monitoring programs before and during operation, such as: 

• Maintaining or improving water quality. Specifically, anthropogenically caused 

erosion and fine sediment deposition in stream water bodies. 

• Maintaining or improving connectivity, which includes maintaining sufficient flows, 

number of and distances to pools. Particularly, this applies to areas that have been 

anthropogenically altered.  

• Maintaining and conserving critical refuge pools during summer low flows and 

winter conditions for larger adult WCT. 

Furthermore, before any proposed enhancement projects related to winter habitat are conducted, 

they must first identify how areas will be affected by ice formation and groundwater influence. 

Lastly, any projects done to enhance WCT habitat and populations in these watersheds need to 

consider the possibility of inadvertently improving habitat conditions for introduced species such 

as Brook Char and Rainbow Trout.  
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Further research investigating the full range of barriers and how this effects dispersal within 

headwater stream populations of WCT would be beneficial. For example, further research in this 

area would help in identifying the extent of source-sink populations in headwater streams 

allowing managers to assess key areas to focus restoration efforts and protection. My results show 

that these assessments however should be conducted throughout the seasons, particularly 

encompassing the winter period when barriers are at the greatest extent.  

The Crowsnest Pass has experienced significant alterations of habitat due to historic mining, 

and anthropogenic development, and therefore, lessons from the past can be learned. As these 

WCT populations clearly have adapted to many of these changes (not measured in this thesis), it 

is important to recognize that past activities have led to the rapid decline of pure WCT 

populations and any measures possible to be taken now would be helpful to preserve this species 

into the future. The research that has been presented in thesis has filled in some of the previous 

knowledge gaps surrounding WCT ecology and will help make relevant management decisions 

and protect this iconic species of the Canadian Rocky Mountains into the future. 

 

 

 



 

 

158 

 

 

Literature Cited 

Alberta Energy. 2017. Coal and Mineral Development in Alberta 2017 Year in Review. 

Edmonton, AB. 

Allendorf, F. W., R. F. Leary, N. P. Hitt, K. L. Knudsen, L. L. Lundquist, and P. Spruell. 2004. 

Intercrosses and the U.S. endangered species act: Should hybridized populations be 

included as westslope cutthroat trout? Conservation Biology 18:1203–1213. 

Amaranthus, M., H. Jubas, and D. Arthur. 1989. Stream shading , summer streamflow and 

maximum water temperature following intense wildfire in headwater streams. Pages 75–

78 in N. H. Berg, editor. Proceedings of the symposium on fire and watershed 

management: October 26-28, 1988, Sacramento, California. USDA Forest Service Gen. 

Tech. Rep. PSW-109, Department of Agriculture, Forest Service, Pacific Southwest 

Forest and Range Experiment Station: 75-78 (Vol. 109)., Berkeley, California, US. 

Anderson, C. J., and B. G. Lockaby. 2011. Research gaps related to forest management and 

stream sediment in the United States. Environmental Management 47:303–313. 

Anderson, R. O., and R. M. Neumann. 1996. Length, weight, and associated structural indices. 

Pages 447–483 in B. R. Murphy and D. W. Willis, editors. Fisheries Techniques Second 

Edition. American Fisheries Society, Bethesda, Maryland. 

Armstrong, J. D., and S. W. Griffiths. 2001. Density-dependent refuge use among over-wintering 

wild Atlantic salmon juveniles. Journal of Fish Biology 58:1524–1530. 

Atchison, G. J., M. G. Henry, and M. B. Sandheinrich. 1987. Effects of metals on fish behavior: a 

review. Environmental Biology of Fishes 18:11–25. 

Baillie, J., C. Hilton-Taylor, and S. N. Stuart, editors. 2004. 2004 IUCN red list of threatened 

species: a global species assessment. IUCN, Gland, Switzerland and Cambridge, UK. 

Bain, M. B., and N. J. Stevenson, editors. 1999. Aquatic habitat assessment: common methods. 

American Fisheries Society, Bethesda, Maryland. 

Baltz, D. M., B. Vondracek, L. R. Brown, and P. B. Moyle. 1991. Seasonal changes in 

microhabitat selection by rainbow trout in a small stream. Transactions of the American 

Fisheries Society 120:166–176. 

Bari, M. A., N. Smith, J. K. Ruprecht, and B. W. Boyd. 1996. Changes in streamflow components 

following logging and regeneration in the Southern Forest of Western Australia. 

Hydrological Processes 10:447–461. 

Baxter, J. S., and J. D. McPhail. 1999. The influence of redd site selection, groundwater 

upwelling, and over-winter incubation temperature on survival of bull trout (Salvelinus 

confluentus) from egg to alevin. Canadian Journal of Zoology 77:1233–1239. 

Bear, E. A., T. E. McMahon, and A. V. Zale. 2007. Comparative Thermal Requirements of 

Westslope Cutthroat Trout and Rainbow Trout: Implications for Species Interactions and 

Development of Thermal Protection Standards. Transactions of the American Fisheries 

Society 136:1113–1121. 

Beaty, C. B. 1975. The landscapes of southern alberta. University of Lethbridge, Lethbridge, 

Alberta, Canada. 



 

 

159 

 

Beauchamp, J. J., S. W. Christensen, and E. P. Smith. 1992. Selection of factors affecting the 

presence of brook trout (Salvelinus fontinalis) in Adirondack lakes: A case study. 

Canadian Journal of Fisheries and Aquatic Sciences 49:597–608. 

Behnke, R. J. 2002. Trout and salmon of north america. Fieldstone, New York, NY. 

Belletti, B., M. Rinaldi, M. Bussettini, F. Comiti, A. M. Gurnell, L. Mao, L. Nardi, and P. Vezza. 

2017. Characterising physical habitats and fluvial hydromorphology: A new system for 

the survey and classification of river geomorphic units. Geomorphology 283:143–157. 

Bendock, T. N. 1981. Inventory and cataloging of arctic area waters. Alaska Department of Fish 

and Game, Annual Performance Report, Fairbanks, Alaska. 

Benson, N. G. 1955. Observations on anchor ice in a Michigan trout stream. Ecology 36:529–530. 

Bent, G. C. 2001. Effects of forest-management activities on runoff components and ground-

water recharge to Quabbin Reservoir, central Massachusetts. Forest Ecology and 

Management 143:115–129. 

van den Berghe, E. P., and M. R. Gross. 1989. Natural selection resulting from female breeding 

competition in a pacific salmon (coho: onchorhynchus kisutch). Evolution 43:125–140. 

Berkman, H. E., and C. F. Rabeni. 1987. Effect of siltation on stream fish communities. 

Environmental Biology of Fishes 18:285–294. 

Bernhardt, E. S., and M. A. Palmer. 2011. The environmental costs of mountaintop mining valley 

fill operations for aquatic ecosystems of the Central Appalachians. Annals of the New 

York Academy of Sciences 1223:39–57. 

Bjornn, T. C., and J. Mallet. 1964. Movements of planted and wild trout in an Idaho river system. 

Transactions of the American Fisheries Society:70–76. 

Bjornn, T. C., and D. W. Reiser. 1991. Habitat requirements of salmonids in streams. Pages 83–

138 in W. R. Meehan, editor. Influences of Forest and Rangeland Management of 

Salmonid Fishes and Their Habitat. American Fisheries Society Special Puplication 19. 

Blann, K. L., J. L. Anderson, G. R. Sands, and B. Vondracek. 2009. Effects of agricultural 

drainage on aquatic ecosystems: A review. Critical Reviews in Environmental Science 

and Technology 39:909–1001. 

Bonneau, J., and D. Scarnecchia. 1997. Seasonal and diel changes in habitat use by juvenile bull 

trout (Salvelinus confluentus) and cutthroat trout (Oncorhynchus clarki) in a mountain 

stream. Canadian Journal of Zoology 76:783–790. 

Bonta, J. V., C. R. Amerman, W. A. Dick, G. F. Hall, T. J. Harlukowicz, A. C. Razem, and N. E. 

Smeck. 1992. Impact of surface coal mining on three Ohio watersheds - physical 

conditions and ground-water hydrology. Journal of the American Water Resources 

Association 28:577–596. 

Bonta, J. V, C. R. Amerman, T. J. Harlukowicz, and W. A. Dick. 1997. Impact of coal surface 

mining on three ohio watersheds - surface-water hydrology. Journal of the American 

Water Resources Association 33:907–917. 

Bradford, M. J., and P. S. Higgins. 2001. Habitat-, season-, and size-specific variation in diel 

activity patterns of juvenile chinook salmon (Oncorhynchus tshawytscha) and steelhead 



 

 

160 

 

trout (Oncorhynchus mykiss). Canadian Journal of Fisheries and Aquatic Sciences 

58:365–374. 

Brown, A. V., and P. P. Brussock. 1991. Comparisons of benthic invertebrates between riffles and 

pools. Hydrobiologia 220:99–108. 

Brown, M. L., and D. J. Austen. 1996. Data management and Statistical Techniques. Pages 17–62 

in B. R. Murphy and D. W. Willis, editors. Fisheries Techniques Second Edition. Second. 

American Fisheries Society, Bethesda, Maryland. 

Brown, R., and W. Mackay. 1995. Fall and winter movements of and habitat use by cutthrout 

trout in the Ram River, Alberta. Transactions of the American Fisheries Society 124:873–

885. 

Brown, R., G. Power, S. Beltaos, and T. Beddow. 2000. Effects of hanging ice dams on winter 

movements and swimming activity of fish. Journal of Fish Biology 57:1150–1159. 

Brown, R. S. 1999. Fall and early winter movements of cutthroat trout, Oncorhynchus clarki, in 

relation to water temperature and ice conditions in Dutch Creek, Alberta. Environmental 

Biology of Fishes 55:359–368. 

Brown, R. S., W. a. Hubert, and S. F. Daly. 2011. A primer on winter, ice, and fish: what fisheries 

biologists should know about winter ice processes and stream-dwelling fish. Fisheries 

36:8–26. 

Brown, R. S., S. S. Stanislawski, and W. C. Mackay. 1993. Effects of frazil ice on fish. Pages 

261–278 in T. D. Prowse, editor. Proceedings of the Workshop on Envrionment Aspects 

of River Ice. Environment Canada, National Hydrology Research Institute, Symposium 

Series No. 12, Saskatoon, Saskatchewan. 

Bunn, S. E., and A. H. Arthington. 2002. Basic principles and ecological consequences of altered 

flow regimes for aquatic biodiversity. Environmental Management 30:492–507. 

Bustard, D. R., and D. W. Narver. 1975. Preferences of juvenile Coho Salmon (Oncorhynchus 

kisutch) and Cutthroat Trout (Salmo clarki) relative to simulated alteration of winter 

habitat. Journal of the Fisheries Board of Canada 32:681–987. 

Calkins, D. J. 1989. Winter habitats of Atlantic Salmon, Brook Trout, Brown Trout and Rainbow 

Trout - a literature review. Hanover, N.H. 

Canadian GIS & Geomatics. 2017. Canadian GIS & geomatics geographic information & 

resources. https://canadiangis.com/geospatial/geobase. 

Carlson, L. D., and M. S. Quinn. 2005. Evaluating the effectiveness of instream habitat structures 

for overwintering stream salmonids: A test of underwater video. North American Journal 

of Fisheries Management 25:130–137. 

Charlton, R. 2008. Fundamentals of fluvial geomorphology. Routledge. 

Chisholm, I. M., W. A. Hubert, and T. A. Wesche. 1987. Winter stream conditions and use of 

habitat by brook trout in high-elevation Wyoming streams. Transactions of the American 

Fisheries Society 116:176–184. 

Clarke, A., and N. M. Johnston. 1999. Scaling of metabolic rate with body mass and temperature 

in teleost fish. Journal of Animal Ecology 68:893–905. 



 

 

161 

 

Clements, W. H. 1996. Benthic invertebrate community responses to heavy metals in the upper 

Arkansas River Basin , Colorado. Journal of North American Benthological Society 

13:30–44. 

Coleman, M. A., and K. D. Fausch. 2007a. Cold summer temperature regimes cause a recruitment 

bottleneck in age-0 Colorado River Cutthroat Trout reared in laboratory streams. 

Transactions of the American Fisheries Society:639–654. 

Coleman, M. A., and K. D. Fausch. 2007b. Cold summer temperature limits recruitment of age-0 

cutthroat trout in high-elevation Colorado streams. Transactions of the American 

Fisheries Society:1231–1244. 

Contor, C. R., and J. S. Griffith. 1995. Nocturnal emergence of juvenile rainbow trout from winter 

concealment relative to light intensity. Hydrobiologia 299:179–183. 

Cooke, J. A., and M. S. Johnson. 2002. Ecological restoration of land with particular reference to 

the mining of metals and industrial minerals: A review of theory and practice. 

Environmental Reviews 10:41–71. 

Corell, R. W. 2006. Challenges of climate change: an arctic perspective. A Journal of the Human 

Environment 35:381–7. 

COSEWIC. 2016. COSEWIC assessment and status report on the Westslope Cutthroat Trout 

Oncorhynchus clarkii lewisi, Saskatchewan-Nelson River populations and Pacific 

populations, in Canada. Ottawa. 

COSEWIC. 2018. COSEWIC annual report, 2017-2018. Ottawa. 

Coulson, M. R. C. 1987. In the matter of class intervals for choropleth maps: with particular 

reference to the work of George F Jenks. Cartographica: The International Journal for 

Geographic Information and Geovisualization 24:16–39. 

Craig, P. C. 1989. An introduction to anadromous fishes in the alaskan arctic. Biological Papers 

of the University of Alaska 24:27–54. 

Craig, P. C., and V. A. Poulin. 1975. Movements and growth of arctic grayling (Thymallus 

arcticus) and juvenile arctic char (Salvelinus alpinus) in a small arctic stream, Alaska. 

Journal of Fisheries Research Board of Canada 32:689–697. 

Craney, T. A., and J. G. Surles. 2002. Model-dependent variance inflation factor cutoff values. 

Quality Engineering 14:391–403. 

Cunjak, R. A. 1988a. Physiological consequences of overwintering in streams: The cost of 

acclimation? Canadian Journal of Fisheries and Aquatic Sciences 45:443–452. 

Cunjak, R. A. 1988b. Behaviour and microhabitat of young Atlantic Salmon (Salmo salar) during 

winter. Canadian Journal of Fisheries and Aquatic Sciences 45:2165–2160. 

Cunjak, R. A. 1996. Winter habitat of selected stream fishes and potential impacts from land-use 

activity. Canadian Journal of Fisheries and Aquatic Sciences 53:267–282. 

Cunjak, R. A., and G. Power. 1986. Winter habitat utilization by stream resident Brook Trout 

(Salvelinus fontinalis) and Brown Trout (Salmo trutta). Canadian Journal of Fisheries and 

Aquatic Sciences 43:1970–1981. 



 

 

162 

 

Curry, R. A., D. L. G. Noakes, and G. E. Morgan. 1995. Groundwater and the incubation and 

emergence of Brook Trout (Salvelinus fontinalis). Canadian Journal of Fisheries and 

Aquatic Sciences 52:1741–1749. 

Dabney, B. L., W. H. Clements, J. L. Williamson, and J. F. Ranville. 2018. Influence of metal 

contamination and sediment deposition on benthic invertebrate colonization at the North 

Fork Clear Creek Superfund Site, Colorado, USA. Environmental Science and 

Technology 52:7072–7080. 

Dallinger, R., A. Zoophysiologie, I. N. Fold, F. Republic, I. N. Fold, and F. Republic. 1987. 

Contaminated food and uptake of heavy metals by fish: a review and a proposal for 

further research. Oecologia 73:91–98. 

Department of Fisheries and Oceans, and British Columbia Ministry of Environment. 1989. Fish 

habitat and information program stream survey field guide. 

Dieterman, D. J., W. C. Thorn, and C. S. Anderson. 2018. Winter habitat selection by large brown 

trout in streams with and without habitat rehabilitation. North American Journal of 

Fisheries Management 38:253–266. 

Díez, M. A., R. Alvarez, and C. Barriocanal. 2002. Coal for metallurgical coke production: 

Predictions of coke quality and future requirements for cokemaking. International Journal 

of Coal Geology 50:389–412. 

Dolloff, C. A. 1993. Predation by River Otters (Lutra canadensis) on Juvenile Coho Salmon 

(Onchorchynchus kisutch) and Dolly Varden (Slavelinus malma) in Souteast Alaska. 

Canadian Journal of Fisheries and Aquatic Sciences 50:312–315. 

Dunham, J. B., S. B. Adams, R. E. Schroeter, and D. C. Novinger. 2002. Alien invasions in 

aquatic ecosystems: toward an understanding of Brook Trout invasions and potential 

impacts on inland Cutthroat Trout in western North America. Reviews in Fish Biology 

and Fisheries 12:373–391. 

Elliott, J. M. 1976. The energetics of feeding, metabolism and growth of Brown Trout (Salmo 

trutta L.) in relation to body weight, water temperature and ration size. Journal of Animal 

Ecology 45:923–948. 

Erkinaro, J., I. L. Shchurov, T. Saari, and E. Niemelä. 1994. Occurrence of Atlantic Salmon parr 

in redds at spawnign time. Journal of Fish Biology 45:899–900. 

ESRI. 2016. ArcMap. Environmental Systems Research Institute., Redlands, California. 

Evans, D. M., C. E. Zipper, E. T. Hester, and S. H. Schoenholtz. 2015. Hydrologic Effects of 

Surface Coal Mining in Appalachia (U.S.). Journal of the American Water Resources 

Association 51:1436–1452. 

Falke, J. A., and K. D. Fausch. 2010. From metapopulations to metacommunities: Linking theory 

with empirical observations of the spatial population dynamics of stream fishes. 

American Fisheries Society Symposium 73:207–233. 

Farr, D., A. Braid, A. Janz, B. Sarchuk, S. Slater, A. Sztaba, D. Barrett, G. Stenhouse, A. 

Morehouse, and M. Wheatley. 2017. Ecological response to human activities in 

southwestern Alberta: scientific assessment and synthesis. Alberta Environment and 

Parks, Government of Alberta, ISBN No. 978-1-4601-3540-2. 



 

 

163 

 

Farr, D., A. Braid, and S. Slater. 2018. Linear disturbances in the Livingstone-Porcupine Hills of 

Alberta: Review of potential ecological responses. Government of Alberta, Environment 

and Parks. ISBN No. ISBN 978-1-4601-4033-8. 

Felske, L. W. 1991. Studies in the Crow’s Nest Pass coal industry from its origins to tthe end of 

world war I. PhD. dissertation. University of Toronto. 

Ferrari, J. R., T. R. Lookingbill, B. McCormick, P. A. Townsend, and K. N. Eshleman. 2009. 

Surface mining and reclamation effects on flood response of watersheds in the central 

Appalachian Plateau region. Water Resources Research 45:1–11. 

Fisheries and Oceans Canada. 2014. Recovery Strategy for the Alberta populations of Westslope 

Cutthroat Trout (Oncorhynchus clarkii lewisi) in Canada [Final]. Species at Risk Act 

Recovery Strategy Series. Fisheries. Page Recovery Strategy Series. Ottawa. 

Florsheim, J. L., E. A. Keller, and D. W. Best. 1991. Fluvial sediment transport in response to 

moderate storm flows following chaparral wildfire, Ventura County, southern California. 

Geological Society of America Bulletin 103:504–511. 

Flosi, G., S. Downie, J. Hopelain, M. Bird, R. Coey, and B. Collins. 1998. California salmonid 

stream habitat restoration manual. California Department of Fish and Game, Sacramento, 

California. 

Fox, J., and S. Weisberg. 2011. An {R} companion to applied regression, second edition. 

Thousand Oaks CA: Sage. 

Fraser, N. H. C., N. B. Metcalfe, J. Heggenes, and J. E. Thorpe. 1995. Low summer temperatures 

cause juvenile Atlantic salmon to become nocturnal. Canadian Journal of Zoology 

73:446–451. 

Frissell, C. A., W. J. Liss, C. E. Warren, and M. D. Hurley. 1986. A hierarchical framework for 

stream habitat classification : viewing streams in a watershed context. Environmental 

Management 10:199–214. 

Gherboudj, I., M. Bernier, F. Hicks, and R. Leconte. 2007. Physical characterization of air 

inclusions in river ice. Cold Regions Science and Technology 49:179–194. 

Government of Alberta. 2018. Coal - Alberta’s Energy Heritage. 

http://history.alberta.ca/energyheritage/coal/default.aspx. 

Government of Alberta Agriculture and Forestry. 2018. Current and Historical Alberta Weather 

Station Data Viewer. 

Gowan, C., and K. D. Fausch. 1996. Long-term demographic responses of trout populations to 

habitat manipulation in six Colorado streams. Ecological Applications 6:931–946. 

Greenberg, L. A., T. Steinwall, and H. Persson. 2001. Effect of depth and substrate on use of 

stream pools by Brown Trout. Transactions of the American Fisheries Society 130:699–

705. 

Gregory, J. S., and J. S. Griffith. 1996. Winter concealment by subyearling Rainbow Trout: space 

size selection and reduced concealment under surface ice and in turbid water conditions. 

Canadian Journal of Zoology 74:451–455. 



 

 

164 

 

Gries, G., K. G. Whalen, F. Juanes, and D. L. Parrish. 1997. Nocturnal activity of juvenile 

Atlantic Salmon (Salmo salar) in late summer: evidence of diel activity partitioning. 

Canadian Journal of Fisheries and Aquatic Sciences 54:1408–1413. 

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 Research Board of Canada 29:265–273. 

Griffiths, S. W., J. D. Armstrong, and N. B. Metcalfe. 2003. The cost of aggregation: Juvenile 

salmon avoid sharing winter refuges with siblings. Behavioral Ecology 14:602–606. 

Grömping, U. 2006. Relative importance for linear regression in R: the package relaimpo. Journal 

Of Statistical Software 17:139–147. 

Gunn, J. M., and R. Sein. 2000. Effects of forestry roads on reproductive habitat and exploitation 

of Lake Trout (Salvelinus namaycush) in three experimental lakes. Canadian Journal of 

Fisheries and Aquatic Sciences 57:97–104. 

Hair, J. F., W. C. Black, B. J. Babin, R. E. Anderson, and R. L. Tatham. 2006. Multivariate data 

analysis. Sixth Edit. Pearson Education. 

Hamner, B., and M. Frasco. 2017. Metrics: evaluation metrics for machine learning. 

Harding, J. S. 2005. Impacts of metals and mining on stream communities. Pages 343–357 in T. 

A. Moore, A. Black, J. A. Centeno, J. S. Harding, and D. A. Trumm, editors. Metal 

Contamiants in New Zealand. Resolution Press, Christchurch, New Zealand. 

Harper, D. D., and A. M. Farag. 2004. Winter habitat use by Cutthroat Trout in the Snake River 

near Jackson, Wyoming. Transactions of the American Fisheries Society 133:15–25. 

Harrell, F. E. J., and with contributions from Charles Dupont and many Others. 2017. Hmisc: 

Harrell Miscellaneous. 

Hartman, G. F. 1965. The role of behavior in the ecology and interaction of underyearling coho 

salmon (Oncorhynchus kisutch) and steelhead trout (Salmo gairdneri). Journal of the 

Fisheries Research Board of Canada 22:1035–1081. 

Harwood, A., N. Metcalfe, S. Griffiths, and J. Armstrong. 2002. Intra- and inter-specific 

competition for winter concealment habitat in juvenile salmonids. Canadian Journal of 

Fisheries and Aquatic Sciences 59:1515–1523. 

Hatfield Consultants. 2016. Grassy Mountain Coal Project: Fisheries and Aquatics Technical 

Baseline Report. 

Heggenes, J., O. M. W. Krog, O. R. Lindås, and J. G. Dokk. 1993. Homeostatic behavioural 

responses in a changing environment: Brown Trout (Salmo trutta) become nocturnal 

during winter. British Ecological Society 62:295–308. 

Heifetz, J., M. L. Murphy, and K. V. Koski. 1986. Effects of logging on winter habitat of juvenile 

salmonids in Alaskan streams. North American Journal of Fisheries Management 6:52–

58. 

Hicks, B. J., J. D. Hall, P. A. Bisson, and J. R. Sedell. 1991. Responses of salmonids to habitat 

changes. Pages 483–518 in W. R. Meehan, editor. Influences of Forest and Rangeland 

Management of Salmonid Fishes and Their Habitat. American Fisheries Society Special 

Publication 19, Bethesda, Maryland. 



 

 

165 

 

Hillman, T. W., J. S. Griffith, and W. S. Platts. 1987. Summer and winter habitat selection by 

juvenile chinook salmon in a highly sedimented Idaho Stream. Transactions of the 

American Fisheries Society 116::185-195. 

Hodgkinson, J. H., and M. H. Smith. 2018. Climate change and sustainability as drivers for the 

next mining and metals boom: The need for climate-smart mining and recycling. 

Resources Policy:1–11. 

Hogsden, K. L., and J. S. Harding. 2012. Consequences of acid mine drainage for the structure 

and function of benthic stream communities: a review. Freshwater Science 31:108–120. 

Horan, D. L., J. L. Kershner, C. P. Hawkins, and T. A. Crowl. 2000. Effects of habitat area and 

complexity on Colorado River Cutthroat Trout density in Uinta mountain streams. 

Transactions of the American Fisheries Society 129:1250–1263. 

Huusko, A., L. Greenberg, M. Stickler, T. Linnansaari, M. Nykanen, T. Vehanen, S. Koljonen, P. 

Louhi, and K. Alfredsen. 2007. Life in the ice lane: The winter ecology of stream 

salmonids. River Research and Applications 23:469–491. 

Isaak, D. J., and W. A. Hubert. 2004. Nonlinear Response of Trout Abundance to Summer Stream 

Temperatures across a Thermally Diverse Montane Landscape. Transactions of the 

American Fisheries Society 133:1254–1259. 

Jakober, M. J., T. E. McMahon, and R. F. Thurow. 2000. Diel habitat partitioning by bull charr 

and cutthroat trout during fall and winter in Rocky Mountain streams. Environmental 

Biology of Fishes 59:79–89. 

Jakober, M. J., T. E. McMahon, R. F. Thurow, and C. G. Clancy. 1998. Role of stream ice on fall 

and winter movements and habitat use by Bull Trout and Cutthroat Trout in Montana 

headwater streams. Transactions of the American Fisheries Society 127:223–235. 

Jensen, D. W., E. A. Steel, A. H. Fullerton, and G. R. Pess. 2009. Impact of fine sediment on egg-

to-fry survival of pacific salmon: A meta-analysis of published studies. Reviews in 

Fisheries Science 17:348–359. 

Jezierska, B., K. Ługowska, and M. Witeska. 2009. The effects of heavy metals on embryonic 

development of fish (a review). Fish Physiology and Biochemistry 35:625–640. 

Johnson, S. L. 2004. Factors influencing stream temperatures in small streams: substrate effects 

and a shading experiment. Canadian Journal of Fisheries and Aquatic Sciences 61:913–

923. 

Kalbus, E., F. Reinstorf, and M. Schirmer. 2006. Measuring methods for groundwater? surface 

water interactions: a review. Hydrology and Earth System Sciences Discussions, 

European Geosciences Union 10:873–887. 

Kaufman, S. D., E. Snucins, J. M. Gunn, and W. Selinger. 2009. Impacts of road access on Lake 

Trout (Salvelinus namaycush) populations: regional scale effects of overexploitation and 

the introduction of Smallmouth Bass (Micropterus dolomieu). Canadian Journal of 

Fisheries and Aquatic Sciences 66:212–223. 

Kempema, E. W., J. M. Shaha, and A. J. Eisinger. 2002. Anchor-ice rafting of coarse sediment: 

observations from the Laramie River, Wyoming, USA. Proceedings of the 16th 

International Symposium on Ice, Dunedin, New Zealand. 



 

 

166 

 

Kobayashi, Sohei; Kagaya, T. 2002. Differences in litter characteristics and macroinvertebrate 

assemblages between litter patches in pools and riffles in a headwater stream. Limnology 

3:37–42. 

Kondratieff, M. C., and C. A. Myrick. 2006. How high can Brook Trout jump? A laboratory 

evaluation of Brook Trout jumping performance. Transactions of the American Fisheries 

Society 135:361–370. 

Krausmann, F., S. Gingrich, N. Eisenmenger, K. H. Erb, H. Haberl, and M. Fischer-Kowalski. 

2009. Growth in global materials use, GDP and population during the 20th century. 

Ecological Economics 68:2696–2705. 

Krueger, C. C., and B. May. 1991. Ecological and genetic effects of salmonid introductions. 

Canadian Journal of Fisheries and Aquatic Sciences:66–77. 

Kruse, C. G., W. A. Hubert, and F. J. Rahel. 1997. Geomorphic influences on the distribution of 

yellowstone Cutthroat Trout in the Absaroka Mountains, Wyoming. Transactions of the 

American Fisheries Society 126:418–427. 

Kuchapski, K. A., and J. B. Rasmussen. 2015a. Surface coal mining influences on 

macroinvertebrate assemblages in streams of the canadian rocky mountains. 

Environmental Toxicology and Chemistry 34:2138–2148. 

Kuchapski, K. A., and J. B. Rasmussen. 2015b. Food chain transfer and exposure effects of 

selenium in salmonid fish communities in two watersheds in the Canadian Rocky 

Mountains. Canadian Journal of Fisheries and Aquatic Sciences 72:955–967. 

Langman, J. B., J. Moberly, S. Boakye-ansah, and K. Torso. 2018. Seasonal and topographical 

influences on the formation and transport of metal forms in a mining-impacted riverine 

environment. Hydrology 35:1–16. 

Lanka, R. P., W. A. Hubert, and T. A. Wesche. 1987. Relations of geomorphology to stream 

habitat and trout standing stock in small Rocky Mountain streams. Transactions of the 

American Fisheries Society 116:21–28. 

Letcher, B. H., K. H. Nislow, J. A. Coombs, M. J. O. Donnell, and T. L. Dubreuil. 2007. 

Population Response to Habitat Fragmentation in a Stream-Dwelling Brook Trout 

Population. PloS one 2:e1139. 

Lewis, S. L. 1969. Physical factors influencing fish populations in pools of a trout stream. 

Transactions of the American Fisheries Society 98:14–19. 

Lindberg, T. T., E. S. Bernhardt, R. Bier, A. M. Helton, R. B. Merola, A. Vengosh, and R. T. Di 

Giulio. 2011. Cumulative impacts of mountaintop mining on an Appalachian watershed. 

Proceedings of the National Academy of Sciences 108:20929–20934. 

Lindstrom, J. W., and W. A. Hubert. 2004. Mink predation on radio-tagged trout during winter in 

a low gradient reach of a mountain stream, Wyoming. Western North American 

Naturalist 64:551–553. 

Lindstrom, J. W., and W. A. Hubert. 2011. Ice processes affect habitat use and movements of 

adult Cutthroat Trout and Brook Trout in a Wyoming foothills stream. North American 

Journal of Fisheries Management 24:1341–1352. 

Linnansaari, T., R. A. Cunjak, and R. Newbury. 2008. Winter behaviour of juvenile Atlantic 

Salmon Salmo salar L . in experimental stream channels : effect of substratum size and 



 

 

167 

 

full ice cover on spatial distribution and activity pattern. Journal of Fish Biology 

72:2518–2533. 

MacDonald, R. J., S. Boon, J. M. Byrne, M. D. Robinson, and J. B. Rasmussen. 2014. Potential 

future climate effects on mountain hydrology, stream temperature, and native salmonid 

life-history. Canadian Journal of Fisheries and Aquatic Sciences 71:189–202. 

Magee, J. P., T. E. McMahon, and R. F. Thurow. 1996. Spatial variation in spawning habitat of 

Cutthroat Trout in a sediment-rich stream basin. Transactions of the American Fisheries 

Society 125:768–779. 

Magnuson, J. J., D. M. Robertson, B. J. Benson, R. H. Wynne, D. M. Livingstone, T. Arai, R. A. 

Assel, R. G. Barry, V. Card, E. Kuusisto, N. G. Granin, T. D. Prowse, K. M. Strewart, 

and V. S. Vuglinski. 2000. Historical trends in lake and river ice cover in the northern 

hemisphere. Science 289:1743–1746. 

Mäki-Petäys, A., J. Erkinaro, E. Niemelä, A. Huusko, and T. Muotka. 2004. Spatial distribution of 

juvenile Atlantic Salmon (Salmo salar) in a subarctic river: Size-specific changes in a 

strongly seasonal environment. Canadian Journal of Fisheries and Aquatic Sciences 

61:2329–2338. 

Malmqvist, B., and S. Rundle. 2002. Threats to the running water ecosystems of the world. 

Environmental Conservation 29:134–153. 

Martin, M. D., R. S. Brown, D. R. Barton, and G. Power. 2000. Abundance of stream 

invertebrates in winter: seasonal changes and effects of river ice. The Canadian field-

naturalist 115:68–74. 

Martin, S. 1981. Frazil ice in rivers and oceans. Annual Review of Fluid Mechanics 13:379–397. 

Mayhood, D. W., and E. B. Taylor. 2011. Contributions to a recovery plan for Westslope 

Cutthroat Trout (Oncorhynchus clarkii lewisi) in Alberta: distribution, population size 

and trends. Calgary, AB. 

McCaffery, M., A. T. Switalski, and L. Eby. 2007. Effects of road decommissioning on stream 

habitat characteristics in the South Fork Flathead River, Montana. Transactions of the 

American Fisheries Society:553–561. 

McGrew, C. J. J., and C. B. Monroe. 2000. An introduction to statistical problem solving in 

geography. Second. Waveland Press, Inc, Long Grove, IL. 

McIntyre, J. D., and B. E. Rieman. 1995. Westslope Cutthroat Trout. Pages 1–15, 256 in M. K. 

Young, editor. Conservation assessment for inland cutthroat trout. General Technical 

Report RM-256. US Department of Agriculture, Forest Service, Rocky Mountain Forest 

and Range Experiment Station., Fort Collins, Colorado. 

McKim, J. M., and D. A. Benoit. 1971. Effects of long-term exposures to copper on survival, 

growth, and reproduction of Brook Trout (Salvelinus fontinalis). Journal of the Fisheries 

Research Board of Canada 28:655–662. 

Meehan, W. R., and W. S. Platts. 1978. Livestock grazing and the aquatic environment. Journal of 

Soil and Water Conservation 33:274–278. 

Menberg, K., P. Blum, B. L. Kurylyk, and P. Bayer. 2014. Observed groundwater temperature 

response to recent climate change. Hydrology and Earth System Sciences 18:4453–4466. 



 

 

168 

 

Menendez, R. 1976. Chronic effects of reduced pH on Brook Trout (Salvelinus fontinalis). 

Journal of Fisheries Research Board of Canada 33:118–123. 

Meyer, K. A., and J. S. Gregory. 2000. Evidence of concealment behavior by adult Rainbow 

Trout and Brook Trout in winter. Ecology of Freshwater Fish 9:138–144. 

Meyer, K. A., and J. S. Griffith. 1997. Effects of cobble-boulder substrate configuration on winter 

residency of juvenile rainbow trout. North American Journal of Fisheries Management 

17:77–84. 

Michel, B., and R. O. Ramseier. 1971. Classification of river and lake ice. Canadian Geotechnical 

Journal 8:36–45. 

Miller, L. L., J. B. Rasmussen, V. P. Palace, G. Sterling, and A. Hontela. 2013. Selenium 

bioaccumulation in stocked fish as an indicator of fishery potential in pit lakes on 

reclaimed coal mines in Alberta, Canada. Environmental Management 52:72–84. 

Mount, D. I. 1973. Chronic effect of low pH on Fathead Minnow survival, growth and 

reproduction. Water Research 7:987–993. 

Mudd, G. M. 2007. Global trends in gold mining: Towards quantifying environmental and 

resource sustainability. Resources Policy 32:42–56. 

Mudd, G. M. 2010. Global trends and environmental issues in nickel mining: Sulfides versus 

laterites. Ore Geology Reviews 38:9–26. 

Mueller, R. P., R. S. Brown, H. Hop, and L. Moulton. 2006. Video and acoustic camera 

techniques for studying fish under ice: A review and comparison. Reviews in Fish 

Biology and Fisheries 16:213–226. 

Muhlfeld, C. C., D. H. Bennett, and B. Marotz. 2001. Fall and winter habitat use and movement 

by Columbia River Redband Trout in a small stream in Montana. North American Journal 

of Fisheries Management 21:170–177. 

Muhlfeld, C. C., T. E. McMahon, M. C. Boyer, and R. E. Gresswell. 2009. Local habitat, 

watershed, and biotic factors influencing the spread of hybridization between native 

Westslope Cutthroat Trout and introduced Rainbow Trout. Transactions of the American 

Fisheries Society 138:1036–1051. 

Mulhollan, P. J., G. V Wilson, and P. M. Jardine. 1990. Preferential flow along shallow and deep 

pathways. Water Resources Research 26:3021–3036. 

Murphy, M. H., M. J. Connerton, and D. J. Stewart. 2006. Evaluation of winter severity on 

growth of young-of-the-year Atlantic Salmon. Transactions of the American Fisheries 

Society 135:420–430. 

Nakazawa, M. 2018. fmsb: Functions for medical statistics book with some demographic data. 

Negley, T. L., and K. N. Eshleman. 2006. Comparison of stormflow responses of surface-mined 

and forested watersheds in the Appalachian Mountains, USA. Hydrological Processes 

20:3467–3483. 

Nelson, J. S., and M. J. Paetz. 1992. The fishes of Alberta. 2nd Edition. The University of Alberta 

Press, Athabasca Hall, Edmonton, Alberta. 



 

 

169 

 

Newcomb, T. J., D. J. Orth, and D. F. Stauffer. 2007. Habitat evaluation. Pages 843–886 in C. S. 

Guy and M. L. Brown, editors. Analysis and interpretation of freshwater fisheries data. 

American Fisheries Society, Bethesda, Maryland. 

Niu, X., A. Wendt, Z. Li, A. Agarwal, L. Xue, M. Gonzales, and S. L. Brantley. 2018. Detecting 

the effects of coal mining, acid rain, and natural gas extraction in Appalachian basin 

streams in Pennsylvania (USA) through analysis of barium and sulfate concentrations. 

Environmental Geochemistry and Health 40:865–885. 

O’Neal, J. 2007. Snorkel surveys. Pages 325–340 Salmonid field protocols handbook, 1325. 

Ogle, R. S., and A. W. Knight. 1989. Effects of elevated foodborne selenium on growth and 

reproduction of the Fathead Minnow (Pimephales promelas). Archives of Environmental 

Contamination and Toxicology 803:795–803. 

Oksanen. 2013. Multivariate analysis of ecological communities in R: vegan tutorial. 

Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin, R. 

B. O’Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs, and H. Wagner. 

2018. vegan: Community Ecology Pack. 

Palmer, M., E. S. Bernhardt, W. H. Schlesinger, K. N. Eshleman, E. Foufoula-Georgiou, M. S. 

Hendryx, A. D. Lemly, G. E. Likens, O. L. Loucks, M. E. Power, P. S. White, and P. R. 

Wilcock. 2010. Mountaintop mining consequences. Science 327:148–150. 

Parker, B. R., D. W. Schindler, F. M. Wilhelm, and D. B. Donald. 2007. Bull Trout population 

responses to reductions in angler effort and retention limits. North American Journal of 

Fisheries Management 27:848–859. 

Platts, W. S. 1991. Livestock Grazing. Pages 389–423 in W. R. Meehan, editor. Influences of 

Forest and Rangeland Management of Salmonid Fishes and Their Habitats. American 

Fisheries Society Special Publication 19, Bethesda, Maryland. 

Porter, M. 2006. Historical archaeology at an industrial town site: Lille Alberta. Masters Thesis. 

University of Saskatchewan. 

Power, G., R. S. Brown, and J. G. Imhof. 1999. Groundwater and fish—insights from northern 

North America. Hydrological Processes 13:401–422. 

Price, L., J. Sinton, E. Worrell, D. Phylipsen, H. Xiulian, and L. Ji. 2002. Energy use and carbon 

dioxide emissions from steel production in China. Energy 27:429–446. 

Prowse, T. D. 1994. Environmental significance of ice to streamflow in cold regions. Freshwater 

Biology 32:241–259. 

Prowse, T. D. 2001. River-ice ecology. II: Biological Aspects. Journal of Cold Regions 

Engineering 15:17–33. 

Quayle, W. C., L. S. Peck, H. Peat, J. C. Ellis-Evans, and P. R. Harrigan. 2002. Extreme 

responses to climate change in Antarctic lakes. Science 295:645. 

Quinn, G. P., and M. Keough. 2002. Experimental design and data analysis for biologists. 

Cambridge University Press, United Kingdom. 

Quinn, T. P. 2005. The behavior and ecology of pacific salmon and trout. American Fisheries 

Society, Bethesda, Maryland. 



 

 

170 

 

R Core Team. 2016. R: a language and environment for statistical computing. Vienna, Austria. 

Rabeni, C. F., and M. A. Smale. 1995. Effects of siltation on stream fishes and the potential 

mitigating role of the buffering riparian zone. Hydrobiologia 303:211–219. 

Rasmussen, J. B., M. D. Robinson, and D. D. Heath. 2010. Ecological consequences of 

hybridization between native westslope cutthroat (Oncorhynchus clarkii lewisi) and 

introduced rainbow (Oncorhynchus mykiss) trout: effects on life history and habitat use. 

Canadian Journal of Fisheries and Aquatic Sciences 67:357–370. 

Rautio, A. B., K. I. Korkka-Niemi, and V.-P. Salonen. 2018. Thermal infrared remote sensing in 

assessing groundwater and surface-water resources related to Hannukainen mining 

development site, northern Finland. Hydrogeology Journal:163–183. 

Raymond, P. A., and N. H. Oh. 2009. Long term changes of chemical weathering products in 

rivers heavily impacted from acid mine drainage: Insights on the impact of coal mining 

on regional and global carbon and sulfur budgets. Earth and Planetary Science Letters 

284:50–56. 

Reiser, D. W., and T. A. Wesche. 1979. In situ freezing as a cause of mortality in Brown Trout 

eggs. The progressive fish-culturist 41:58–60. 

Richards, C., and K. L. Bacon. 1994. Influence of fine sediment on macroinvertebrate 

colonization of surface and hyporheic stream substrates. The Great Basin Naturalist 

54:106–113. 

Riehle, M. D., and J. S. Griffith. 1993. Changes in habitat use and feeding chronology of juvenile 

Rainbow Trout (onchorhynchus mykiss) in fall and the onset of winter in Silver Creek, 

Idaho. Canadian Journal of Fisheries and Aquatic Sciences 50:2119–2128. 

Rieman, B. E., and J. B. Dunham. 2000. Metapopulation and salmonids: a synthesis of life history 

patterns and emperical observations. Ecology of Freshwater 9:51–64. 

Rieman, B. E., D. C. Lee, and R. F. Thurow. 1997. Distribution, status, and likely future trends of 

Bull Trout within the Columbia River and Klamath River Basins. North American 

Journal of Fisheries Management:1111–1125. 

Rieman, B. E., and P. B. McIntyre. 1995. Occurrence of Bull Trout in naturally fragmented 

habitat patches of varied size. Tranactions of the American Fisheries Society 124:285–

296. 

Roberts, J. J., K. D. Fausch, M. B. Hooten, and D. P. Peterson. 2017. Nonnative trout invasions 

combined with climate change threaten persistence of isolated Cutthroat Trout 

populations in the southern Rocky Mountains. North American Journal of Fisheries 

Management 37:314–325. 

Robinson, M. D. 2007. The ecological consequences of hybridization between native westslope 

cutthroat trout (Oncorhynchus Clarkii Lewisi) and introduced rainbow trout (O. Mykiss) 

in south western Alberta. Masters Thesis. University of Lethbridge. 

Roni, P., and A. Fayram. 2000. Estimating winter salmonid abundance in small western 

Washington streams : A comparison of three techniques. North American Journal of 

Fisheries Management 20:683–692. 



 

 

171 

 

Rood, S. B., S. G. Foster, E. J. Hillman, A. Luek, and K. P. Zanewich. 2016. Flood moderation: 

Declining peak flows along some Rocky Mountain rivers and the underlying mechanism. 

Journal of Hydrology 536:174–182. 

Rood, S. B., J. Pan, K. M. Gill, C. G. Franks, G. M. Samuelson, and A. Shepherd. 2008. 

Declining summer flows of Rocky Mountain rivers: Changing seasonal hydrology and 

probable impacts on floodplain forests. Journal of Hydrology 349:397–410. 

RStudio Team. 2015. RStudio: Integrated Development for R. Boston, MA. 

Rutherford, J. C., S. Blackett, C. Blackett, L. Saito, and R. J. Davies-Colley. 1997. Predicting the 

effects of shade on water temperature in small streams. New Zealand Journal of Marine 

and Freshwater Research 31:707–721. 

Salyer, J. C., and K. F. Lagler. 1940. The food and habits of the american merganser during 

winter in michigan , considered in relation to fish management. The Journal of Wildlife 

Management 4:186–219. 

Sanderson, E. W., M. Jaiteh, M. A. Levy, K. H. Redford, A. V Wannebo, and G. Woolmer. 2002. 

The human footprint and the last of the wild. BioScience 52:891. 

Schill, D. J., J. S. Griffith, and R. E. Gresswell. 1986. Hooking Mortality of Cutthroat Trout in a 

Catch-and-Release Segment of the Yellowstone River , Yellowstone National Park:226–

232. 

Schmidt, D. R., W. B. Griffiths, and L. R. Martin. 1989. Overwintering biology of anadromous 

fish in the Sagavanirktok River delta, Alaska. Biological Papers of the University of 

Alaska 24:55–74. 

Scrimgeour, G. J., T. D. Prowse, J. M. Culp, and P. A. Chambers. 1994. Ecological effects of 

river ice break-up: a review and perspective. Freshwater Biology 32:261–275. 

Sfakianakis, D. G., E. Renieri, M. Kentouri, and A. M. Tsatsakis. 2015. Effect of heavy metals on 

fish larvae deformities: A review. Environmental Research 137:246–255. 

Shepard, B. B. 2004. Factors that may be influencing nonnative Brook Trout invasion and their 

displacement of native Westslope Cutthroat Trout in three adjacent southwestern 

Montana streams. North American Journal of Fisheries Management 24:1088–1100. 

Signorell, A., and Mult. Al. 2018. DescTools: Tools for descriptive statistics. 

Smith, R. W., and J. S. Griffith. 1994. Survival of Rainbow Trout during their first winter in the 

Henrys Fork of the Snake River, Idaho. Transactions of the American Fisheries Society 

123:747–756. 

Sojka, R. 1999. Physical aspects of soils of disturbed ground. Pages 503–519 in L. R. Walker, 

editor. Ecosystems of Disturbed Ground. Elsevier. 

Speranza, A. W., R. J. Seeley, V. A. Seeley, and A. Perlmutter. 1977. The effects of sublethal 

concentrations of zinc on reproduction in the zebrafish, Brachydanio reio Hamilton-

Buchanan. Environmental Pollution 12:217–222. 

SRK Consulting (Canada) Inc. 2016. Grassy Mountain surface hydrology baseline and effects 

assessment. Vancouver, BC. 



 

 

172 

 

De Staso, J., and F. J. Rahel. 1994. Influence of water temperature on interactions between 

juvenile Colorado River Cutthroat Trout and Brook Trout in a laboratory stream. 

Transactions of the American Fisheries Society 123:289–297. 

Stickler, M., and K. T. Alfredsen. 2009. Anchor ice formation in streams: a field study. 

Hydrological Processes 23:2307–2315. 

Stickler, M., K. T. Alfredsen, T. Linnansaari, and H. Fjeldstad. 2010. The influence of dynamic 

ice formation on hydraulic heterogeneity in steep streams. River Research and 

Applications 26:1187–1197. 

Stickler, M., E. C. Enders, C. J. Pennell, D. Cote, K. T. Alfredsen, and D. A. Scruton. 2008. 

Habitat use of Atlantic Salmon Salmo salar parr in a dynamic winter environment: The 

influence of anchor-ice dams. Journal of Fish Biology 73:926–944. 

Strahler, A. N. 1964. Quantitative geomorphology of drainage basins and channel networks. 

Pages 39–76 in V. T. Chow, editor. Handbook of applied hydrology. New York. 

Sueker, J. K., J. N. Ryan, C. Kendall, and R. D. Jarrett. 2000. Determination of hydrologic 

pathways during snowmelt for alpine/subalpine basins, Rocky Mountain National Park, 

Colorado. Water Resources Research 36:63–75. 

Sullivan, A. B., and J. I. Drever. 2001. Spatiotemporal variability in stream chemistry in a high-

elevation catchment affected by mine drainage. Journal of Hydrology 252:237–250. 

Tebo Jr., L. B. 1955. Effects of siltation, resulting from improper logging, on stream bottom fauna 

of a small trout stream in the southern Appalachians. The Progressive Fish-Culturist 

17:64–70. 

Teck Resources. 2018. No Title. https://www.teck.com/operations/canada. 

The Alberta Westslope Cutthroat Trout Recovery Team (AWCTRT). 2013. Alberta Westslope 

Cutthroat Trout Recovery Plan: 2012-2017. Page Alberta Species at Risk Recovery Plan. 

Edmonton, AB. 

Thompson, P. D., and F. J. Rahel. 1996. Evaluation of depletion-removal electrofishing of Brook 

Trout in small Rocky Mountain streams. North American Journal of Fisheries 

Management 16:332–339. 

Thompson, P. D., and F. J. Rahel. 1998. Evaluation of artificial barriers in small Rocky Mountain 

streams for preventing the upstream movement of Brook Trout. North American Journal 

of Fisheries Management 18:206–210. 

Thurow, R. F. 1994. Underwater methods for study of salmonids in the intermountain west. West. 

Gen. U.S. Department of Agriculture, Forest Service, Intermountain Research Station, 

Ogden, UT. 

Titus, K., and J. A. Mosher. 1984. Chance-corrected classification for use in discriminant 

analysis: Ecological applications. The American Midland Naturalist 111:1–7. 

Valdimarsson, S. K., N. B. Metcalfe, and S. Skúlason. 2000. Experimental demonstration of 

differences in sheltering behaviour between Icelandic populations of Atlantic Salmon 

(Salmo salar) and Arctic Char (Salvelinus alpinus). Canadian Journal of Fisheries and 

Aquatic Sciences 57:719–724. 



 

 

173 

 

Venables, W. N., and B. D. Ripley. 2002. Modern applied statistics with S. Fourth Edition. 

Springer, New York. 

Venter, O., N. N. Brodeur, L. Nemiroff, B. Belland, I. J. Dolinsek, and J. W. A. Grant. 2006. 

Threats to endangered species in canada. BioScience 56:903–910. 

Vondracek, B., and D. R. Longanecker. 1993. Habitat selection by Rainbow Trout Oncorhynchus 

mykiss in a California stream: implications for the instream flow incremental 

methodology. Ecology of Freshwater Fish 2:173–186. 

Vörösmarty, C. J., P. B. McIntyre, M. O. Gessner, D. Dudgeon, A. Prusevich, P. Green, S. 

Glidden, S. E. Bunn, C. A. Sullivan, C. R. Liermann, and P. M. Davies. 2010. Global 

threats to human water security and river biodiversity. Nature 467:555–561. 

Wagenhoff, A., C. R. Townsend, N. Phillips, and C. D. Matthaei. 2011. Subsidy-stress and 

multiple-stressor effects along gradients of deposited fine sediment and dissolved 

nutrients in a regional set of streams and rivers. Freshwater Biology 56:1916–1936. 

Walther, B. A., and J. L. Moore. 2014. The concepts of bias, precision and accuracy, and their use 

in testing the performance of species richness estimators, with a literature review of 

estimator performance. Ecography 28:815–829. 

Warnock, W. G., and J. B. Rasmussen. 2013. Abiotic and biotic factors associated with Brook 

Trout invasiveness into Bull Trout streams of the Canadian Rockies. Canadian Journal of 

Fisheries and Aquatic Sciences 70:905–914. 

Waters, T. F. 1983. Replacement of Brook Trout by Brown Trout over 15 years in a Minnesota 

stream: production and abundance. Transactions of the American Fisheries Society 

112:137–146. 

Waters, T. F. 1995. Sediment in streams: sources, biological effects, and control. American 

Chemical Society Monograph 7., Bethesda, Maryland. 

Watz, J., E. Bergman, J. J. Piccolo, and L. Greenberg. 2016. Ice cover affects the growth of a 

stream-dwelling fish. Oecologia 181:299–311. 

Wellen, C. C., N. J. Shatilla, and S. K. Carey. 2015. Regional scale selenium loading associated 

with surface coal mining, Elk Valley, British Columbia, Canada. Science of the Total 

Environment 532:791–802. 

West, R. L., M. W. Smith, W. E. Barber, J. B. Reynolds, and H. Hop. 1992. Autumn migration 

and overwintering of Arctic Grayling in coastal streams of the Arctic National Wildlife 

Refuge, Alaska. Transactions of the American Fisheries Society 121:709–715. 

Whalen, K. G., D. L. Parrish, and M. E. Mather. 1999. Effect of ice formation on selection of 

habitats and winter distribution of post-young-of-the-year Atlantic Salmon parr. Canadian 

Journal of Fisheries and Aquatic Sciences 56:87–96. 

Wheeler, B., and M. Torchiano. 2016. lmPerm: Permutation tests for linear models. 

Wickham, H. 2009. Elegant graphics for data analysis. Journal of Statistical Software 35:211. 

Wijesekara, G. N., A. Gupta, C. Valeo, J. G. Hasbani, Y. Qiao, P. Delaney, and D. J. Marceau. 

2012. Assessing the impact of future land-use changes on hydrological processes in the 

Elbow River watershed in southern Alberta, Canada. Journal of Hydrology 412–413:220–

232. 



 

 

174 

 

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips, and E. Losos. 1998. Quantifying threats to 

imperiled species in the United States. BioScience 48:607–615. 

Wiley, D. J., R. P. Morgan, R. H. Hilderbrand, R. L. Raesly, and D. L. Shumway. 2004. Relations 

between physical habitat and American Eel abundance in five river basins in Maryland. 

Transactions of the American Fisheries Society 133:515–526. 

Willmer, P., G. Stone, and I. Johnston. 2009. Environmental physiology of animals. John Wiley 

& Sons. 

Winter, T. C. 2007. The role of ground water in generating streamflow in headwater areas and in 

maintaining base flow. Journal of the American Water Resources Association 43:15–25. 

Wood, P. J., and P. D. Armitage. 1997. Biological effects of fine sediment in the lotic 

environment. Environmental Management 21:203–217. 

Xu, C., B. H. Letcher, and K. H. Nislow. 2010. Context-specific influence of water temperature 

on brook trout growth rates in the field. Freshwater Biology 55:2253–2264. 

Yau, M. M., and E. B. Taylor. 2013. Environmental and anthropogenic correlates of hybridization 

between westslope cutthroat trout (Oncorhynchus clarkii lewisi) and introduced rainbow 

trout (O. mykiss). Conservation Genetics 14:885–900. 

Yau, M. M., and E. B. Taylor. 2014. Cold tolerance performance of Westslope Cutthroat Trout 

(Oncorhynchus clarkii lewisi ) and Rainbow Trout (Oncorhynchus mykiss) and its 

potential role in influencing interspecific hybridization. Canadian Journal of Zoology 

92:777–784. 

Zuur, A. K., E. N. Ieno, and G. M. Smith. 2007. Statistics for biology and health series: Analysing 

ecological data. Springer Science & Business Media. 


